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Carbon Pricing and Inflation Volatility™

Daniel Santabarbara and Marta Sudrez-Varela
Banco de Espana

Carbon pricing initiatives, in the form of carbon taxes or
emission trading systems (ETSs), have proliferated in the last
two decades, providing an opportunity to better understand
their economic consequences. This paper assesses the effects of
carbon pricing initiatives on inflation volatility. We find evi-
dence of ETS schemes inducing larger volatility in consumer
price inflation, while no significant impact is found in the case
of carbon taxes. This effect feeds through the energy compo-
nent, which tends to be more closely related to carbon pricing,
while it affects core inflation with some delay, suggesting indi-
rect effects of ETSs on inflation. Finally, we explore several
mechanisms contributing to the increase in the volatility of
inflation, such as the volatility of underlying carbon prices,
the sectoral coverage of these initiatives, the relevance of high-
polluting sectors in the productive structure, or the role of free
emission allowances in ETS schemes.

JEL Codes: E31, E32, E52, E58, Q48, Q58.
1. Introduction
Not only climate change but also its mitigation policies may affect

the business cycle and inflation dynamics. The scientific consensus
points to an increasing concern that, without a significant reduction

*The views expressed in this paper are those of the authors and do not nec-
essarily reflect the views of the Banco de Espana or the Eurosystem. We would
like to acknowledge Mario Alloza, Angel Estrada, Filippo Natoli, Florens Oden-
dahl, Javier J. Pérez, Pedro del Rio, and the anonymous referees as well as other
participants at the Banco de Espana, European Central Bank, and NGFS semi-
nars, the 15 Workshop of the Eurosystem Research Cluster of Climate Change,
the 2°¢ Workshop of the NGFS Expert Network on Research, and the 2023
Conference of the Association of Environmental and Resource Economists for
their valuable comments. All remaining errors are obviously ours. Correspondence
to Daniel Santabédrbara (daniel.santabarbara@bde.es) and Marta Sudrez-Varela
(marta.suarez-varela@bde.es).
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in greenhouse gas (GHG) emissions, the process of global warming
will lead to devastating and potentially irreversible consequences for
the planet (Intergovernmental Panel on Climate Change 2023). In
light of this evidence, many governments have implemented signifi-
cant mitigation policies and committed to expanding their ambition.
Besides the physical risks derived from climate change, those poli-
cies aimed at the transformation to a low-carbon economy could also
be associated with significant transition risks both of which affect
macroeconomic outcomes. The realization that climate change and
mitigation policies may reshape policy formulations has prompted
the need for a better understanding of their consequences for eco-
nomic policy

Among the various policy measures aimed at mitigating climate
change, carbon pricing is widely regarded as the most efficient eco-
nomic instrument for reducing emissions (Hepburn, Stiglitz, and
Stern 2020). This approach allows for the internalization of the exter-
nal costs associated with the production and consumption of GHG-
intensive goods, effectively aligning the implicit cost of emissions
with their social cost (Pigou 1933). In recent years, the implemen-
tation of carbon pricing initiatives has surged, not only in terms of
the number of initiatives but also in their geographical spread and
the proportion of emissions they cover (World Bank 2021).

Carbon pricing initiatives are designed to increase the prices
for carbon emissions, providing economic agents with an incen-
tive to conserve energy and switch to greener sources. Then, they
should lead to higher prices of those goods and services intensive in

!These risks derive from the initiatives to mitigate climate change. For
instance, to the extent that many of them lead to an increase in fossil fuel prices
in the short term, this could affect the income and credit quality of those house-
holds and firms that depend more intensively on this source of energy. Moreover,
uncertainty about the public policies and the structural transformation to come
could influence economic agents’ consumption and investment decisions, or gen-
erate financial markets’ turbulence episodes. The probability of the realization of
these risks and their intensity will depend on how the transition to a low-carbon
economy is designed and implemented.

2Both climate change and the transition to a low-carbon economy could affect
the delivery of the central bank’s price stability mandate. They may hinder the
transmission of monetary policy to the extent that these structural processes may
induce changes in business cycle and inflation dynamics, affect the equilibrium
level of the real interest rate, or generate distortions in the financial system (in
particular, in credit allocation).
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GHG emissions, pushing up (at least temporarily) inflation. How-
ever, incentives from carbon pricing to increase energy efficiency
and foster innovation in low-carbon sources of energy, especially in
the electricity sector, combined with the diminishing weight of fossil
fuels in the consumption basket, act in the opposite directionf In
this regard, most of the empirical literature so far has focused on
the effects of carbon prices on the level of inflation, the interaction
between underlying inflationary and disinflationary forces, and, in
some cases, on the persistence of inflation (McKibbin, Konradt, and
Weder di Mauro 2021; Moessner 2022; Kéanzig 2023; Konradt and
Weder di Mauro 2023). These studies show that carbon pricing ini-
tiatives generally produce a transitory effect on the level of headline
inflation.

In contrast, inflation volatility has received comparatively less
attention | Inflation volatility is nevertheless crucial for monetary
policy, as it may complicate both its communication and implemen-
tation. Firstly, sectoral price shocks linked to carbon pricing risk
affecting inflation expectations, possibly triggering second-round
effects (Batten, Sowerbutts, and Tanaka 2020). Secondly, higher
inflation uncertainty has been found to be associated with higher
inflation levels (see Cukierman and Meltzer 1986 for a discussion).
Along these lines, recent research has shown that inflation volatility
can intensify the impact of supply shocks on consumer prices. Specif-
ically, during periods of heightened inflation volatility, the payoffs of
swiftly responding to inflation developments may be more signifi-
cant, thus boosting the incentives for firms to enhance their pric-
ing flexibility (Arndt and Enders 2024). Finally, significant inflation
volatility may lead to economic uncertainty, affecting agents’ invest-
ment and consumption decisions (Judson and Orphanides 1999;
Byrne and Davis 2004; Elder 2004), and introducing frictions on
markets (Friedman 1977).

3 As argued by Schnabel (2022), in order to limit the consequences of climate
change, carbon prices should remain elevated in the medium term, while invest-
ments and innovation in decarbonized technologies to replace them may need
some more time. Therefore, inflationary pressures may be more persistent.

To our knowledge, the impact of carbon pricing on inflation volatility has only
been addressed ex ante by means of environmental dynamic stochastic general
equilibrium (DSGE) (Diluiso et al. 2021), focusing on carbon tax systems.
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Importantly, carbon pricing initiatives could be expected to
affect the inflation process differently depending on their design.
Indeed, several works and reports have already suggested a rela-
tionship between certain types of carbon pricing systems and price
volatility (see, for example, Diluiso et al. 2021; European Central
Bank 2021; Metcalf 2021). This is because the presumed impact on
inflation volatility of the two main carbon pricing initiatives, ETS
schemes (also known as cap-and-trade schemes) and carbon taxesE
differs. Under an ETS, a cap is first set on pollution, followed by the
issuance of a volume of emission allowances compatible with that
cap. These allowances can then be traded by companies, determin-
ing a market-clearing price that could be potentially rather volatile.
Conversely, under carbon tax schemes, policymakers directly set a
price on emissions, letting the market determine the amount of pol-
lution consistent with that price. Thus, carbon prices tend to be
relatively stable as long as their tax rates and bases do not change
frequently. All in all, while carbon taxes deliver relatively stable car-
bon prices, ETSs have been found to lead to substantial carbon price
volatility (Goulder and Schein 2013; Metcalf 2021). Higher volatility
of carbon prices could be transmitted into producer and consumer
prices—especially of those goods and services related to those sectors
under the coverage of carbon pricing—and thus increase inflation
volatility. Thus, these initiatives could have only a temporary effect
on the level of headline inflation but a more permanent effect on its
volatility.

In this paper, we fill this gap in the literature by empirically
assessing the effects of the two main types of carbon pricing initia-
tives (carbon taxes and ETSs) on consumer price inflation volatility.
We extend this analysis to evaluate not only the volatility of headline
inflation but also its impact on energy and core components, pro-
viding a more comprehensive understanding of the channels through
which carbon pricing affects inflation dynamics. Furthermore, our
study delves into various mechanisms and sources of heterogene-
ity contributing to increased inflation volatility, such as the sectors
influenced by carbon pricing initiatives (e.g., the electricity sector),

5A carbon tax is a tax on the supply of fuel in proportion to its carbon content.
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the significance of high-polluting sectors in the overall productive
structure, and the role of free emission allowances in ETS schemes.

We find evidence of ETS schemes inducing larger volatility in
consumer price inflation, while no significant impact is found in
the case of carbon taxes. This effect feeds through the energy com-
ponent, which tends to be more closely related to carbon pricing,
while it affects core inflation with some delay, suggesting lagged
indirect effects of ETSs on inflation. We also find that increased
volatility patterns seem related to more volatile carbon prices rather
than to differences in sectoral coverage among the two types of car-
bon pricing initiatives. Finally, our findings suggest that countries
with higher weight in high-polluting sectors experience more volatile
energy CPI inflation and that, under ETS schemes, a higher share
of free emission allowances allocated to each country tends to reduce
inflation volatility.

By shedding light on these dynamics and mechanisms, this paper
adds to the growing body of literature exploring the impact of tran-
sition policies on the business cycle and on the nominal side of the
economy with implications for the communication, implementation,
and transmission of monetary policy (Annicchiarico et al. 2021;
Carattini, Heutel, and Melkadze 2021; Diluiso et al. 2021; Euro-
pean Central Bank 2021; Network for Greening the Financial Sys-
tem 2021; Ferrari and Nispi Landi 2023; Nakov and Thomas 2023).
Specifically, if carbon pricing only affects transiently the level of
inflation, sharing the features of a negative supply-side shock, cred-
ible monetary policy authorities will generally “look through” this
effect, as it shares the features of a temporary negative supply-side
shock (Batten, Sowerbutts, and Tanaka 2020). But if carbon pricing
schemes are also found to affect inflation volatility, those relative
price shocks could further complicate the conduct of monetary pol-
icy, as the central bank’s signal-extraction problem becomes more
challenging. Moreover, if indeed, as suggested by previous research,
inflation volatility may affect the level of inflation (Cukierman and
Meltzer 1986) and increase the pass-through of supply shocks to
consumer prices (Arndt and Enders 2024), central banks may have
to recalibrate their policies to consider those additional (upward)
pressures. Finally, our results contribute to the ongoing debate on
the choice of the optimal carbon pricing instrument (Parry, Black,
and Zhunussova 2022; Nakov and Thomas 2023) by shedding light
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on novel side effects associated with ETS initiatives compared to
carbon taxes.

The rest of the paper is structured as follows. Section 2 reviews
the literature. Section 3 explains the constructed database, includ-
ing its descriptive statistics. Section 4 deals with the empirical model
and the econometric approach considered. The results are discussed
in Section 5 and, finally, Section 6 concludes.

2. Literature Review

Despite the increasing presence of carbon pricing schemes in the
last decades, the literature on their economic impact has remained
relatively scarce, and mostly centered on ex ante (model-based)
evaluations. That is the case of an expanding body of research on
the impact of transition policies on the business cycle, with signifi-
cant contributions from scholars such as Annicchiarico et al. (2021),
Carattini, Heutel, and Melkadze (2021), or Diluiso et al. (2021).
Regarding the ex post economic impact of carbon pricing, a growing
body of research has recently addressed the study of their effects on
economic growth (Metcalf and Stock 2023), industrial and business
performance, competitiveness and innovation (Martin et al. 2014;
Martin, Muils, and Wagner 2016; Venmans, Ellis, and Nachtigall
2020; Shapiro and Metcalf 2021), employment (Martin et al. 2014;
Yamazaki 2017), international trade (Mundaca, Strand, and Young
2021), and inequality of income distribution (Elkins and Baker 2001;
Kénzig 2023).

With respect to inflation, in recent years the field has gained
some momentum. In 2014, McKibbin, Morris, and Wilcoxen (2014)
derived model-based evaluations of the introduction of a carbon tax
in the U.S., pointing to sizable positive and temporary effects on
inflation. Some recent work has also looked at inflationary effects of
carbon pricing using New Keynesian frameworks (see, for example,
Annicchiarico and Di Dio 2017; Economides and Xepapadeas 2018;
Del Negro, di Giovanni, and Dogra 2023), generally finding that
transition policies may induce temporary effects on inflation. The
effects of carbon taxes on inflation volatility have also been addressed
by means of environmental DSGE models, suggesting that disor-
derly scenarios in which climate policies are delayed may generate
an increase in inflation volatility (Diluiso et al. 2021).
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Regarding ex post analysis of the impacts on inflation, a recent
study by Konradt and Weder di Mauro (2021) concludes that carbon
taxes in Europe and Canada have not been inflationary, and they
may even have been deflationary. They stress that the observed infla-
tionary pressures seem restricted to the headline component and
do not affect core inflation, which can be attributed to the fact
that carbon taxes alter relative prices—by increasing the price of
energy—but do not necessarily lead to increases in the price of the
broader basket of goods and services. Focusing on the euro area,
McKibbin, Konradt, and Weder di Mauro (2021) further explore
this relationship, finding a positive effect of carbon taxes on infla-
tion, particularly in the first years following the introduction of the
carbon tax. The effect is nevertheless found to fade in the medium
to long term. Moreover, the impact on core inflation tends to be
negative, also pointing to carbon taxes affecting inflation through
the change in relative prices instead of affecting overall price levels.
By exploiting high-frequency data and some institutional features of
the European carbon market, Kénzig (2023) also derives a positive
impact of carbon pricing on energy and consumer prices. Indeed,
carbon policy shocks are found to account for around one-third of
the variations in energy prices in the context of the EU ETS. In
a similar fashion, Moessner (2022) analyzes the effects of carbon
pricing on the level of headline, food, energy, and core inflation for
OECD countries, focusing not only on carbon taxes but also on the
prices of ETSs. She finds that an increase in the price of ETSs is
indeed inflationary but its effects are circumscribed to energy CPI
inflation and fade away in two years. Surprisingly, an increase in car-
bon taxes is found to push up food CPI inflation only, and it shows
no significant effects on the rest of components.

To date, this body of research has focused on exploring the ex
post impact of carbon pricing on the level of inflation. By empirically
assessing the effects of carbon pricing on inflation volatility, our
paper speaks to several strands of the literature. First, we aim to con-
tribute to the long-lived debate on prices versus quantities (Weitz-
man 1974) and the ongoing discussion on the choice of the optimal
carbon pricing instrument (see Parry, Black, and Zhunussova 2022
for a review). Carbon pricing systems can take the form of both
carbon taxes and cap-and-trade systems, with presumed differing
impacts on inflation volatility. As outlined in the introduction,
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carbon taxes tend to deliver relatively stable carbon prices, while
ETSs have been found to lead to substantial carbon price volatility
(Goulder and Schein 2013; Metcalf 2021). Higher volatility of carbon
prices could be transmitted to producer and consumer prices—
especially of those goods and services related to those sectors under
the coverage of carbon pricing—and thus increase inflation volatil-
ityﬁ Second, we contribute to the existing literature on the impact
of transition policies on the business cycle (Annicchiarico et al. 2021;
Carattini, Heutel, and Melkadze 2021; Diluiso et al. 2021). Our
work adds to this discussion by identifying another potential source
of macroeconomic volatility. Finally, our paper is connected to the
emerging body of research on how climate change and mitigation
policies might influence central banks’ operations and the ability of
monetary policy to pursue price stability. Noteworthy contributions
in this area include those by Carattini, Heutel, and Melkadze (2021);
Diluiso et al. (2021); Ferrari and Nispi Landi (2023); Kaldorf and
Giovanardi (2023); and Nakov and Thomas (2023).

3. Data

Our sample starts in 2000, after the introduction of the eurd] and
just before the accession of China to the World Trade Organiza-
tiond two major events affecting the inflation process in advanced
economies. We focus our analysis on OECD countries, as inflation in
advanced economies has behaved differently than in emerging mar-
ket economies (Blanchard, Cerutti, and Summers 2015; Ha, Kose,
and Ohnsorge 2019). This results in an unbalanced panel of 36
countries for the period 2000-20.

SNevertheless, it should also be noted that the introduction of carbon price
initiatives could also reduce the weight of fossil fuels in the CPI consumption
basket (Andersson 2019), which has historically been a source of volatility of
inflation.

"That is because a substantial proportion of OECD countries are part of the
euro area. The creation of the European Monetary Union in 1999 led to structural
changes in monetary policy and inflation patterns in those countries (Bowdler and
Malik 2005; Balatti 2020).

8China’s accession to World Trade Organization in 2001 is often seen a mile-
stone in globalization. The globalization of inflation hypothesis argues that the
factors influencing inflation dynamics are becoming increasingly global (Forbes
2019).
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Our dependent variable for inflation volatility is constructed
from CPI data for headline, core, and energy inflation, which
are retrieved from the OECD Data Portal with monthly fre-
quency. Inflation volatility for these three indices is computed as
the standard deviation of year-on-year inflation for each coun-
try in windows of 24 months ] Also, as a robustness test, in
order to avoid unduly overweighting extreme data points, follow-
ing a common approach in the literature, inflation volatility is
computed as the log of one plus the standard deviation of infla-
tion (Bowdler and Malik 2017) There is also evidence that car-
bon pricing leads to differing impacts according to the compo-
nent of inflation considered, i.e., headline, energy, or core inflation
(McKibbin, Konradt, and Weder di Mauro 2021; Moessner 2022;
Kénzig 2023; Konradt and Weder di Mauro 2023), which could
translate to differential impacts on the volatility of that inflation.
Therefore, we compute these measures for headline, energy, and core
inflation separately.

Information on carbon pricing comes from the Carbon Pricing
Dashboard, a comprehensive database with global geographical cov-
erage elaborated by the World Bank, that includes data on either
national, subnational, and supranational carbon pricing initiatives[]
By processing the information contained in the database, we build
some variables of interest for this work. First, the economic impact
of carbon pricing has proved to depend on the level of coverage of
the initiatives, on the basis that the pass-through to consumer prices
is expected to be higher if the initiative covers a greater proportion
of emissions within its jurisdiction (Metcalf and Stock 2023). The
effect of carbon pricing on inflation should also depend on the price
of the initiative (Konradt and Weder di Mauro 2021, 2023; Metcalf
and Stock 2023). Therefore, following Konradt and Weder di Mauro
(2023) and Metcalf and Stock (2023), we compute the real effective

9The choice of the frequency was motivated by the need to compute inflation
volatility relying on a sufficient number of observations. However, it should be
noted that it led to the exclusion of Australia and New Zealand, for which only
quarterly data are available. Figure A.1 in Appendix A depicts the evolution of
this measure of inflation volatility.

10T his allows to downweight very large readings of inflation that may occur
during hyperinflation episodes as well as inflation records close to zero.

Hgee https://carbonpricingdashboard.worldbank.org.
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carbon price in each jurisdiction for each year (Price), weighting the
carbon price of each initiative within the same country by the share
of emissions covered by each initiative [

Additionally, the effects of carbon pricing systems on inflation
may depend on some other factors, which we control for. Carbon
pricing initiatives may coexist with more stringent environmental
norms, which may impose some implicit abatement costs along-
side the explicit price for carbon. The role of those other climate
change mitigation policies is captured from the OECD’s Environ-
mental Stringency Index which aims to measure environmental
policy stringency internationally over a relatively long time horizon.
Finally, to consider the possibility of a structural change after the
surge in environmental policies following the Paris Agreement in
2015, we create an additional dummy variable (Post-2015). Addi-
tional potential mechanisms through which carbon pricing may
affect inflation are explored in Section 5.3.

Regarding control variables, the literature has identified a num-
ber of domestic and global factors that affect inflation volatility.
First, with respect to domestic factors, the size of the country and
its level of development are usually considered as drivers of infla-
tion volatility (Lane 1997; Neely and Rapach 2011; Parker 2018). In
addition, the domestic level of CPI inflation has also been identi-
fied as a factor affecting its volatility (Bleaney and Fielding 2002).
Second, some domestic factors related to the sensitivity of the econ-
omy to external conditions are also commonly associated with infla-
tion volatility. For example, trade, its role as commodity exporter,
or the de iure and de facto capital account liberalization of each
economy are all related to the reaction of domestic prices to swings
in external economic conditions (Romer 1993; Lane 1997; Aghion,
Bacchetta, and Banerjee 2004; Bowdler and Malik 2017). Third, a
strand of the literature has found that inflation dynamics are increas-
ingly explained by global factors, and particularly international
commodity prices, rather than by domestic conditions (Ferndndez,

2Emissions not covered by any initiative are supposed to have a price of zero;
therefore, the variable Price could be understood as a sort of real effective price
of CO2 in each country. Carbon prices are deflated by the national CPI and
expressed in 2018 dollar terms.

3The correlation between having carbon pricing initiatives and environmental
stringency is indeed not as high as could be expected, yielding a value of 0.56.
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Schmitt-Grohé, and Uribe 2017; Parker 2018; Kamber and Wong
2020).

In order to account for those factors, we gathered information
from different sources. Population, GDP per capita, and trade open-
ness are directly drawn from the World Bank’s World Development
Indicators. Our proxy for capital lows and financial openness is built
as the sum of the absolute value of inflows and outflows as a per-
centage of each country’s GDP based on the International Monetary
Fund’s International Financial Statistics data. Using data on mer-
chandise exports from the World Bank, a country is considered a
primary exporter if exports of food, fuels, ores, and metals consti-
tute more than 20 percent of total merchandise exports. Following
Fernandez, Schmitt-Grohé, and Uribe (2017) and Kamber and Wong
(2020), real commodity prices are accounted for through the growth
rate in Agricultural, Metal and Minerals, and Energy Commodity
Price Indices, deflated by the U.S. CPI, obtained from the World
Bank Pink Sheet on commodity prices.

Table 1 shows the main descriptive statistics of our annual panel
for all relevant variables.

With respect to carbon pricing, Figure 1A shows that the num-
ber of initiatives implemented in OECD countries has grown sharply
in the last decades, going from only 7 initiatives in 2000 to 45 initia-
tives in 2020. Coverage has also risen steadily. While in 2000 existing
OECD initiatives covered together only 0.45 percent of global emis-
sions, by 2020 the coverage of global emissions from OECD carbon
pricing initiatives reached 11 percent. As shown in Figure 1B, on
a global scale, the evolution of the number of initiatives and cover-
age followed a similar pattern during the period, with 58 initiatives
already implemented worldwide by 2020 and a global coverage of
15 percent of emissions. It is also worth noting that OECD coun-
tries involve a substantial proportion of all initiatives implemented
globally; by considering OECD countries, we are accounting for 78
percent of initiatives and 73 percent of total emissions covered by
those initiatives.

Figure 2 further depicts a timeline of the introduction of car-
bon pricing in OECD countries for the period 2000-20. As can be
observed, our sample shows substantial variability both in geograph-
ical terms and across time, with initiatives of different types—ETSs
and carbon taxes—implemented in a number of countries and at



July 2026

International Journal of Central Banking

12

‘UOTJeIASD PIepue)s (IS ‘SUOIPRAISS|O JO IOQUINU :N :9)ON]

€6'89 | 0667~ | 016’ | 669°C | 9GL (%) woryeguy 14D
LY'8F | G8°CC— | €L°61 | T96F | 9GL | (%) "BUI S[BIOUIN PUR S[RIDIN :SOOLIJ A}IPOUIWIO))
86°CC | TSEI— | TWL'6 | 06T'T | 9SL (%) uoreyUL 2INMOLISY :SOOLIJ A}IPOUWO))
788G | €T°GH— | 6F°GC | 9659 | 9GL (%) uoryeyuy AS1ouy] 8901 A}powwo))
L09°C | 0L9°C | 6'99¢ | ¥0'S8 | SIL (dao 3o %) smoryq reyde)
1 0 96%°0 | T€F°0 | 962 (Awum(q) 10310dx75] Areurtt g
7'80F | 08°6T | FGLS | 9096 | ¥SL (dad 30 %) ssouuad() apeiy,
G62e | TI8T0 | §F9¢ | L0°GE | 9GL (suorqiy ur) uoryendod
S€CIT | LVO'6 | ¥C'ST | ¥6°68 | 9GL (spuesnoy g, ur) eydeo 1od JOO | SO[qRLIBA [0I13UO))
I 0 9zF'0 | 8€T0 | 9GL Awwn( ‘¢T0g-150d
(00139(7 150US1H)
068°F 0 600°T | 91S'C | L9 | 9 01 (yueSuLng J0N) ( ‘AoUSULS [RIUSUIUOIIATG]
€'e0T 0 88°CT | 2907 | 9G2 (920D1/$SN 810%) (¥, U0qIE)) 90U [eY
€€'02 0 99¢°¢ | 980F | 9¢L (920D1/$SN 810%) (SLA) 22U T8
L0°68 0 CT'OT | POV | 9G4 (020D1/$SN 810T) 9911 (oY Supg uoqre))
1621 | POT'0 | €20°'T | TPL0 | 9GL | (syutog oSejuodoio) UOJRIAS(] PIBPUR}S "PU] 010))
(syutog
0L°8¢ | 60L°0 | S9L'€ | 1€€¢ | 9GL 08eJU00I0]) UOIFRIAD(] pIepUR}S "Ju[ AB1our]
(squtog
0F'ST | 6ST°0 | €£T°T | 186°0 | 9SG 08e)ULOI0]) UOIIRIAS(] PIRPUR]S "JUJ SUIPESH | A[IJR[OA UOIIRyU]
XeJN | UlN | S | UeOIN | N

so1Is1e)S 9ANdIIDSa( T O[qBT,




Vol. 22 No. 3 Carbon Pricing and Inflation Volatility 13

Figure 1. Number of Carbon
Pricing Initiatives and Coverage

(a) OECD countries (b) World

Source: Authors’ own elaboration based on World Bank Carbon Pricing
Dashboard.

Figure 2. Timeline for Initiatives of
Carbon Pricing in OECD Countries

Source: Authors’ own elaboration based on World Bank Carbon Pricing
Dashboard.
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different points in time. Those initiatives are also heterogeneous in
terms of their coverage and price for carbon.

4. Empirical Strategy

In our analysis, we employ a widely utilized empirical framework
from the literature to assess the economic impacts of carbon taxes,
which has been employed by previous studies (Konradt and Weder
di Mauro 2021; Metcalf and Stock 2023). Specifically, we use panel
local projections (Jorda 2005) as our central speciﬁcation

To estimate the dynamic response of CPI inflation volatility at
horizon h to a carbon price shock, we adapt the specifications intro-
duced by Konradt and Weder di Mauro (2023) and Metcalf and
Stock (2023):

o(mM)it+n = ©" Carbon price;  + ﬂh(L) Carbon price; ;1
+0"(L)o ()1 + V" Xig—1 + 1 + € pn, (1)

where o (7); + is the standard deviation of monthly year-on-year infla-
tion for a country i and for the year ¢, computed in windows of 24
months. We consider the standard deviation of headline, energy, and
core inflation. C'arbon price;; is the real effective carbon price, for
which we distinguish among those associated with any carbon pric-
ing initiative, to ETSs and to carbon taxes. ©" can be interpreted
as the effect of an unexpected change in the carbon price in year ¢
on inflation volatility in h years, under the identifying assumption
that a component of the effective carbon price is not predictable
by past macroeconomic controls. X;; 1 includes all the relevant
control variables described in Section 3[1Hl9 pl are country fixed

14Please note that an alternative approach, utilizing panel data models, was
followed in a previous working paper version of this study. For details on this
alternative approach, please refer to Appendix B.

n our setting, some of the controls may be contemporaneously affected by
the carbon tax. For instance, commodity prices are both an outcome and a
channel through which carbon prices affect inflation, and contemporaneous GDP
could be affected by carbon taxes. Therefore, we include lagged control variables.
However, in Section 5.4 we show that the results are robust to the inclusion of
contemporaneous control variables.

e do not include time fixed effects because, as noted by Kénzig and Kon-
radt (2023), when examining supranational carbon pricing initiatives such as the
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effects and €; .1, represents the error term. 8"(L) and §"(L) rep-
resent lag polynomials, reflecting the use of the four latest lags to
control for persistence of the carbon pricing and inflation volatility,
respectively.

Our identification approach thus hinges on several strategies.
First, as in Metcalf and Stock (2020) and Konradt and Weder di
Mauro (2021, 2023), we rely on time-series identification. That is,
by using an extensive set of controls, as well as past values of infla-
tion volatility and carbon pricing, we can identify the impact of
changes in carbon prices that are not predicted by past economic
conditions, or unobserved historical factors that could simultane-
ously affect inflation volatility and carbon prices. The remaining
variation can thus be assumed to be unexpected. Second, although
we should not expect endogeneity issues within this framework, in
Section 5.5 we test the robustness of our results to an instrumen-
tal variables (IV) approach using panel local projections IV (LP-IV)
along the lines of Jorda, Schularick, and Taylor (2015), using a series
of carbon policy surprises developed by Kénzig (2023) as our primary
instrument for carbon prices.

The impulse responses are constructed based on the fixed effects
estimates of ©" coefficients at each horizon. As in Konradt and
Weder di Mauro (2021, 2023) and Metcalf and Stock (2023), the
shock consists in a one-time permanent increase in the effective car-
bon price by USD 40 applied to 30 percent of each economy’s GHG
emissions, equivalent to an increase of the effective carbon price of
USD 1221 The reported 95 percent confidence bands are based on

European carbon market, it becomes impractical to include time fixed effects.
This is because the policy variation of interest primarily occurs at the suprana-
tional level, and including time fixed effects would absorb the majority of this
relevant variation. Moreover, time fixed effects are collinear with some of the
control variables, namely, the ones related to global factors: energy commodity
prices inflation, agriculture commodity prices inflation, and metals and minerals
commodity prices inflation. Nevertheless, a robustness test to the inclusion of
time fixed effects is included in Section 5.4.

"As we mentioned, the effect of carbon pricing systems on inflation
volatility may depend on the amount of GHG emissions covered by car-
bon pricing initiatives in each country and the carbon price paid in this
jurisdiction.
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Figure 3. Impulse Responses of Headline Inflation

Volatility to Shocks in Carbon Prices

Carbon price ETS Carbon tax
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Note: The solid blue lines describe the dynamic impulse responses to an increase
in the effective carbon price by USD 40 with 30 percent emission coverage. The
gray area delimits 95 percent confidence bands. All responses are estimated by
local projections including country fixed effects and controlling for GDP per
capita; population; trade openness; primary exporter; capital flows; commodity
prices: energy inflation, agriculture inflation, and metals and minerals inflation;
and CPI inflation. Standard errors are heteroskedasticity robust and clustered by
country.

the respective estimated standard errors clustered by country and
are heteroskedasticity robust.

5. The Impact of Carbon Pricing on Inflation Volatility

5.1 Baseline Results

Our baseline results presented in Figure 3 depict, respectively, the
effects of a rise in effective carbon prices on headline inflation volatil-
ity without further differentiating by types (left-hand-side chart),
and considering the ETS and carbon tax types separately (center
and right-hand-side charts).

Overall, a preliminary analysis suggests that the presence of a
carbon pricing system is associated with increased inflation volatil-
ity, although the pattern is not entirely clear. However, when differ-
entiating between ETS schemes and carbon taxes, distinct patterns
emerge. An increase in ETS effective prices is linked to a rise in
the volatility of headline inflation, whereas carbon tax rates do not
have a significant impact and are only found to marginally reduce
volatility in one of the years.
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Figure 4. Impulse Responses of Energy and Core Inflation
Volatility to Shocks in ETS Prices and Carbon Tax Rates

ETS Carbon tax

Years

Note: The solid blue lines describe the dynamic impulse responses to an increase
in the effective carbon price by USD 40 with 30 percent emission coverage. The
gray area delimits 95 percent confidence bands. All responses are estimated by
local projections including country fixed effects and controlling for GDP per
capita; population; trade openness; primary exporter; capital flows; commodity
prices: energy inflation, agriculture inflation, and metals and minerals inflation;
and CPI inflation. Standard errors are heteroskedasticity robust and clustered by
country.

5.2 Channels: Effects on the Volatility
of Energy and Core Inflation

In a second step, we investigate the channels by which carbon pricing
systems affect inflation volatility, analyzing the differential impact
on the energy CPI component and the degree of pass-through to the
volatility of core inflation. For this purpose, in Figure 4 the depen-
dent variables are energy and core inflation volatility, respectively,
and the effects of ETSs and carbon taxes are considered separately.
Control variables from the baseline specification are also included.
The estimates reveal that only schemes of the ETS type push
up the volatility of the energy and core components of inflation,
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while overall such impact is not found in the case of carbon taxes[§
ETS schemes show a significant impact on inflation volatility for the
case of the energy component, which should be expected given that
energy-related goods are the ones that are targeted directly or indi-
rectly by carbon pricing initiatives. The volatility of core inflation is
found to be affected with some delay, after two years, in those juris-
dictions with ETSs, which suggests lagged indirect effects of ETS
schemes on core inflation volatility.

These results align with prior research indicating that the imple-
mentation of carbon pricing schemes affects inflation primarily
through the energy component (Konradt and Weder di Mauro 2021;
McKibbin, Konradt, and Weder di Mauro 2021; Moessner 2022). It
is also in line with evidence on the indirect effects of other cost-push
shocks, such as rising energy prices, which may lead to increased
production costs and subsequent pass-through to consumer prices.
In fact, Kilian and Zhou (2023) found that energy price shocks affect
overall U.S. inflation through the energy component of the consumer
basket, but also exhibit effects on core inflation. For the euro area,
Lépez, Parraga Rodriguez, and Santabédrbara (2022) and Adolfsen
et al. (2024) show a significant transmission of gas prices (due to
their role in electricity pricing) to all inflation components, including
core inflation, albeit with some lag.

5.8  Mechanisms: Sectoral Coverage, Production Structure,
Volatility of ETSs, and ETS Free Allowances

In this section, we investigate potential mechanisms driving the
effects of carbon pricing on inflation volatility, such as the sectoral
coverage of carbon pricing initiatives, the differences in countries’
production structure, the volatility of ETS prices, or the amount
of ETS pollution rights allocated freely. These factors collectively

81n fact, carbon taxes not only fail to increase inflation volatility, but they are
actually found to slightly reduce it for one of the years. This reduction can be
attributed to two main factors. Firstly, the implementation of carbon pricing can
lead to a reduction in the relative weight of fossil fuels in the CPI consumption
basket, historically a significant source of inflation volatility (Andersson 2019).
Secondly, an increase in the carbon tax implies a larger share of the fixed compo-
nent of the energy price, potentially mitigating the volatility of energy consumer
prices in response to fluctuations in energy input prices.



Vol. 22 No. 3 Carbon Pricing and Inflation Volatility 19

contribute to explaining the diverse effects observed in carbon pric-
ing initiatives. To capture these effects, we adapt the local projection
baseline specification by including an interaction term that considers
each of these mentioned mechanisms.

o(mM)it+n = O" Carbon price; ; + a” Carbon price; ¢
x mechanism; ¢ + 3"(L) Carbon price;;—;  (2)

+ 0" LYo () i1 + " Xi—1 + plr + €14,

where o captures the differential impact of carbon prices accord-
ing to the mechanism considered. As in Kénzig and Konradt (2023),
variables that capture these mechanisms are standardized so coefli-
cients can be interpreted as the impact of changes corresponding to
one standard deviation compared to the average country.

5.83.1 Carbon Pricing Sectoral Coverage

The finding that ETS schemes are associated with larger inflation
volatility could potentially stem from two plausible explanations.
Firstly, a contributing factor could be the divergent coverage of
cap-and-trade systems and carbon taxes. For instance, electricity
producers tend to be encompassed within ETSs, while in the case
of taxes, they more frequently exclude the electricity generation sec-
tor. These distinct coverage scopes may influence the impact on
inflation volatility. Second, ETS prices, being market driven, inher-
ently display higher levels of volatility compared to carbon taxes,
which are set at less frequent intervals. This increased volatility in
cap-and-trade prices could potentially translate into higher overall
inflation volatility. By further examining these factors, we can gain
deeper insights into the mechanisms driving the differential effects
of cap-and-trade schemes and carbon taxes on inflation volatility.
Starting with the divergent coverage of ETSs and carbon taxes,
one potential approach to explore this hypothesis is to examine
whether differences between ETS prices and carbon taxes persist
when analyzing regimes with similar coverage, particularly those
that include the electricity generation sector. By narrowing the focus
to these specific regimes, we can gain insights into whether the
observed differences in price dynamics between cap-and-trade and
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Figure 5. Effects of Carbon Pricing Depending on
Electricity-Sector Coverage (only national carbon taxes)
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Note: Impulse responses to an increase in effective carbon taxes of USD 40
with 30 percent emission coverage interacted to a variable indicating whether
electricity sector is covered by the system. The gray area delimits 95 percent
confidence bands. All responses are estimated by local projections including coun-
try fixed effects and controlling for GDP per capita; population; trade openness;
primary exporter; capital flows; commodity prices: energy inflation, agriculture
inflation, and metals and minerals inflation; and CPI inflation. Standard errors
are heteroskedasticity robust and clustered by country.

carbon taxes are primarily driven by variations in sectoral cover-
age. Unfortunately, all national and supranational ETSs within our
sample cover the electricity sector, with the notable exception of
Canada’s federal ETS, which was only introduced in 2019. There-
fore, we cannot compare across ETSs including and excluding the
electricity sector. Nevertheless, regarding carbon taxes, our analy-
sis incorporates a significant number of carbon taxes both with and
without the inclusion of the electricity sector (see Table A.4), which
allows us to test this hypothesis.

As shown in Figure 5, no significant differences in volatility are
encountered for carbon taxes that include and exclude the electricity
sector. This supports the hypothesis that the coverage of the electric-
ity sector may not be the primary driver of the observed disparities
in inflation volatility between ETSs and carbon taxes.

5.8.2  Volatility in ETS Prices

In a subsequent step, we extend our analysis to investigate the
implications of their differing level of carbon price volatility in the
cap-and-trade regimes, as discussed earlier. This approach allows
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us to gain a deeper understanding of the role of differences in car-
bon price volatility as a mechanism driving the divergent impact of
ETSs and carbon taxes on inflation volatility. To accomplish this, we
obtained the price for the major national and supranational cap-and-
trade regimes included in our sample and calculated their respective
volatility

The results indicate that headline inflation, energy inflation,
and core inflation exhibit higher levels of volatility in response to
increased volatility in ETS prices (see Figure 6)[9 That is, ETS
schemes tend to have a more significant impact on inflation volatil-
ity across components, as their prices are indeed more volatile.
These findings therefore provide suggestive evidence that carbon
price volatility may be a key mechanism driving the observed effects,
and that the inherent volatility within the cap-and-trade frame-
work plays a crucial role in shaping the relationship between carbon
pricing and inflation.

5.3.8 Specialization in High-Polluting Sectors

The impact of carbon pricing can also vary depending on a coun-
try’s productive structure. A given shock is expected to have a more
intense effect on inflation depending on the country specialization in
high-polluting industries and sectors, which we measure by the share
of value-added in each economy generated by the top 20 percent most
polluting sectors worldwide using OECD data.

As shown in Figure 7, both ETS and carbon tax shocks indeed
appear to have a comparatively higher impact when a larger share
of value-added can be attributed to high-polluting sectors, with the
effect primarily observed in the energy CPI volatility.

9Those include the EU ETS, as well as the Switzerland, Mexico, and Korea
ETSs. We compute the coefficient of variation to build a measure of volatility
comparable across ETS regimes. The ETS prices used in the analysis are sourced
from the International Carbon Action Partnership.

20However, it is important to note that an exception arises in the fourth year.
This deviation may be attributed to enhanced incentives within more volatile
regimes to replace fossil fuels as a means to mitigate the higher impact of carbon
pricing on such regimes, which may reduce the effects on inflation volatility over
the medium term.
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Figure 6. Effects of ETS Price Volatility
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Note: Impulse responses to an increase in effective ETS prices of USD 40 with
30 percent emission coverage interacted to the volatility of carbon price within
ETS regimes. The gray area delimits 95 percent confidence bands. All responses
are estimated by local projections including country fixed effects and controlling
for GDP per capita; population; trade openness; primary exporter; capital flows;
commodity prices: energy inflation, agriculture inflation, and metals and miner-
als inflation; and CPI inflation. Standard errors are heteroskedasticity robust and
clustered by country. The ETS prices used in the analysis are sourced from the
International Carbon Action Partnership. Volatility is measured using the coeffi-
cient of variation due to the substantial dispersion of prices within the included
regimes.

5.8.4 FETS Free Allowances

Finally, another potential avenue to explore the mechanisms behind
the effects of carbon pricing on inflation volatility is the allocation
of free allowances within cap-and-trade schemes, which has shown
substantial variation across EU countries and time. We focus our
analysis on the EU ETS, for which we have available dataP]

The allocation of free allowances has been seen as a strategic
policy choice aimed at addressing concerns such as potential loss of
competitiveness and carbon leakage. By providing free allowances to
certain industries or sectors, policymakers aimed at alleviating the
immediate burden of carbon pricing on these entities. This allocation
mechanism effectively reduces the costs they would otherwise incur
from purchasing allowances, thereby lowering the effective carbon
price they bear.

2'Data on free allowances are taken from the EU Transaction Log, being avail-
able from 2005, the year of the establishment of the EU ETS.
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Figure 7. Effects of Carbon Pricing by
Value-Added Generated by Polluting Sectors
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Note: Impulse responses to an increase in effective carbon prices of USD 40 with
30 percent emission coverage interacted to the value-added generated by pollut-
ing sectors. The gray area delimits 95 percent confidence bands. All responses
are estimated by local projections including country fixed effects and controlling
for GDP per capita; population; trade openness; primary exporter; capital flows;
commodity prices: energy inflation, agriculture inflation, and metals and miner-
als inflation; and CPI inflation. Standard errors are heteroskedasticity robust and
clustered by country.
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Figure 8. Effects of Carbon Pricing by Share
of Free Allowances in the EU ETS Market
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Note: Impulse responses to an increase in effective EU ETS prices of USD 40
with 30 percent emission coverage interacted to the share of free allowances. The
gray area delimits 95 percent confidence bands. Standard errors are heteroskedas-
ticity robust and clustered by country. Data on free allowances sourced from EU
Transaction Log.

Interestingly, our findings show that a higher share of free
allowances is associated with lower effects of ETS prices on infla-
tion volatility, with the exception of the energy component, where
no significant effect was found (see Figure 8). This supports the
hypothesis that higher allocation of free allowances may help pre-
vent price volatility. This outcome is not surprising when considering
the historical functioning of the EU ETS. At the start of the cur-
rent trading period, manufacturing industries received 80 percent
of their allowances for free, while the electricity sector—the one
directly related to the energy component—has not received any free
allowances since 2013

5.4 Robustness Tests

Finally, in this section we present further evidence of our results
being robust to the use of different specifications, subsamples, and
additional controls.

228ee https://climate.ec.europa.eu/eu-action/eu-emissions-trading-system-eu-
ets/free-allocation_en#documentation for more detailed information on the func-
tioning of the allocation of free allowances across industries and sectors.
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First, as described in Section 3, we could expect that the exis-
tence of a structural break after the renewed surge in environmental
policies following the Paris Agreement in 2015 could be driving the
results. Tables A.1 and A.2 in Appendix A show results restricting
the sample to the years before the Paris Agreement, finding no evi-
dence of those affecting the results. Also, our findings prove robust
to the inclusion of the OECD index of environmental stringency, in
an attempt to control for the fact that our variables of carbon pricing
could be capturing the effects of changes in each country’s environ-
mental stringency not necessarily related (see again Tables A.1 and
A.2 in Appendix A). Second, we add a specification in which time
dummies are included, at the expense of removing those variables
collinear with them, showing that main results hold under this alter-
native modeling choice (Tables A.1 and A.2 in Appendix A). Third,
we test our specification against the use of the log of one plus the
standard deviation of inflation, as described in Section 3. As shown
in Figure A.2 in Appendix A, our main results are robust. Fourth, we
show that the results are robust to the inclusion of contemporaneous
(instead of lagged) control variables (see Figure A.3).

5.5 1V Approach: Local Projections IV

While carbon pricing should not be expected subject to endogene-
ity in our baseline empirical framework, this section examines the
robustness of our findings to an IV approach.

For that purpose, we employ panel local projections IV (LP-1V)
along the lines of Jorda, Schularick, and Taylor (2015). Dynamic
causal effects are estimated from the same set of equations as in (2),
where Carbon price;; is the possible endogenous regressor and z;
acts as an instrument for Carbon price; ;. As in the baseline specifi-
cation, we also include all relevant lagged controls, four lags of car-
bon pricing and inflation volatility, and country fixed effects. Errors
are heteroskedasticity robust and clustered by country.

5.5.1  Instrumental Variable: Carbon Policy Surprises

As our primary instrument, we rely on a set of EU ETS carbon pol-
icy surprises developed by Kénzig (2023). However, this approach
requires us to reduce our sample to the countries covered by the EU
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ETS. This study builds upon the existing body of literature on high-
frequency identification techniques, which identify policy surprises
by analyzing the movements of asset prices following significant pol-
icy events. While commonly applied in the context of monetary pol-
icy (Kuttner 2001; Giirkaynak, Sack, and Swanson 2005; Gertler and
Karadi 2015; Nakamura and Steinsson 2018) or global oil markets
(Kénzig 2021), Kénzig (2023) adapts this approach to the domain
of carbon pricing by applying it specifically to the EU ETS market.

To construct a series of carbon policy surprises, Kéanzig (2023)
compiles a comprehensive list of regulatory events related to changes
in the supply of emission allowances within the EU ETSPS This list
encompasses various events related to, among others, decisions made
by the European Commission, votes conducted by the European Par-
liament, and judgments rendered by European courts. In total, 126
such events are identified, covering the period from 2005 to 2019.
Carbon policy surprises are then computed as the change in the
EU emission allowances’ futures prices on the day of the regulatory
event compared to the last trading day before the event, in percent-
age terms or measured relative to the prevailing wholesale electricity
price on the day before. The monthly series is constructed by aggre-
gating the daily surprises, adding them up over each month. In cases
where no regulatory events take place during a particular month, the
series is assigned a value of 0. Yearly series are constructed by adding
up monthly series.

Fcarbon,t,d - Fcarbon,t,d—l

CPSurprise; g = - 100 (3)

Fcarban,t,d—l

We take the monthly surprises in percentage of ETS prices and
aggregate them yearly to match our specification.

As highlighted by Stock and Watson (2018), variables based on
high-frequency surprises such as the ones we use in this section are
susceptible to measurement error, since they may not capture all
relevant events. While they may still serve as valid external instru-
ments, employing them directly can yield biased estimates of the

23That allows us to address concerns that the events are capturing other infor-
mation pertaining economic activity or broader factors affecting the demand of
emission allowances.
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Table 2. First-Stage Regressions of ETS
Effective Carbon Price on the Instrument

(1) (2) (3)
Headline Energy Core
Carbon Policy Surprises 0.27*%* 0.24%%%* 0.26%**
(0.01) (0.01) (0.01)
F-statistic 2576.45%+* 2331 %4 3033%4*
Observations 586 585 584

Note: *p < 0.10, **p < 0.05, ***p < 0.01. First-stage regressions include country
fixed effects and controls for GDP per capita; population; trade openness; primary
exporter; capital flows; commodity prices: energy inflation, agriculture inflation, and
metals and minerals inflation; and CPI Inflation—as well as four lags of inflation
volatility (headline, energy, or core depending on the equation) and effective ETS
carbon prices. Country-cluster robust standard errors are reported in parentheses.

dynamic causal effects. Thus, we use them as instruments using LP-
IV rather than as a direct measure of the specific shock of interest.
Unfortunately, carbon policy surprises are only provided for the EU
ETS market, so we will only provide LP-IV results pertaining to
shocks in ETS prices.

5.5.2  Results of LP-1V

Table 2 presents the results of first-stage IV regressions. As expected,
carbon policy surprises are positive and significantly correlated with
carbon prices. High values for the F-statistic provide additional evi-
dence of the significance of the instrument in the first-stage regres-
sion at the 1 percent level. The instrument’s relevance is further
confirmed by the Kleibergen and Paap (2006) tests of weak instru-
ments, which are reported in Table A.3 in Appendix A for each
variable and horizon.

Exogeneity conditiond?] cannot directly be tested in our frame-
work. Nevertheless, the high-frequency identification strategy should
be able to isolate the exogenous component of ETS carbon price
shocks. Also, as discussed in Kénzig (2023), the series of surprises

241n an LP-IV framework, both contemporaneous and lead-lag exogeneity must
hold for validity.
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Figure 9. LP-IV Impulse Responses of Headline, Energy,
and Core Inflation Volatility to Shocks in ETS Prices
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Note: Impulse responses to an increase in effective ETS prices of USD 40 with 30
percent emission coverage. The gray area delimits 95 percent confidence bands.
All responses are estimated by local projections IV using ETS carbon pricing
surprises from Kénzig (2023) as instrumental variable, and including country
fixed effects and controlling for GDP per capita; population; trade openness;
primary exporter; capital flows; commodity prices: energy inflation, agriculture
inflation, and metals and minerals inflation; and CPI inflation. Standard errors
are heteroskedasticity robust and clustered by country.

used as instruments are not autocorrelated or forecastable by past
macroeconomic and financial variables or other structural shock
measures such as oil demand, uncertainty, financial, fiscal, and mon-
etary policy shocks (see Appendix B.1 in Kénzig 2023). Moreover, in
our setting lagged macroeconomic variables should be able to con-
trol for main past macroeconomic shocks affecting inflation volatility
(Stock and Watson 2018).

Figure 9 reports LP-IV impulse responses of headline, energy,
and core inflation volatilities to shocks in ETS prices. As shown, our
main results seem robust to the use of an IV approach. The effects of
ETS effective carbon prices on energy and headline inflation volatil-
ities are found to be qualitatively similar and of comparable magni-
tude, although with somewhat smoother impulse responses. Notably,
the indirect effects on core inflation volatility seem to manifest with
shorter delays, becoming evident as early as the first year.

6. Conclusions

In the following years, climate change and related mitigation policies
are expected to affect potential growth, business cycle, and inflation
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dynamics. This may reshape the formulation of economic policy, and
has prompted the urge from policymakers, including central banks,
to understand their economic consequences. Carbon pricing initia-
tives, aimed at increasing the relative prices of GHG-intensive goods
and services, could not only push up inflation, but also affect infla-
tion volatility. This paper empirically assesses the effects of carbon
pricing on inflation volatility, disaggregating by the two main types
of initiatives: ETSs and carbon taxes.

Our main findings could be summarized as follows. First, this
work finds evidence of ETS schemes inducing greater volatility in
consumer price inflation, while no significant impact is found in the
case of carbon taxes. Second, this effect feeds through the energy
component, which tends to be more closely related to carbon pricing
initiatives, while it affects core inflation with some delay, suggest-
ing lagged indirect effects of ETSs on inflation. Altogether, these
results seem consistent with the fact that carbon pricing initiatives
of the ETS type tend to lead to more volatile carbon prices (and
carbon price inflation) than the more stable carbon taxes, and that
volatility is fed into consumer prices, particularly through the energy
component. It also confirms the results of previous studies that car-
bon pricing initiatives, by changing relative prices and increasing the
price of fossil fuels, lead to a direct effect on inflation by affecting
the energy component, and provide new evidence of indirect effects
in the rest of goods and services included in core CPI.

Moreover, we explore several mechanisms that could drive the
differences between ETSs and carbon taxes. Our findings indicate
that the increased volatility observed in ETS schemes is primarily
due to higher fluctuations in carbon prices, rather than to differences
in the sectoral coverage compared to carbon taxes. Furthermore, we
identify several factors that contribute to the heterogeneous impacts
of carbon pricing initiatives across jurisdictions. For example, coun-
tries with higher weight in high-polluting sectors experience more
volatile energy CPI inflation. Moreover, under the ETS, a higher
share of free emission allowances allocated to each country tends
to reduce inflation volatility, possibly by lowering the effective costs
incurred by producers and, thus, their incentives to adjust prices.
Finally, our results hold robust to the inclusion of multiple variables
of control, alternative identification strategies, different empirical
specifications, and subsamples of countries.
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These results also have important implications for monetary pol-
icy. Given that existing literature has predominantly shown that
carbon pricing initiatives tend to have a transitory impact on infla-
tion levels, central banks with credible monetary policies typically
overlook this effect, viewing it akin to a negative supply-side shock.
However, the fact that ETS schemes could influence inflation volatil-
ity introduces a layer of complexity to monetary policy. As jurisdic-
tions seek to expand both the scope and pricing of carbon mecha-
nisms to meet the ambitious climate objectives outlined in the Paris
Agreement, regions heavily reliant on ETS schemes may have to deal
with heightened inflation volatility. This scenario could complicate
the communication and the conduct of monetary policy, present-
ing central banks with a more intricate signal-extraction challenge.
Furthermore, if, as suggested in prior studies (Arndt and Enders
2024), inflation volatility magnifies the transmission of supply shocks
to consumer prices, central banks may find it necessary to adapt
their strategies to accommodate these additional pressures. There-
fore, central banks should closely monitor these effects. Finally, our
results contribute to the ongoing debate on the choice of the opti-
mal carbon pricing instrument by shedding light on novel side effects
associated with ETS initiatives compared to carbon taxes.
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Appendix A. Additional Figures and Tables

Figure A.1. Standard Deviation of CPI Inflation
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Source: Authors’ own elaboration based on OECD data.
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Table A.1. LP: Robustness Tests. Impulse Responses of
Headline, Energy, and Core Inflation Volatility
for Shocks in Effective ETS Prices

h=0h=1h=2h=3|h=4

Headline Inflation

Baseline Estimates -0.14 | 0.30 0.21 0.60 0.10
(0.20) | (0.13) | (0.21) | (0.20) | (0.15)
Baseline Period Pre-Paris Agreement | —0.14 | 0.25 0.21 0.63 0.26
(0.25) | (0.14) | (0.20) | (0.34) | (0.26)

Baseline + OECD Stringency -0.08 | 0.29 0.16 0.50 0.08
(0.19) | (0.14) | (0.23) | (0.16) | (0.16)
Baseline + Time FE -0.12 | 0.13 0.14 0.69 0.07

(0.22) | (0.12) | (0.21) | (0.24) | (0.16)

Energy Inflation

Baseline Estimates -0.30 | 1.35 1.15 0.71 0.74
(0.39) | (0.61) | (0.64) | (0.61) | (0.96)
Baseline Period Pre-Paris Agreement | 0.12 1.30 1.57 0.74 0.78
(0.57) | (0.83) | (0.62) | (0.89) | (1.21)

Baseline + OECD Stringency ~0.31 | 146 | 1.16 | 0.60 | 0.99
(0.45) | (0.70) | (0.71) | (0.59) | (1.06)
Baseline + Time FE 0.17 | 0.83 | 0.71 | 1.08 | 0.85

(0.36) | (0.57) | (0.60) | (0.65) | (0.96)

Core Inflation

Baseline Estimates 0.04 0.08 0.18 0.13 0.27
(0.08) | (0.13) | (0.11) | (0.13) | (0.19)
Baseline Period Pre-Paris Agreement | 0.08 0.06 0.15 0.09 0.27
(0.09) | (0.14) | (0.15) | (0.14) | (0.25)

Baseline + OECD Stringency 0.05 0.15 0.12 0.11 0.19
(0.09) | (0.11) | (0.09) | (0.14) | (0.17)
Baseline + Time FE 0.02 0.10 0.22 0.19 0.34

(0.08) | (0.11) | (0.14) | (0.14) | (0.19)

Note: Impulse responses to an increase in the effective carbon price by USD 40 with 30
percent emission coverage. Difference between point estimates and symmetric 95 percent
confidence bands reported in parentheses. All responses are estimated by means of local
projections. Baseline estimates include country fixed effects and controlling for GDP per
capita; population; trade openness; primary exporter; capital flows; commodity prices:
energy inflation, agriculture inflation, and metals and minerals inflation; and CPI infla-
tion. When considering time fixed effects, commodity prices variables are not included.
Standard errors are heteroskedasticity robust and clustered by country.
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Table A.2. LP: Robustness Tests. Impulse Responses of

Headline, Energy, and Core Inflation Volatility

for Shocks in Effective Carbon Tax Rates

h=0

h=1

h=2

h=3

Headline Inflation

Baseline Estimates
Baseline Period Pre-Paris Agreement
Baseline + OECD Stringency

Baseline + Time FE

-0.08
(0.13)
-0.07
(0.39)
-0.08
(0.13)
-0.13
(0.18)

-0.06
(0.27)
0.12
(0.26)
-0.02
(0.26)
0.07
(0.28)

-0.39
(0.15)
~0.53
(0.16)
0.37
(0.17)
~0.18
(0.26)

-0.03
(0.21)
~0.14
(0.30)
-0.06
(0.16)
-0.09
(0.12)

0.06
(0.31)
-0.07
(0.51)
0.04
(0.33)
0.04
(0.32)

Ene

rgy Inflation

Baseline Estimates
Baseline Period Pre-Paris Agreement
Baseline + OECD Stringency

Baseline + Time FE

0.19
(0.94)
0.67
(1.83)
0.26
(0.90)
-0.04
(0.77)

~0.16
(1.11)
-0.74
(1.28)
0.06
(1.05)
0.22
(1.29)

-1.27
(1.11)
~2.58
(1.41)
~1.12
(0.94)
-0.22
(1.80)

-0.50
(1.82)
~2.22
(1.69)
-0.39
(1.63)
-0.77
(2.10)

Co

re Inflat

on

Baseline Estimates
Baseline Period Pre-Paris Agreement
Baseline + OECD Stringency

Baseline + Time FE

-0.11
(0.12)
~0.20
(0.23)
~0.11
(0.12)
~0.11
(0.12)

-0.06
(0.19)
-0.05
(0.20)
-0.07
(0.19)
-0.07
(0.21)

-0.12
(0.23)
-0.14
(0.19)
-0.10
(0.21)
-0.07
(0.22)

-0.17
(0.15)
-0.23
(0.20)
-0.18
(0.13)
~0.12
(0.14)

(0.18)

Note: Impulse responses to a USD 40 carbon tax with 30 percent emission cover-
age. Difference between point estimates and symmetric 95 percent confidence bands
reported in parentheses. All responses are estimated by means of local projections.
Baseline estimates include country fixed effects and controlling for GDP per capita;
population; trade openness; primary exporter; capital flows; commodity prices: energy
inflation, agriculture inflation, and metals and minerals inflation; and CPI inflation.
When considering time fixed effects, commodity prices variables are not included.
Standard errors are heteroskedasticity robust and clustered by country.
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Figure A.2. Robustness Check:
Results with Log Volatility
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Note: The solid blue lines describe the dynamic impulse responses to an increase
in the effective carbon price by USD 40 with 30 percent emission coverage. The
gray area delimits 95 percent confidence bands. All responses are estimated by
local projections including country fixed effects and controlling for GDP per
capita; population; trade openness; primary exporter; capital flows; commodity
prices: energy inflation, agriculture inflation, and metals and minerals inflation;
and CPI inflation. Standard errors are heteroskedasticity robust and clustered by
country.
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Figure A.3. Robustness Check:
Contemporaneous Control Variables
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Note: The solid blue lines describe the dynamic impulse responses to an increase
in the effective carbon price by USD 40 with 30 percent emission coverage. The
gray area delimits 95 percent confidence bands. All responses are estimated by
local projections including country fixed effects and controlling for contempora-
neous values of GDP per capita; population; trade openness; primary exporter;
capital flows; commodity prices: energy inflation, agriculture inflation, and metals
and minerals inflation; and CPI inflation. Standard errors are heteroskedasticity
robust and clustered by country.
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Table A.3. LP-IV: Kleibergen-Paap Test
for Each Horizon and Dependent Variable

h=0|h=1|h=2| h=3 | h=4
Headline Inflation

Kleibergen and Paap 27.99 25.93 25.76 25.48 25.47
p-value (0.00) (0.00) (0.00) (0.00) (0.00)

Energy Inflation

Kleibergen and Paap | 30.38 | 28.15 | 27.74 | 27.24 | 27.57
p-value (0.00) | (0.00) | (0.00) | (0.00) | (0.00)

Core Inflation

Kleibergen and Paap 27.73 25.09 24.73 24.50 24.34
p-value (0.00) (0.00) (0.00) (0.00) (0.00)

Note: The null hypothesis of the Kleibergen-Paap LM test is that the structural
equation is underidentified (i.e., the rank condition fails).
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Appendix B. Panel Data Analysis

Empirical Specification

An alternative panel data specification can also be outlined as
follows:

o(m)ir = ao(m);1—1+LCarbon pricing; 1 +vX; 1—1+pi+ei, (B.1)

where o(7); ¢ is the dependent variable measured, for a country 7 and
for each year t, as the standard deviation of monthly year-on-year
inflation computed in windows of 24 months.

Carbon pricing; ; includes the set of variables that depict the
existence and different features of carbon pricing systems, repre-
senting our variables of interest. Carbon pricing, any is a dummy
variable that takes value 1 if the country has any type—mnational,
subnational, or regional—of carbon pricing implemented for a given
year, while ETS, any and Carbon tax, any reflect whether the
country has implemented any type of ETS or carbon tax, respec-
tively. Coverage-fully overlapping and Coverage-not overlapping
measure the amount of GHG emissions covered by the initiatives
in that country. X;, ; includes the lag of the relevant controls
described in Section 3. Finally, u; is a country-level time-invariant
effect that reflects individual heterogeneity, and €;; represents an
idiosyncratic disturbance that is expected to be independent and
identically distributed. B and v are the coefficients associated with
interest and control variables, respectively.

However, if the lag of the dependent variable is not significant
the above econometric specification turns into the following static
panel:

o(m)ir = pCarbon pricing; + + v Xi1—1 + i + €i ¢, (B.2)

which could be estimated through the fixed-effects or random-effects
estimators 29

25Tn the presence of correlation between the individual effect and the explana-
tory variables, the fixed-effects estimator should be employed, as the random-
effects estimator is expected to yield biased and inconsistent estimates of the
regression parameters. The Hausman test is usually employed to opt for the
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Panel Data Results

Our baseline results for panel data are presented in Tables B.1 and
B.2. Given that the lag of the inflation volatility is found not signif-
icant@ we focus on the results of the static panelv

Table B.1 depicts a series of specifications with the objective
to test the effects of the existence of any carbon pricing initiative,
without further differencing by types. Columns 1-5 present some
stepwise estimations in which the relevant groups of control vari-
ables are sequentially introduced in the specification of the models.
In a first step, general socioeconomic variables that account for the
size of the country and the level of development are included (column
1). Afterward, trade openness (column 2), controls for exposure to
commodity prices and capital flows (column 3), variables reflecting
common global factors, mainly commodity prices (column 4), and,
finally, the domestic level of CPI inflation (column 5) are added.
Table B.2 presents the same structure as Table B.1, but in this case
carbon pricing systems are further disaggregated as to consider the
ETS and carbon tax types separately.

Overall, the existence of a carbon pricing systems is related to
increased volatility of inflation (Table B.1), which seems to be solely
driven by ETS schemes (Table B.2). Carbon pricing systems in the
form of a carbon tax do not seem to have a significant impact on
inflation volatility in any of the specifications (Table B.2).

In a second step, we investigate the channels by which carbon
pricing systems affect inflation volatility, analyzing the differential
impact on the energy CPI component and the degree of pass-through

fixed- or the random-effects estimator. The random-effects estimator is preferred
under the null hypothesis (zero correlation between the individual effect and the
regressors) due to higher efficiency, while under the alternative the fixed-effects
estimator is at least consistent and, thus, preferred.

26Estimates of the System-GMM estimator differentiating by type of carbon
pricing systems are available upon request. In none of the specifications consid-
ered is the lag of inflation volatility significant.

2TFor all the models, results for the Hausman test reject the null hypothesis
that individual effects are uncorrelated with the regressors. Therefore, we present
the results of the fixed-effects estimator.

28We also performed a test for normality of the error components in panel data
models proposed by Alejo et al. (2015). Our post-estimation results show that
the null hypothesis of joint normality of both error terms (individual effect and
idiosyncratic component) cannot be rejected.
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to the volatility of core inflation. For this purpose, in Table B.3 the
dependent variables are headline, energy, and core inflation volatil-
ity, respectively. We consider the overall effect of having imple-
mented any carbon pricing initiative (columns 1, 2, and 3) and the
effect of ETSs and carbon taxes separately (columns 4, 5, and 6).
Control variables from the baseline specification are also included,
in a similar vein as in column 5 in Tables B.1 and B.2.

As in our baseline local projections specification, the estimates
reveal that carbon pricing systems do significantly impact inflation
volatility for the case of energy CPI, which should be expected
given that energy-related goods are the ones that are targeted
directly or indirectly by carbon pricing initiatives. Regarding the
type of carbon pricing initiative affecting inflation volatility, again,
it seems that schemes based on the ETS are the ones that spur
the increased volatility pattern, affecting headline, energy, and core
inflation volatility (columns 5 and 6). We cannot find a significant
effect of carbon taxes on the volatility of any constituent of the CPI.
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We analyze the role of asymmetric macroeconomic shocks
for conduct of monetary policy of the euro area, as a monetary
union. Taking an international business cycle perspective, we
distinguish between symmetric shocks, which affect countries
similarly, and asymmetric shocks, which cause diverging move-
ments across countries. Applying a Bayesian sign- and zero-
restricted structural vector autoregression (BVAR) model, we
find that global symmetric shocks predominantly drive busi-
ness cycles in most euro-area countries. Linked to this, we find
evidence of a euro-area-specific cycle. Through the lens of our
framework, we also find empirical support for the optimum
currency area (OCA) endogeneity hypothesis: upon adopting
the euro, new member countries, on average, experience faster
convergence in their share of symmetric shocks relative to the
euro-area aggregate. Our econometric framework also allows
us to derive an optimum currency area index for the euro
area based on a shocks-similarity principle. Our index cap-
tures not only the relative importance of symmetric shocks but
also the extent of cross-country heterogeneity. This OCA index
highlights that, while the OCA features of the euro area remain

*We thank an anonymous referee, Ivan Zilic, Lucija Fioretti, Karlo Kotarac,
Jurica Zrnc, and Milan Deskar-Skrbi¢ for valuable comments and helpful sug-
gestions. We also thank, for their comments, participants at the International
Conference “Reassessment of the Optimal Currency Area Theory in the Per-
sistently Heterogeneous European Union” in Vilnius. The views expressed are
those of the authors only and do not necessarily reflect those of the Eurosystem,
the European Central Bank, or the Hrvatska narodna banka. A version of this
paper was previously circulated under the title “A New Optimum Currency Area
Index for the Euro Area.” Author e-mails: davor.kunovac@hnb.hr (corresponding

author), diego.rodriguez@ecb.europa.eu, yigiao.sun@ech.europa.eu.

49



50 International Journal of Central Banking July 2026

firmly established, their further improvement has stagnated
over time. All in all, current levels of the OCA index suggest a
broadly similar level as at the start of the euro, underscoring
the importance of not being complacent with the policy goal
of EU single market integration.

JEL Codes: F33, F44, E42, E52.
1. Introduction

It is well known that when a set of countries or regions forgo
their sovereign currency and independent monetary policy to form a
shared monetary union, important gains in terms of economic inte-
gration may be attained, as exchange-rate-related transaction costs
and volatility are eliminated and price transparency is enhanced. To
assess the net gains in forming the union, benefits need to be com-
pared to the costs of losing monetary autonomy at country level:
Once in the monetary union, the country has lost the full power of
an important instrument of macroeconomic stabilization, as mon-
etary policy has demonstrated to be a key policy tool to address
macroeconomic shocks, in particular of a demand nature. The costs
of lost monetary independence will be attenuated, however, if the
various countries or regions forming the union are subject to broadly
similar or symmetric macroeconomic shocks. In the limit, if macro-
economic shocks were perfectly correlated across countries, the cost
of foregone monetary independence would be nihil. Understanding
the relative importance of symmetric versus asymmetric macroeco-
nomic shocks is thus crucial for assessing the costs of forming a
monetary union, and ultimately its desirability: When the business
cycles of the union members, at country or regional level, are primar-
ily driven by common or symmetric shocks and, therefore, positively
correlated, the single one-size-fits-all monetary policy is in a stronger
position to stabilize all countries in the union simultaneously; see
Alesina, Barro, and Tenreyro (2002). Conversely, asymmetric shocks,
with an uneven impact across countries, tend to impair the conduct
of the common monetary policy.

These same premises determine the net benefits for a single coun-
try in joining an established and ongoing monetary union, as is the
case for candidate countries considering the best timing for join-
ing the euro area, such as the Czech Republic and Romania are
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currently. If the candidate countries’ business cycles are sufficiently
synchronized with those of the euro area, the costs of giving up
their sovereign currency and monetary policy should be of lesser
concern.

The role of asymmetric shocks has been from the outset at the
center of optimum currency area (OCA) theory, a widely accepted
framework for assessing whether the conditions for a group of coun-
tries to form a currency union are met. At the initial development of
the OCA theory, seminal contributions from Mundell (1961), McKin-
non (1963), and Kenen (1969) identified a number of prerequisites, in
the form of necessary structural conditions, for successfully forming
a currency union. Prominent among these were nominal flexibility
in goods and labor markets, factor mobility, production diversifica-
tion, and fiscal integration. In a subsequent phase of OCA theory,
the focus shifted to the costs of fixing irreversible exchange rates and
adopting a common currency, along with the role of financial inte-
gration; see Corden (1972), Ishiyama (1975), and Mundell (1975).

The combination of the former conditions and latter cost features
gave rise to a set of OCA criteria, that is, a set of indicators to assess
the viability and desirability of forming a monetary union. Yet, while
the identified criteria are conceptually well grounded, in practice it
has proven difficult to measure empirically the degree to which some
of the criteria are fulfilled, both ex ante or on an ongoing basis. Much
of the empirical literature on OCA conditions, such as Bayoumi and
Eichengreen (1992), Masson and Taylor (1993), Alesina, Barro, and
Tenreyro (2002), and Mongelli (2002), suggested that similarity of
shocks driving union members would qualify as a catch-all OCA
property capturing the interaction between several of these prop-
erties at once. However, one important aspect, the measurement
of the similarity of macro shocks across countries, has remained a
particularly daunting task.

To better understand the similarity of shocks and business cycle
coherence across members, the existing literature, strongly influ-
enced by Bayoumi and Eichengreen (1992), mostly weighs the cross-
country correlation of the measurable proxies for shocks. This is
done usually without placing emphasis on the separate identifica-
tion of symmetric versus asymmetric shocks. While this approach is
intuitive and easily implementable, it clearly falls short of captur-
ing the structural diversity of shocks and the complexity of shock
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transmission mechanisms across diverse economies. This important
gap in the literature is precisely where our paper makes a contri-
bution. Instead, we take a fundamentally different approach, setting
up an econometric framework that permits the identification and
measurement of symmetric versus asymmetric shocks and, among
the latter, of supply versus demand shocks. Our econometric frame-
work builds on a sign- and zero-restricted Bayesian structural vector
autoregression (BVAR) model, allowing for a more structural and
reliable analysis of shock dynamics at various levels of aggregation,
namely global, euro area, and local (country level).

A further central theme of OCA theory where shock similar-
ity plays a key role relates to how fit or well prepared a candidate
country stands as a new member of a possibly complex and het-
erogeneous monetary union. Being well prepared for membership is
closely linked to how the business cycle coherence between the can-
didate country and the monetary union evolves once the country
joins the union. The OCA endogeneity hypothesis, as proposed by
Frankel and Rose (1997, 1998), suggests that business cycles and
shock similarities across new members and the rest of the union
are not independent. Similarities are, under this view, expected to
gradually increase ex post and as a consequence of the currency area
enlargement: joining the currency union should foster stronger trade
linkages and deeper investment connections. Nonetheless, counter-
arguments to the OCA endogeneity theory have been made. Krug-
man (1993) suggests that a country joining an existing monetary
union could lead to increased specialization in specific sectors of the
enlarged union, thereby potentially reducing business cycle coher-
ence, with a deterioration of the union’s OCA properties. These
conflicting theories highlight the need not only to evaluate the ex
ante conditions for currency union membership but also to monitor
the evolution of ex post convergence (in line with the OCA endo-
geneity view) or lack thereof (as suggested by the increasing sectoral
specialization view).

The main contribution of our paper is that we formalize a pre-
cise and measurable definition of asymmetric shocks for the euro
area, both from a country-specific and a union-wide perspective

! Although the European Central Bank (ECB) makes it clear the focus of its
monetary policy is the euro area as a whole, the country perspective remains
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To quantify the relative importance of symmetric versus asymmet-
ric shocks for euro-area members, we rely on a set of identified BVAR
models, which yields a shock accounting exercise of interest on its
own. This exercise in turn serves as the building block to study in
more detail the role and relative importance of symmetric versus
asymmetric shocks for the smooth monetary policy conduct and for
the suitability of euro adoption for new member countries, as well
as the performance of the latter once in the monetary union. These
results provide a novel approach and test of the OCA endogene-
ity hypothesis through the lens of our structural BVAR framework.
Finally, as a by-product of our shock accounting exercise, we propose
a new OCA index based on the relative importance of symmetric
shocks.

To preview our results, we show that symmetric shocks emerge
as the dominant drivers of GDP growth across euro-area countries.
Among the symmetric shocks, an important fraction are global in
nature, which partly explains why the ECB’s monetary policy is
often well aligned with that of other central banks, notably the
U.S. Federal Reserve. Additionally, we find evidence of a signif-
icant comovement across euro-area members that is independent
from the identified global commonality—i.e., a distinct euro-area
business cycle. Our results contribute to ongoing debates in the lit-
erature on this topic: while some studies, such as those by Artis
(2003) or Camacho, Perez-Quiros, and Saiz (2006), have struggled
to identify a clear European cycle, our findings align with those of
Inklaar and de Haan (2001), Kose, Otrok, and Whiteman (2003), or
Ferroni and Klaus (2015), among others, who argue in favor of its
existence and relevance.

While we show that a large proportion of shocks are symmet-
ric, this is not sufficient per se to conclude on a benign assessment
on the conditions for the common policy to stabilize the euro area.
The effectiveness of the common monetary policy depends strongly
on the structural nature and the composition of shocks underlying
business cycle dynamics. In particular, a larger prevalence of sym-
metric demand shocks is often related to more favorable conditions

important. In a case in which a member country is affected by different shocks
compared to the rest of the union, the common monetary policy cannot be equally
desirable for all, which could create tensions between countries or even a possible
breakup.



54 International Journal of Central Banking July 2026

to stabilize the euro area, while, on the other hand, symmetric sup-
ply shocks may create a dilemma for central bankers, who may or
may not be in a position to react to them, as highlighted by Beaudry,
Carter, and Lahiri (2022), Madeira, Madeira, and Monteiro (2023),
or Tenreyro et al. (2023). We show that both demand- and supply-
side shocks at euro-area level are important in driving the euro-area
business cycle dynamic.

While the results highlighted so far bode well for the OCA prop-
erties of the euro area, it remains to be checked whether country-level
shocks of demand nature are not dominant. Indeed, from a country
perspective, of either a candidate new-member country or an exist-
ing member, the loss of the independent monetary policy is more
severe when idiosyncratic demand shocks are more prevalent. Reas-
suringly for the assessment of euro-area OCA conditions, we find
that country-level shocks from the demand side are relatively rare,
suggesting that the costs of lost monetary policy at country level are
likely limited. In particular, we find that business cycle dynamics of
Central and Eastern European countries—both euro-area members
and candidate countries—are becoming increasingly similar to the
euro-area aggregate, in terms of shock composition. This finding
would seem to mitigate concerns sometimes expressed that euro-
area enlargement would increase the risks of asymmetric shocks, as
raised, e.g., by De Grauwe (2003). Our results suggest that these
risks have diminished over time.

More generally, our framework serves to shed light on the role
of euro adoption in the alignment process for business cycle dynam-
ics for countries adopting the euro. For this purpose, we test how
the euro adoption affects the importance of symmetric shocks for
new members, i.e., the countries in our sample that joined at
later enlargement stages—Slovakia, Slovenia, Estonia, Latvia, and
Lithuania. This is the context to which we apply and test the OCA
endogeneity hypothesis of Frankel and Rose (1998). To investigate if
the euro adoption has indeed promoted business cycle synchroniza-
tion, we rely on difference-in-difference (D-I-D) estimation. Recent
findings in the methodological literature, however, point out draw-
backs of a standard D-I-D approach whenever there are multiple

2Here, a panel regression with time and country fixed effects and euro mem-
bership being a treatment dummy.
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treatment periods (i.e., different entry dates); see Callaway and
Sant’Anna (2021) for an explanation. Therefore, in our case, given
that countries enter the euro area in different years, we apply both
the standard D-I-D and the method by Callaway and Sant’Anna
(2021). The results provide evidence of the positive impact of euro
adoption on shock synchronization. This finding may be relevant
with respect to the ongoing policy debate on some non-euro-area
EU countries considering the euro-area membershipEl

Finally, based on the basic signal-to-noise ratio concept, we pro-
pose an indicator aimed at summarizing our findings on the behavior
of both cross-country average and dispersion of relative importance
of symmetric shocks. We regard this indicator as a suitable OCA
index, and we show how it applies for the euro area over time. Our
indicator underscores that high relative importance of symmetric
shocks across countries alone may not be sufficient to improve OCA
features of a currency union, whenever there are important differ-
ences between countries. In particular, a monetary union with a high
cross-country average importance of symmetric shocks may be char-
acterized as poor in terms of its OCA features in a case where the
relative importance of symmetric shocks is overly dispersed across
countries. Our OCA index for the euro area thus reflects the view
that cross-country heterogeneity in business cycle fluctuations makes
the common currency not equally desirable for all area members,
which could create tensions between countries (De Grauwe 1996) and
eventually even threaten the political viability of EMU (Orphanides
2020). Increased heterogeneity across union members has important
implications for policy as well, as the policy stance in a currency
union during the crises may be difficult to calibrate, despite given
predominance of symmetric shocks on average. Signal-to-noise ratio
may, therefore, serve as a useful complement to average importance
of symmetric shocks in tracking OCA properties, especially during
the crises. Our OCA index is slow-moving and a good reflection
of changing underlying economic structures across the euro area
and, therefore, informative about the ability of monetary policy to

3For largely positive sentiment toward the euro adoption in candidate
countries, see https://www.brusselstimes.com/858918/czechia-to-take-concrete
-steps-to-adopt-the-euro for Czechia and https://www.euractiv.com/section/
politics/news/romania-wants-to-push-euro-adoption-by-2026,/ for Romania.


https://www.brusselstimes.com/858918/czechia-to-take-concrete-steps-to-adopt-the-euro
https://www.euractiv.com/section/politics/news/romania-wants-to-push-euro-adoption-by-2026/
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stabilize the euro-area economy in the medium run. We show that an
index that takes both moments into account is able to properly sig-
nal different types of crises in a currency union: those that originate
in the rest of the world, outside the euro area (e.g., the Global Finan-
cial Crisis, or GFC), but also those locally or inside the euro area,
originating in one or few euro-area member countries (e.g., the euro
debt crisis). Otherwise, an index based on the relative importance
of symmetric shocks only remains blind to the latter type of crisis.
Through the lens of our OCA indicators, we observe that cyclical
convergence in the euro area proceeds gradually, with OCA features
showing signs of stagnation at levels close to those seen before the
launch of the euro.

2. Relation to the Literature

This paper contributes to several strands of literature on the
desirability and performance of forming and over time enlarging
a monetary union: first, in connection to the identification and
measurement of symmetric and asymmetric shocks among euro-area
members and their implications for the common monetary policy;
second, on the testing the OCA endogeneity theory; and, third, to
the literature on OCA indicesH

A symmetric macroeconomic shock refers to an unexpected event
that affects all union members similarly and simultaneously (Euro-
pean Commission 1990). Surprisingly, given the importance for its
OCA conditions, the differentiation between symmetric and asym-
metric shocks affecting euro-area countries has not been a primary
focus in the literature. Instead, most studies have emphasized the
similarity of shocks, a concept initially developed within a struc-
tural VAR framework by Bayoumi and Eichengreen (1993). This
framework has become widely used, appearing, e.g., in Fidrmuc and
Korhonen (2003) and Campos and Macchiarelli (2016), among oth-
ers. These studies separately identify demand and supply shocks

4More broadly, our paper is also naturally related to the literature on inter-
national business cycles and, more specifically, to business cycle synchronization
among euro-area countries; see, for example, Camacho, Perez-Quiros, and Saiz
(2006), Giannone, Lenza, and Reichlin (2008), or Ferroni and Klaus (2015).
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across European countries using the Blanchard-Quah methodol-
ogy (Blanchard and Quah 1989) and assess the costs of forgoing
autonomous monetary policy, relying on cross-country shock corre-
lations. However, simple correlations between shocks falls short as an
indicator to evaluate the costs of having a common monetary policy.
In particular, the correlation between shocks may be high, but their
overall macroeconomic importance across countries may be very dif-
ferent. In that case, a common one-size-fits-all monetary policy can-
not be equally suitable for all countries in a monetary union and the
costs of having a common currency are unevenly distributed across
constituent countries. For this reason, we take a different track and
distinguish the impact of symmetric from asymmetric shocks using a
historical shock decomposition based on BVAR models. In contrast
to simple correlation between shocks, a measure based on our shock
accounting approach is dynamic in that it takes into account how
the shocks propagate through the economy and contribute to overall
macroeconomic variability.

The assessment of symmetric shocks has been prevalent in the
VAR literature, but mainly in the context of analyzing bilateral link-
ages between the euro area and non-euro-area countries. Examples
include Peersman (2011) for the U.K., Audzei and Brazdik (2018)
for selected Central and Eastern European countries, and, more
recently, Deskar-Skrbi¢, Kotarac, and Kunovac (2020) for Croatia,
Bulgaria, and Romania, the three candidate countries intending
to join the euro area, and Deskar-Skrbi¢ and Kunovac (2020) for
EU members (Sweden, Czech Republic, Hungary, and Poland) not
intending or ready to join the euro area. The main focus in this
paper, in contrast, is on the coherence of business cycles of existing
euro-area members with respect to the rest of the euro area.

Our identification strategy is similar to that of Peersman (2011),
who identifies symmetric and asymmetric shocks for the U.K. and
euro area by directly imposing cross-country sign restrictions. How-
ever, unlike Peersman (2011), who defines asymmetric shocks as
those affecting different economies with the opposing sign, we fol-
low a different strategy and argue that asymmetric shocks are more
accurately represented by two distinct types of shocks. The first
type refers to local (or country-level) shocks, which cannot possibly
affect other regions, and the second consists of a narrower subset
of common shocks that affect a country and the rest of the euro
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area asymmetrically. Our definition aligns with that in an early
report by the European Commission: “One Market, One Money”
(European Commission 1990). In order to practically implement the
identification and estimation of these shocks within BVAR frame-
work, two modifications of a standard model are required. First,
to identify country-specific shocks, we impose block exogeneity (or
small economy) restrictions, as explained in Comunale and Kunovac
(2017) and Deskar-Skrbi¢, Kotarac, and Kunovac (2020). Second,
to identify asymmetric common shocks, we compare the reaction of
output in a member country and the rest of the euro area from the
estimated historical shock decomposition. Our method, thus, shares
similarities with the narrative sign restrictions approach described
in Antolin-Diaz and Rubio-Ramirez (2018).

We also contribute to the existing literature on formal OCA
indices that largely rests on the work pioneered by Bayoumi and
Eichengreen (1997, 1998). This framework was extensively used to
evaluate the costs of adopting the euro ahead of its launch, and
then again later, in the context of candidate countries, as men-
tioned in Horvdth and Komadrek (2003), Vieira and Vieira (2012),
Skorepa (2013), and Frydrych and Burian (2017). The methodology
proposed by Bayoumi and Eichengreen (1997) simply relates nomi-
nal exchange rate volatility to some salient OCA features, typically
the similarity of business cycles or the strength of trade linkages.
Their OCA index is then constructed based on the observation that
countries where the nominal exchange rate volatility implied by cer-
tain proxies for the OCA criteria is sufficiently low are, supposedly,
more prone to abandon their autonomous monetary and exchange
rate policy. Clearly, the OCA criteria and the notion of importance
of symmetric shocks are not less important for countries already
i a currency union. Indices developed by Bayoumi and Eichen-
green, however, are based on the volatility of nominal exchange rate
between a candidate and the currency union and, therefore, are not
suitable to keep track of OCA properties of an existing currency
union. The absence of formal OCA indices for the euro area is an
important measurement gap that we aim to address by construct-
ing a new OCA index, now based on the relative importance of
symmetric shocks.

Finally, we contribute to literature on OCA endogeneity for the
euro area, a concept advocated by Frankel and Rose (1997), who
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challenge the static formalization of traditional OCA theory. There
has been no consensus on how euro adoption affects the synchroniza-
tion of a member with the euro area so far (with limited data avail-
ability playing a role in this regard). Interestingly, Campos, Fidrmuc,
and Korhonen (2019) conduct a large meta-analysis that is sup-
portive of the OCA endogeneity hypothesis. Willett, Permpoon, and
Wihlborg (2010) or Caporale, DeSantis, and Girardi (2015), by con-
trast, suggest that the conclusion that one needs not worry ex ante
about optimum currency area conditions, as suggested by the OCA
endogeneity theory supporters, is overly benign. To select among
these opposing views, a test for the OCA endogeneity hypothesis is
required. For this, the literature usually relies on simple correlations
between business cycles or, alternatively, on simple ordinary least
squares (OLS) specifications used to identify the effect of bilateral
trade patterns on income correlations. These approaches suffer from
lack of identification and a structural interpretation of the results.
Instead, we propose a formal test for OCA endogeneity by study-
ing how the incidence of symmetric shocks evolves over time after a
country joins a currency union. In doing so, we use D-I-D methods
from Callaway and Sant’Anna (2021) and compare how the incidence
of common shocks evolves for new members, in comparison to sim-
ilar non-euro-area EU European countries. By including a proper
control group of countries into the analysis, we address concerns
raised in the literature that increased correlation between members
may not be a consequence of joining the euro area only (see Willett,
Permpoon, and Wihlborg 2010)@

3. Modeling Framework

We first specify a structural BVAR model for each euro-area mem-
ber under analysis to separate local (idiosyncratic) from common
shocks underlying GDP growth. We then show how to use this

SWillett, Permpoon, and Wihlborg (2010) report: “While the correlations of
growth rates among euro area countries rose substantially after the creation of
the euro, the correlations of the non-euro area European countries with the euro
area countries rose even more, so clearly something besides just the creation of
the euro was going on.”
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decomposition to separate the impact of symmetric from that of
asymmetric shocks on GDP growth.

3.1 A Small Open-Economy BVAR for a Furo-Area Country

We start by specifying an open-economy Bayesian vector autore-
gression (BVAR) model for 15 euro-area countries? each in turn.
The model is thus defined from the perspective of the individual
country and includes six variables: GDP growth and the inflation
rate of euro-area country 4, which is considered the home country,
the rest of the euro area (REA, the euro area excluding country i),
and the rest of the world (ROW)E All details of the data used in
this paper are described in Table A.1 of the appendix.

Consider a generic structural VAR with & lags that is represented
as follows:

Aoyt:M+A1yt71+“'+Akyt7k+5ta tzlv-"aTv (1)

where y; is an n x 1 vector of observed variables, A; are fixed n x n
coefficient matrices with invertible Ay, 1 is an n x 1 fixed vector, and
€ are structural economic shocks with a zero mean and covariance
matrix I,,. The reduced-form VAR model is obtained from (1) by

pre-multiplying the equation by (AO)_1 :
yt:C+Blyt71+'--+Bkytfk+ut7 t:]_,...,T, (2)

where B; = Ag'Aj, ¢ = Aty up = Aj'es, and E(uwu)) = Q =
(AjAg)~1. To identify the structural model in Equation (1) addi-
tional restrictions are required. It is important to note that for any
n x n orthogonal matrix Q (i.e., QQT = QTQ = I), pre-multiplying
(1) by @ results in an observationally equivalent structural model,
i.e., whose reduced-form representation is also Equation (2). Identi-
fication methods relying on sign restrictions are generally based on

50ur country coverage includes 15 euro-area countries, excluding Malta,
Cyprus, Luxembourg, Ireland (due to exceptionally volatile GDP series), and
Croatia (which joined the union in 2023).

"GDP for the rest of the world is represented by the sum of GDP of
Norway, Switzerland, Turkey, Russia, USA, Canada, Mexico, Brazil, Australia,
New Zealand, Japan, China, Hong Kong, Korea, and the EU but non-euro-area
countries. Inflation is calculated from trade-weighted CPI, from 11 main trading
partners of the euro area.
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this principle (see, e.g., Canova and De Nicolo 2002, Rubio-Ramirez,
Waggoner, and Zha 2010, and Arias, Rubio-Ramirez, and Waggoner
2014, 2018).

To separately identify country-specific shocks from common
shocks, it is necessary to impose two types of restrictions. First,
to ensure that country-specific shocks cannot affect foreign (REA
and RoW) variables, restrictions on the impulse response function
at t = 0 have to be imposed. In practice, zero restrictions on matrix
Ay 1 in addition to sign restrictions, can be implemented as sug-
gested by Arias, Rubio-Ramirez, and Waggoner (2014, 2018). How-
ever, these restrictions alone do not prevent country-specific shocks
from affecting foreign variables at horizons beyond ¢ = 0. To achieve
these small country or block exogeneity restrictions, zero restrictions
on additional regression parameters are required. In other words,
while in the reduced-form model (2) domestic GDP depends on its
own lags as well as lags of foreign variables, foreign variables depend
on their own lags only!d To impose zero restrictions on the regression
parameters, we rewrite (2) in a more compact form:

Yt = X;ﬁ + U, (3)

where X| = I, ® [L,y;_1,...,Y;_) and 5 = vec(]c, Bi...B]).
Within the Bayesian estimation framework, 8 can be restricted by
setting an appropriate prior distribution. The usual choice of the nat-
ural conjugate (normal-inverse-Wishart) prior, although beneficial
in terms of tractability of the posterior probability density function
and computational speed, is not suitable for this purpose because it
assumes a Kronecker-type structure of the prior covariance of VAR
coefficients that is rather inflexible. In this case, the prior covari-
ances are proportional to each other across equations so that it is
not possible to independently set the prior for a subset of parameters
in selected equations as would be needed to impose block exogene-
ity. Kadiyala and Karlsson (1997), Sims and Zha (1998), Koop and
Korobilis (2010), or Carriero, Clark, and Marcellino (2019) explain

8Kadiyala and Karlsson (1997) and Miranda-Agrippino and Ricco (2018) pro-
vide another example where asymmetric treatment of the endogenous variables
in a VAR is appropriate and in line with prior beliefs: economic theory suggests
that money neutrality implies that the money supply does not Granger-cause real
output.
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why standard conjugate priors may appear as an overly restrictive
choice for some applications of BVAR models ] Instead, an indepen-
dent normal-inverse-Wishart prior is more appropriate in our case,
as the prior beliefs for the VAR coefficients and error covariance
matrix are set independently, as also implemented in Deskar-Skrbi¢,
Kotarac, and Kunovac (2020):

Conditional posterior distributions p(8|y,2) and p(2|y, 3) for this
prior have the following form:

where
T —1
V= (Vgl + ZX,@*XQ) ,
t=1
B o T
B=Vs (Vglﬁ +) Xtﬂ—lyt) :
t=1
and

T
F=T+v, M=M+Y_ (y—XiB)(y— X;5) .
t=1

While the posterior distribution is no longer available in the closed
form, conditional posterior distributions are readily available, and a
Gibbs sampler is therefore used to draw an approximate sample from
the posterior of the reduced-form parameters, 5 and residual covari-
ance matrix 2. To evaluate the properties of a simulated sample
from the posterior, in Appendix Section A.4 we provide a detailed
Markov chain Monte Carlo (MCMC) convergence diagnostics; see
Geweke (1992) or Chib (2001).

9There are, however, alternative approaches proposed in the recent literature
to circumvent this forced symmetry imposed by standard normal-inverse-Wishart
prior. For instance, Chan (2019) proposes asymmetric conjugate priors that do
not preserve the VAR Kronecker structure when forecasting with large Bayesian
VARs. An alternative strategy for implementing asymmetric priors is proposed
by Carriero, Clark, and Marcellino (2019).
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To impose zero restrictions on some regression parameters using
an independent normal-inverse-Wishart prior, we assume zero-mean
priors with very small variance for all small country parameters in
the REA and the RoW equations. For example, to restrict the j-th
element of 3, we can set (@)] = 0 and (Kﬁ)jj = ¢, with € being some
small positive number. This attaches a large weight to the zero-mean
prior parameters when calculating posteriors. Thus, sample informa-
tion is largely ignored, as the posteriors of these coefficients will be
predominantly influenced by the prior. Other elements of 5 and V 4
are set to shrink posterior parameters in the spirit of the Minnesota
prior. Hyperparameters are set to Ay = 1, Ay = 1, A3 = 1, and
A4 = 10*, which reflects our choice to use non-informative priors.

The structural BVAR models used in our analysis are all specified
in log differences and estimated at a quarterly frequency on period
1996:Q1-2023:QQ3 using two lags. Experimenting with different lag
numbers did not change our results significantly.

3.2 Shock Identification: Local vs. Common Shocks

We identify six shocks in each of the country BVARs using the sign
and zero restrictions as summarized in Table 1. We impose restric-
tions directly on the impulse response functions on impact only.
Additional zero restrictions on autoregressive parameters are set as
explained in Section 3.1.

Country-specific aggregate demand and supply shocks affect
domestic GDP growth and inflation, but cannot affect real activ-
ity and prices in the REA or RoW. A demand shock is associated
with positive correlation between GDP growth and inflation, and
supply shocks are associated with a negative correlation between
the two, as usually assumed in related literature; see, for exam-
ple, Comunale and Kunovac (2017), Forbes, Hjortsoe, and Nenova
(2018), or Bobeica and Jarocinski (2019). In addition, only supply
shocks can have a long-run impact on GDP, whereas the cumulative
response to demand-side shocks is restricted to zero in the long run;
see, for example, Blanchard and Quah (1989) and Forbes, Hjort-
soe, and Nenova (2018) Finally, by appropriately restricting the

10A standard view, as implemented in our specification, that all shocks with a
permanent effect on output are supply shocks and those with a transitory effect
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autoregressive coefficients, we also impose that REA and RoW vari-
ables must not depend on lagged values of home-country variables.
This assumption, together with restrictions imposed on the impulse
response function (IRF) at ¢t = 0, is sufficient to fully separate local
shocks from other shocks at all horizons.

Common euro-area aggregate demand and supply shocks affect
macroeconomic indicators (GDP growth and inflation) in the home
country and the rest of the euro area, but cannot affect RoW.
Initially at ¢ = 0, that impact is symmetric, but it may become
asymmetric afterward, so later we distinguish between common sym-
metric and common asymmetric shocks. Demand-side and supply-
side common shocks are, respectively, characterized by a positive
and negative correlation between GDP growth and inflation. Besides
that, only supply shocks can affect GDP in the home country in the
long run. We assume that the two euro-area-specific common shocks
cannot affect GDP growth or inflation in the rest of the world. To
achieve that, we need to impose both restrictions at ¢ = 0, but
also on corresponding regression coefficients in equations for RoW
variables.

Common global shocks are two global shocks that simultaneously
affect all regions—the country under consideration, the rest of the
euro area, and the rest of the world. Expansionary common global
demand shocks initially affect all six variables under analysis posi-
tively. Expansionary global supply shocks affect GDP growth posi-
tively in all regions and affect negatively consumer inflation across
all blocs. We also assume that global common demand shocks cannot
affect home GDP in the long run 1]

are demand shocks is questioned by recent literature. Furlanetto et al. (2021)
attempt to identify demand shocks that can have a permanent effect on output
through hysteresis effects; Coibion, Gorodnichenko, and Ulate (2017) point to
cyclical sensitivity of mainstream estimates of potential output; and Gonzélez-
Torres, Gumiel, and Szorfi (2023) show how output gap estimates are affected
when we allow for supply shocks with transitory effect only. For that reason,
different approaches to separate demand versus supply should not be interpreted
unconditionally, independently from the underlying identifying assumptions. Sep-
aration between symmetric versus asymmetric shocks, based on exact exclusion
and sign restrictions—a focus of our paper—is, in contrast, less arbitrary.

1To impose restrictions that only supply shocks may affect GDP in the long
run, we impose long-run restrictions on how demand shocks affect domestic GDP
only. Ideally, we may want to impose some more restrictions—perhaps also on
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3.2.1 Relative Importance of Shocks:
Historical Shock Decomposition

The relative importance of the identified country-specific and com-
mon shocks in individual euro-area countries can be gauged from
the historical shock decomposition of the estimated country BVARs.
The relative importance of shock k to variable j at period t can be
calculated from

& ‘ykt‘

k= I 4

gk > ’yét W
where y;?t represents the contribution of shock k to the historical
shock decomposition of variable j at period ¢ and n denotes the total
number of shocks. Relative importance of individual shocks could
alternatively be evaluated using the variance decomposition. How-
ever, historical decomposition, by construction, seems to be better
suited for tracking the importance of various shocks over time.

3.8  Mapping Local vs. Common to Symmetric vs.
Asymmetric Shocks

In this section we reorganize the identified common and local shocks
into symmetric versus asymmetric shocks, which is the decomposi-
tion of central interest for our analysis. Asymmetric shocks are not
only all country-specific shocks but also those common shocks that
affect a country and the rest of the euro-area asymmetrically, despite
being initially common by definition. In fact, some shocks common
to the entire euro area may have asymmetric impact on different
euro-area members, possibly due to the differences in the initial cycli-
cal states, economic structures, economic behavior, or preferences
across the countries; see, e.g., European Commission (1990). Such a
definition of (a)symmetric shocks spells out the idea that whenever
a country’s economy is predominantly driven by country-specific or

how these common demand shocks affect REA and RoW growth, but this is pre-
vented by the order condition; see Arias, Rubio-Ramirez, and Waggoner (2014)
for an explanation. Nevertheless, we experimented with different combinations
of long-run restrictions—for example, instead of always restricting reaction of
home GDP, we would restrict GDP of the RoW and REA—which resulted in
very similar results.
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common shocks with an asymmetric impact, the membership to the
monetary union is more costly.

The relative importance of country-specific shocks can be calcu-
lated directly using Equation (4). To separately identify asymmetric
from symmetric common shocks, we compare the effect of common
shocks on the individual country under consideration and REA using
historical shock decomposition of GDP in each period. Formally, let
home and RE A index any euro-area country and the REA, respec-
tively, and let k denote an identified common shock (euro area or
global). Then, a common shock k is said to be asymmetm' in
period t whenever the home country and REA react to this shock
with the opposite sign, i.e., yZome’tyﬁEAyt < 0. Symmetric shocks, in
contrast, are those common shocks k for which yﬁomeiy% pat > 01in
period t.

Regarding the interpretation of our shock decomposition, the
identified common shocks are not the same for all members, as real
activity in the REA is different for different home countries. There-
fore, the symmetry, as defined in our model, is to be seen from the
individual country’s point of view. Relative importance of symmetric
shocks for each country is a country-specific measure of net benefits
or welfare from sharing the common monetary policy. For example,
a shock that affects a country and the rest of the euro area with the
same sign is, according to our definition, symmetric for that coun-
try, irrespective of a possible mixed response among other currency
union members. Those countries that react, at the same time, very
differently from the rest of the euro area consequently derive lower

20ur definition of asymmetric common shocks is based on the phase syn-
chronicity between business cycles measured by GDP growth. This choice, how-
ever, is not unique; there are alternative definitions. For example, we may be
interested in those asymmetric shocks that affect various countries with the same
sign but with very different amplitudes; see, for example, Mink, Jacobs, and de
Haan (2012) for a concept of similarity between cycles. The COVID-19 shock, for
instance, while affecting all the countries negatively, has increased the heterogene-
ity among euro-area members in terms of the severity of recession (Muggenthaler,
Schroth, and Sun 2021). Alternative variants of asymmetric shocks would be more
arbitrary compared to ours. In a case in which asymmetric shocks are identified
using the similarity of business cycles, a threshold on the level of contribution of
shocks should be imposed (or estimated) in order to distinguish between sym-
metric and asymmetric shocks with our quasi-narrative approach. It is, however,
not clear how to identify this threshold.
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levels of welfare upon such a shock occurring, because they are hit
asymmetrically and a policy stance of one-size-fits all policy is most
likely unsuitable. In that sense, our definition of symmetric shocks
departs from a definition where a symmetric shock is assumed to
affect all the members of a currency union in the same way.

4. Empirical Results

We first review the results from country BVARs in order to show
that our identifying assumptions are sufficient to properly distin-
guish local from common euro-area and global shocks. After that,
we study the difference between common and symmetric shocks,
as they need not be the same. We finally conduct a detailed shock
accounting exercise to study drivers of GDP growth in euro-area
members. Based on this shock decomposition, we provide a new test
for OCA endogeneity and construct a timely OCA index for the euro
area.

4.1 BVAR Results—Local vs. Common Shocks

We show impulse responses for Germany (Figure 1) and for other
countries in Appendix Section A.2 (Figures A.2-A.5), to verify that
the sign and zero restrictions from Table 1, together with additional
zero restrictions on autoregressive parameters, are sufficient to sep-
arate the local and the two common shocks. Two local shocks in the
top rows cannot influence the rest of the euro area or the rest of the
world over any time horizon. Likewise, common euro-area shocks in
the third and the fourth row cannot affect the RoW. In contrast,
the common global shocks in the two bottom rows affect all three
regions similarly.

Figure 2 compares the relative importance of local, euro-area
common, and global common shocks for GDP growth across coun-
tries. To summarize the results obtained from identified country
BVARs, we also show the cross-country average importance of
each shock—both unweighted and (GDP-)weighted versions. At this
point, we do not explicitly label each country in the graph and focus
on the properties of cross-country distribution. The global common
shocks are clearly the most important type of shocks, accounting for
the biggest share of all shocks, confirming in particular the small
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open-economy nature of the euro area. The cross-country variation
is overall the largest for local and global shocks, but diminishing over
time. For local shocks, the unweighted average hovers around 30 per-
cent, above the weighted average. Conversely, for global shocks, the
unweighted average lies below the weighted average. For both local
and global common shocks, the difference between the two aver-
ages has been closing in over the sample, mostly driven by smaller,
new euro-area members that are being increasingly more exposed
to global symmetric shocks and less so to idiosyncratic economic
disturbances. Also the dispersion of global shocks across the coun-
tries reduced significantly in the last decade, but the share of global
shocks was much less stable, and peaked during the pandemic shock.
As regards the euro-area-specific common shocks, they are less dis-
persed and generally stable in importance over the observed period.
In line with the usual narrative, they peak during the euro debt
crisis. Non-negligible importance of common euro-area shocks—also
illustrated by yellow contributions to GDP growth in Figures A.6—
A.9—supports the existence of a European business cycle emerg-
ing from our analysis. This has been discussed intensively in the
literature, but without reaching a firm consensus.

Results in Figure 2 are informative about the level of the rela-
tive importance of various shocks over time and across countries.
However, in order to better understand the comovement behind
estimated importance of shocks—a feature that may be overlooked
easily when looking at Figure 2 only—we rely on the principal com-
ponent analysis (PCA), based on standardized data; see Figure 3
(upper panel). After the transformation, the high dispersion of local
shocks across countries still persists, while the relative importance
of global shocks appears highly correlated across countries. Euro-
area-specific contributions were already very little dispersed before
standardization, and this transformation had little impact here. A
simple PCA, applied within our methodological framework, can illus-
trate the commonality among euro-area members very well. The
first principal component explains 77.6 percent and 72.4 percent
of the common variation for euro-area and global common shocks,
respectively, in contrast to only 41 percent for local shocks (x-axis,
Figure 3, lower panel). To illustrate that all countries load similarly
to first components of common shocks, we perform a simple visual
test and compare calculated country loadings (the black dots) with
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the cross-country average loading (the blue vertical lines). Our sim-
ple test suggests that no country deviates systematically from the
common cycles; only Greece exhibits a slightly larger deviation from
the European cycle.

There is some remaining commonality captured by the second
principal component, 5.6 percent for euro-area common and 11.4
percent for global common shocks, shown on the y-axis. Interest-
ingly, some country groups emerge to form clusters. In particular,
there is evidence of clustering patterns according to geographical
proximity—the Baltic countries and Finland form a cluster in the
case of global common shocks. These countries also show up among
the countries that are less affected by common euro-area shocks dur-
ing the debt crisis—Greece (EL), Germany (DE), Finland (FI), and
the Baltics (EE, LT, LV). This is not to be confused with a wrong
conclusion that Greece was not affected by the sovereign debt crisis.
It was strongly affected, however mostly through local idiosyncratic
shocks that would later spill over to other members, but not through
euro-area common shocks, as was the case for other countries, such
as Italy, Portugal, or Spain. Our empirical model is capable of prop-
erly differentiating these types of shocks. Local shocks are unrelated
across countries by construction. Nevertheless, some clustering evi-
dence emerges that relative importance is less important for old
euro-area members compared to new members in the case of local
shock loadings.

4.2 Shock Accounting: Symmetric vs. Asymmetric
Shocks and Implications for Monetary Policy

After we explain the difference between common and symmetric
shocks, we show the results of our shock accounting exercise. First we
document some differences in composition of shocks between coun-
tries and then, finally, study relative importance of individual shocks
for the euro area as a whole and implications for monetary policy.

4.2.1 Common and Symmetric Shocks: A Comparison

Asymmetric shocks, as explained in Section 3.3, include both local
shocks and asymmetric common shocks. Equivalently, not all com-
mon shocks are symmetric. Figure 4 compares cross-country average



July 2026

International Journal of Central Banking

74

‘SIX® puRy-jy3LI oY} jsurese
poInseaw ‘eole MO[[PA o) AQ PojussoIdol ST SOINSBOWT OM]) 9} TWOIMID( SOUSIOPIP Oy, "Soul] Yor[q Aq pojuasardol ST sYO0Us
UOWWOD JO 9IRS 9FrIoAr AIJUNOD-SSOID (SaUI] Pal A pajussaldal ST SYOOUS DLIJSWIWAS JO oIRYS a3vIoA® AIJUNOD-SSOI) :9JON

(SHY) @oualayig (SHY) @oualayiq (obeiane) SHO0US OUIOWWAG =
$300Us [eqO|6 OLJOWWAS = $3O0US BAIE 0INS OLJBWWAS = (eBelane) syooys uowwod
syo0ys |eqo|f uowwo) SY00Us BaJE 0JNS UOWIWOD (SHY) @oualayig
0c0c Sl0Cc 0l0C  s00C 0C Sl ol S0 00 (74 Sl ol S0 00
OO L L n ,_ Il Ll L OO OO Il Il Il 1 Il Oo Oo Il Il Il Il Il OO
1o 20 0" FZ0
20"
0 80" rv'o
€0 €0
r90 90 ¢l r90
0" 0" 1
50 1 80 50 1 f 80 9l 80
90 0L 90 oL 0c 0l
$Yo0yS [Eq0[D D syooyg vary-oIng ‘g SYo0yS [IV 'V

S}o0Yg JlIjeuwInIAs(e) pue uowrwo)) ‘§ aIn3rg



Vol. 22 No. 3 Asymmetric Shocks and Monetary Policy 75

of common and symmetric shocks using our definitions and sug-
gests that the difference between the two is small. Some common
shocks could indeed be asymmetric, but never more than 8 per-
centage points (pp) of overall variation in GDP growth, with only
3 pp on average over the observed period; see Figure 4A. Most of
the asymmetric common shocks are identified as euro-area common
shocks (mean = 2.2 pp, max = 5.5 pp), less often global (mean = 1.1
pp, but higher max = 6.2 just after COVID); see Figure 4, panels
B and C. European asymmetric common shocks may intensify just
after the periods of increased commonality: notably, they peak after
the euro debt crisis. Global asymmetric shocks, similarly, peaked
right after the pandemic, suggesting that major crises tend to evoke
uneven reactions across countries.

4.2.2  Shock Decomposition by Country

The relative importance of symmetric versus asymmetric shocks is
not always homogeneous across euro-area members. Typically, fac-
tors that drive the differences among them are related to how previ-
ous crises (GFC or euro debt crisis) affected different members, when
they join the euro area (old or new members), or how individual
members align with global developments in general.

To better understand the differences observed across countries,
Figure 5 compares the relative importance of symmetric versus
asymmetric shocks for four euro-area countries, capturing distinct
and particularly interesting shock configurations: Germany, Greece,
Italy, and Slovakia. Greece is a member with a generally large share
of asymmetric shocks—around 44 percent of overall variation in
GDP growth; see Figure 5B. These shocks were especially impor-
tant around the European sovereign debt crisis, when they domi-
nated and drove 70 percent of the overall business cycle variation.
Unlike in other countries, the macroeconomic deterioration was due
to local shocks that later spread throughout Europe. However, later
on, Greece has been increasingly affected by common symmetric
shocks. In Germany, the largest euro-area economy, we also find a
fairly large share of asymmetric shocks; see Figure 5A. This could
come as a surprise as, by its sheer size, the German economy is well
correlated to the overall euro area. It is, however, less well correlated
with the rest of the euro area. Indeed, due to its size, a difference in
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Figure 5. Shock Contributions in
Select Member Countries
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correlation of Germany to total euro area in contrast to correlation to
rest of the euro area (i.e., Germany excluded) is sometimes large; see
Figure A.1, panel C. Our framework recognizes this distinction and
occasionally points to a relatively large share of asymmetric shocks.
Asymmetric shocks—in contrast to Greece, for example—have often
been due to stronger performance of the German economy compared
to the REA. One such episode was the period immediately following
the GFC, when German GDP, in contrast to the rest of the euro
area, recovered exceptionally fast. A detailed explanation of a fast
recovery in Germany can be found, for example, in an International
Monetary Fund report (IMF 2011). Historical shock decomposition
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of GDP growth in Italy (Figure 5C) suggests that common symmet-
ric shocks dominate throughout the sample period even more. In
fact, according to the results from our BVARs, the relative impor-
tance of symmetric shocks here mostly exceeds those of all other
countries in our sample. This is in line with Belke, Domnick, and
Gros (2017) and Ferroni and Klaus (2015) who, somewhat to their
own surprise, also find very strong cyclical coherence between Italy
and other euro-area countries. Local shocks have gained importance
in driving GDP growth only very sporadically. The three exemplary
countries are compared to aggregate euro area in Figure 6B. Our last
example of Slovakia (Figure 5C) shows the typical behavior of a new
member that is catching up to old member countries, while start-
ing off with a very large share of local shocks that would steadily
diminish. Figure 6C compares the weighted average of all member
countries with the relative importance of symmetric shocks for other
new members as well. Indeed, a clear pattern emerges that all new
members (except for Slovenia, which is already in a more mature
stage of the same process) are catching up with the euro-area aver-
age. An interesting question we also ask is to what extent is this
convergence affected by the euro adoption.

Four typical countries illustrate how profiles of relative impor-
tance of symmetric versus asymmetric shocks vary across countries
and over time. There is another source of possible dissimilarity of
shocks if the type of shock—demand or supply—is taken into con-
sideration. Figure A.15 shows the relative importance of asymmetric
shocks (local) versus symmetric shocks (euro area or global), decom-
posed further into demand- versus supply-side shocks. It can be seen
that among symmetric shocks, those of a global nature dominate.
Asymmetric shocks are relatively more important than euro-area
symmetric shocks, with a number of countries being exposed to
local shocks exceeding 50 percent of all shocks. Local and euro-
area symmetric shocks tend to be more often supply-side shocks
than demand-side shocks. In the case of global shocks, demand- and
supply-side shocks are more or less equally frequent. As already seen
in a less refined decomposition onto local versus common shocks in
Figure 2, dispersion decreases for local shocks, mainly driven by
new members. Importantly, the crisis periods display distinct mean
and standard deviation profiles of the relative importance of the
shocks. Around the European debt crisis the relative importance of
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symmetric euro-area supply shocks increased significantly as well as
the cross-country heterogeneity. The GFC and pandemic were global
crises, where the importance of symmetric shocks rose but with very
low dispersion.

4.2.8  Shock Decomposition for the Euro Area
and Implications for Monetary Policy

While relative importance of symmetric versus asymmetric shocks
at the country level is important, the focus of one-size-fits-all mone-
tary policy is on euro area as a whole. For that reason, we aggregate
results from country BVARs and calculate cross-country average
relative importance of each type of shock. Results from individual
countries are aggregated using GDP as weights.

Figure 7A compares the relative importance of each shock for the
euro area as a whole and points to some interesting results. First,
symmetric shocks—global in blue and euro-area-specific in red—are
the dominant drivers of GDP growth for the euro area as a whole. On
average, across countries and over time, they explain a large portion
of overall variability in GDP growth—around 73 percent. Among the
symmetric shocks, most of them, around 52 pp, are global shocks,
and another important part of them, around 19 pp, is due to euro-
area-specific shocks; see decomposition in Figure 7B. This finding
on the dominance of global symmetric shocks explains why mone-
tary policy of the ECB is often well synchronized with that of other
major central banks. Also, the finding that a sizable portion of the
euro-area activity is driven by common euro-area shocks, together
with insights from historical shock decomposition at a country level
(Figures A.6-A.9), provide additional evidence of the existence of
the euro-area-specific cycle.

The predominance of symmetric shocks per se is not sufficient for
monetary policy to stabilize the union—the nature of the symmetric
shocks matters as well. Symmetric shocks are, therefore, regrouped
in Figure 7C in order to compare relative importance of symmetric
demand versus supply shocks. Both demand (with 32 percent) and
supply (with 41 percent) are, on average, important drivers of overall
variability of business cycle of the euro area. A large portion of the
comovement explained by supply shocks, however, points to possible
common inflationary pressures that monetary policy may not be in
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a good position to battle against. As a consequence, an overall large
share of symmetric shocks does not necessarily signal an increased
potential for common policy to stabilize a currency union.

From a country perspective, of either a candidate country or
an existing member, relinquishing its own monetary policy entails
higher costs in an environment of more prevalent idiosyncratic
demand shocks. Presumably, monetary policy is best suited to deal
with these types of shocks and, therefore, their dominance is related
to larger costs of not having autonomous monetary policy. The
decomposition presented in Figure 7TA is suitable to address this
concern. Importantly, we show that these shocks are a minor dri-
ver of business cycles across members of the union—only around
5 percent of overall variability in GDP growth is due to domestic
demand. These findings support a view that the costs of abandon-
ing autonomous country-level monetary policy are likely to be con-
tained. Indeed, the results indicate that, on its own, the country’s
monetary policy would largely face the same type of shocks as coun-
tries within the union or, occasionally, when facing local shocks,
these would often be local supply shocks, for which the costs of
absence of own monetary policy are considerably lower.

Finally, as a by-product, our framework can also be used to gauge
a measure of output gap—an important input for monetary policy
to understand the link between real economy and inflation. One
approach to estimate output gap is accumulating the contribution
of demand shocks from BVARs; see Camba-Mendez and Rodriguez-
Palenzuela (2003), Coibion, Gorodnichenko, and Ulate (2017), or
Chen and Gornicka (2020), for example. However, this is based on a
standard, but fairly strong, assumption that all supply shocks have
permanent effects on output; see Blanchard (2018) for explanation.
In our application, output gap can then additionally be decomposed
in terms of local, euro-area, or global shock contributions. We show
in Figure A.14 that the euro-area output gap is dominantly being
driven by symmetric global shocks according to our model [ Our
estimate resembles a standard Hodrick-Prescott approach relatively

13 A simple variance decomposition exercise suggests that global symmetric,
euro-area symmetric, and local shocks explain 77 percent, 17 percent, and 6 per-
cent, respectively, of overall variation in our measure of output gap; see Lindeman,
Merenda, and Gold (1980) for methodology used.
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well before the GFC and less so afterward, especially during and
after the COVID episode, and these differences are likely related to
our definition of demand and supply where all demand shocks are
cyclical and potential output is being affected by supply only.

4.2.4 Testing for OCA Endogeneity

Our results, as shown in Figure 6, illustrate that new member coun-
tries, in terms of the incidence of symmetric shocks, converge to the
euro-area average. We are now interested in the euro effect: how
joining the euro area affected the importance of symmetric shocks
in these Central and Eastern European countries that all joined the
union after 2007—Slovakia, Slovenia, Estonia, Latvia, and Lithuania
(SK, SI, EE, LV, LT). For that purpose, by using our identifica-
tion we first calculate the relative importance of symmetric shocks
for these countries and, then, visually compare how the incidence
of symmetric shocks has been evolving in comparable non-euro-area
countries[ After that, to quantify this impact more formally, we use
both a standard difference-in-difference regression (denoted D-I-D)
as well as an approach from recent advances in the difference-in-
difference literature with complex treatment timing; see Callaway
and Sant’Anna (2021)

A visual comparison of the overall dynamics of symmetric shocks
in new members with a control group consisting of non-euro EU
countries—Bulgaria, Croatia, Hungary, and Poland—resulted in
some interesting findings. Figure 8A suggests that both new mem-
bers and control group are catching up to the euro area over the

MQur sample ends in 2023:Q3 and Croatia joined the euro area in January
2023. For that reason, we ended our estimation sample a bit earlier, in order to
not include post-euro-adoption period.

15 A standard D-I-D estimation based on two-way fixed-effects regression works
nicely when dealing with a standard two-periods two-units problem where the
untreated group never participates in the treatment, and the treated group
becomes treated in the second period. However, there are drawbacks to this
approach in a case with more than two time periods and where different units
can become treated at different points in time. For example, in our case, a stan-
dard D-I-D regression compares the effect of euro adoption with countries that
already adopted the euro (and thus maybe behave differently) and those that
never adopted the euro (never treated) and those that have not adopted the euro
yet. In contrast, the Callaway and Sant’Anna method takes these considerations
into account.
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Figure 8. Relative Importance of Symmetric
Shocks by Country Groups
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sample. This is not surprising—all these Central and Eastern Euro-
pean countries went through a similar economic transition and reori-
entation process toward Western Europe. As a result, the incidence
of symmetric shocks has increased in both groups. We are, how-
ever, interested in how joining the euro area affected (possibly sped
up) this catching-up process. Figure 8B documents the difference
between the importance of symmetric shocks in our control group
of countries and in new members and provides an informal assess-
ment of the euro effect. Initially, since the euro inception, symmetric
shocks in the control group were somewhat more prevailing com-
pared to new members, and the difference between the two groups
was trending upward. Over that period, all new members were still
outside the euro area. However, it seems that the period when this
trend turned broadly coincided with the period when the first new
members started joining the euro area.

Figure 9 and Table A.2 provide formal evidence of the euro effect,
based on estimated difference-in-difference specifications. In order
to understand better these effects, in addition to how all symmet-
ric shocks are affected by euro adoption, we also estimate effects
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for euro-area-specific and global symmetric shocks separately. For
monetary policy purposes, it is also important how predominance
of different types of symmetric shocks—demand and supply side—
changes after a country adopts the euro. Based on the method by
Callaway and Sant’Anna, we find some evidence of the euro effect:
the incidence of symmetric shocks in new members would on average
increase by 4.4 pp as a consequence of joining the euro area. This is
almost entirely driven by global symmetric shocks, while the contri-
bution of euro-area-specific shocks is of much smaller magnitude and
statistically insignificant; see Figures 9A and B. Standard D-I-D esti-
mates, in contrast, find no significant euro effect. Using the Callaway
and Sant’Anna method, we also provide evidence of heterogeneity
in the euro effect: compared to our control group, not every country
benefits equally from joining the euro area in terms of the incidence
of symmetric shocks (Figure 9). While some new member countries
that first joined the euro area, Slovakia and Slovenia, seem to have
benefited from joining the euro area, the findings are more mixed
for the Baltics. We found no gains in terms of incidence of symmet-
ric shocks for Estonia and Latvia, and in Lithuania we documented
increased incidence of global shocks, but this is largely offset by
decrease in euro-area-specific component; see Figure 9B. Finally, a
detailed decomposition of estimated euro effect in Table A.2 suggests
that increase in dominance of symmetric shocks has been working
through both increased incidence of demand and supply, but demand
dominates.

Our empirical analysis is concerned with how incidence of sym-
metric shocks changes after euro adoption in new member countries
that joined the union in later stages of enlargement. A similar formal
evaluation of the euro inception in January 1999 on shock synchro-
nization, due to a relatively short pre-euro sample, would be some-
what unreliable[1 There is, however, evidence in related literature
that no significant change in business cycle similarity among mem-
ber states associated with the EMU can be detected (Giannone,
Lenza, and Reichlin 2008). A similar, albeit informal, conclusion

0We have included data starting in 1995—that is the earliest starting date
possible from the harmonized Eurostat database—as well as extending the data
up to 2023:Q3. Our estimates of the relative importance of shocks start only from
1996:Q4, as we lose some initial data due to taking moving averages.
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is suggested by Figure 6A (red lines): symmetric shocks seem to
be dominant drivers of GDP growth in founding member countries
even before euro inception—they account for almost 80 percent of all
shocks. Euro inception itself, as suggested by the literature, probably
has little additional impact.

Overall, our analysis suggests that the incidence of symmetric
shocks has been increasing for all former socialist European coun-
tries, irrespective of their euro-area membership, mostly as a part
of a general integration with Western Europe and, more broadly,
through ongoing globalization processes. We find, however, that in
addition to these common factors that predominantly drive the
catching-up process, participating in a currency union, on aver-
age, additionally speeds up the process of integration. This greater
integration is achieved dominantly through larger incidence of sym-
metric global demand shocks, suggesting more efficient international
trade and investment once adopting the euro, as predicted by early
OCA endogeneity literature. This has important implications for
candidate countries that consider joining the union: the OCA endo-
geneity should not be advocated unconditionally and should be
necessarily evaluated on a country-by-country basis.

4.3  Constructing a New Optimum Currency
Area Index for the Euro Area

Cross-country average relative importance of symmetric shocks, as
calculated using our framework, is a shocks-similarity measure itself,
suitable to track OCA properties of the euro area. We argue that
dispersion of country-level importance of symmetric shocks also mat-
ters. For example, in a case in which the average importance of
symmetric shocks is high but heterogeneity across members may
have also increased, it may not be sufficient to consider only one of
them, first or second moment, in isolation. Indeed, if, for example,
high average relative importance of symmetric shocks of 70 percent
is attained within a highly heterogeneous environment—the share
of symmetric shocks amounts to 90 percent in some countries and
only 20 percent in others—common policy will not be optimal for
all, with risks of causing political tensions or even possible breakup.
We show that a simple signal-to-noise ratio of estimated shares of
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symmetric shocks takes these considerations into account and qual-
ifies as a reliable OCA index of the euro area.

4.8.1 Signal-to-Noise Ratio: A Definition

We construct our OCA measure for the euro area starting from the
observation that the common monetary policy will be more success-
ful in stabilizing the euro-area economy if the percentage of sym-
metric shocks is sufficiently high across member countries. Only in
that case will the union-wide monetary policy be well tailored for
all member countries. Through the lens of our empirical framework,
we additionally argue that the euro area may be closer to optimal
as a currency area if two conditions are met jointly:

(i) The cross-country average of the relative importance of sym-
metric shocks, denoted i, is high. A high value of p reflects
that business cycles across member states are predominantly
driven by symmetric shocks, ensuring higher chances for
common monetary policy to stabilize all euro-area members
simultaneously.

(ii) The cross-country standard deviation of the relative impor-
tance of symmetric shocks, denoted o, is low. In addition, it is
desirable that symmetric shocks be of similar importance for
all euro-area countries such that the value of ¢ is low. This
implies that for a given value of u, the summarizing index
should penalize high dispersion of the relative importance of
symmetric shocks across countries.

The concept of a simple signal-to-noise ratid'] intuitively embeds
these two requirements simultaneously:

(1)
(1)’

=

SNR(t) =

Q

1"Tn electronics, the ratio of desired electronic signals to unwanted noise, often
expressed in decibels (dB) is routinely analyzed to evaluate the signal qual-
ity. Here, some analogy can be drawn with our application where high average
importance of symmetric shocks cannot provide clear signal of favorable OCA
properties whenever surrounded by a lot of noise.
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where u(t) and o(t) denote the cross-country sample mean and
standard deviation of estimated relative contributions of symmetric
shocks, denoted y1(t), ..., yn(t), calculated for a group of n euro-area
members:

)= -3y (5)

n

= T 0 - w2 ©)

In this version of the index, equal weights are attached to each coun-
try by definition, so we call it the unweighted OCA index. We also
compute a weighted OCA index:

w
t
o (t)
where each country enters the formula for the mean and standard
deviation first weighted by its GDP:

Z wzyz (7>

\/zl L wi(yi() — e (1))?
1—Y w? ’

where w; € [0,1], > w; = 1 denote the relative weight of the GDP
of country 7 in the aggregate euro-area GDP. The two measures,
SNR(t) and SNR™(t), have a somewhat different interpretation.
When calculating the weighted index SN R"(t), which accounts for
the country sizes, both moments, u*(t) and 0" (t), and the resulting
signal-to-noise ratios are by construction dominated by large coun-
tries. SINR™(t) is therefore better at measuring the potential for
the common monetary policy to stabilize the overall euro-area econ-
omy. On the other hand, economic homogeneity across all euro-area
members is better reflected in high values for unweighted u(t) and
low values for o(t).

Signal-to-noise ratios are non-negative numbers and unbounded
from above. In our specific case, the relative contributions of
symmetric shocks yi1(t),...,y,(t) are all within the interval [0, 1],

(8)
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implying that the sample means u(t) and p*(t) also lie within the
same interval. o(t) is bounded by zero from below and, according to
Bhatia-Davis inequality (Bhatia and Davis 2000), always bounded
from above. For a given average importance of symmetric shocks,
irrespective of how y1(t),...,y,(t) are distributed, Bhatia-Davis
inequality states that

o(t) < V()T - ult)).

Bhatia-Davis inequality provides an upper bound for the standard
deviation o(t) and a lower bound for signal-to-noise ratio SN R(t)
for a given estimated p(t) and, thus, may help to compare estimated
values of OCA indices to some known boundary values.

4.8.2  Signal, Noise, and Signal-to-Noise Ratio

Figure 10 compares aggregate first (u(t) and p*(t)) and second
(o(t) and 0™ (t)) moments for the weighted and unweighted samples.
The weighted average importance of symmetric shocks p®(t) is
always greater than the unweighted figure pu(t), reflecting the
fact that the large euro-area members have, on average, had more
coherent business cycles with the rest of the euro area than the other
countries. The two mean statistics in Figure 10A peak around global
crises: the GFC and the COVID crisis. Importantly, in contrast to
very similar short-run dynamics of the two mean series, they have
different trending properties: unweighted statistics p(t) has had a
clear upward trend, largely driven by the catching-up process in
new member countries, as explained in Section 4.2.4. In contrast,
weighted mean, although already at very high level, has been
stagnating, or in the case in which the COVID period is excluded,
even slightly decreasing over the observed period. As a consequence,
the difference between the two mean measures has been decreasing,
as illustrated in Figure 10C. Two dispersion statistics in Figure
10B also show different dynamics over the period under analysis.
Unweighted standard deviation o(t) is always larger than weighted
statistics o"(t), suggesting that larger member countries deviate
less from cross-country average relative importance. However,
dynamics of unweighted statistics is dominated by a strong down-
ward trend, mostly driven by the catching-up process in new (and
small) member countries. Weighted dispersion, on the other hand,
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as a result of a relatively high and stable share of symmetric shocks
in large members (see Figure 6A for example) is fairly stable over a
longer horizon. In the short term, dispersion of weighted standard
deviation is affected differently in different crises: it bottoms out
during global crises (the GFC and COVID) and peaks during
the European debt crisis. More recently, in the period after the
European debt crisis, the gap between weighted and unweighted
dispersion has been much smaller compared to the pre-crisis period;
see Figure 10C. This trend reflects increased synchronization of
small and new members with the rest of the euro area. Previously
more idiosyncratic business cycles in these countries were important
drivers of the relatively high unweighted dispersion throughout the
period before the crisis.

OCA indices SNR(t) and SNR™(t), shown in Figure 11, are
then constructed directly as ratios of p(t) and o(t) and p™(¢) and
o (t), respectively. The large values for both the weighted (from
5 to 25) and unweighted versions (from 2 to 9) of the proposed
indices provide a clear signal of the average importance of sym-
metric shocks across countries. The optimality of the euro area
as a currency union, as measured by the proposed indices, varies
over time and, by the nature of their construction, depends on the
types of shocks hitting member countries—Ilocal, euro-area-specific,
or global. The two indices differ in that the weighted index is
always above the unweighted version, mostly reflecting relations
between weighted and unweighted moments (u* (t) > u(t) and sec-
ond moments (o(t) > o™ (t)). Short-run dynamics, on the other
hand, of both signal-to-noise ratios is largely driven by variation of
second moments o(t) and o () that is much larger compared to that
of cross-country averages; see Figure A.16. Regarding their long-
term dynamics, unweighted measure SN R(t) is trending upward,
while weighted measure SNRY(t), already at a much higher level,
remains stable in the long run. Overall, constructed OCA indices
suggest that the OCA features of the euro area, despite the docu-
mented catching-up process of new members, are stagnating in the
longer run at levels very similar to those from the pre-euro era.

Our results clearly illustrate that main crises have different
mean and standard deviation profiles; see Figure A.15, for exam-
ple. The European debt crisis was characterized by increased impor-
tance of symmetric euro-area shocks and increased cross-country
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Figure 11. Signal-to-Noise Ratio
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heterogeneity. COVID and the GFC, on the other hand, were global
crises, where the importance of global symmetric shocks was ele-
vated, but the dispersion across countries was very low. A useful
measure of monetary policy potential should, therefore, take these
observations into account. Our indicator is able to capture different
types of crises, as it is the signal with respect to surrounding noise,
wu(t)/o(t), and not necessarily the signal p(t) or o(t) alone, that is
crucial for stabilizing potential of a common monetary policy. To
illustrate that, Figure 12 compares pu(t), o(t), and ratio SN R(t) for
all symmetric shocks (first column), euro-area-specific shocks (mid-
dle column), and global shocks (third column). Two global crises—
marked with red vertical lines—are characterized by a large share of
common global shocks surrounded by low dispersion. Consequently,
signal-to-noise ratio, in the third row, increases strongly and pro-
vides a clear signal for policy stance. In contrast, the euro-area debt
crisis, marked with blue lines, increased overall incidence of sym-
metric shocks, but increased volatility. As a result, signal-to-noise
ratio remained largely unchanged, despite the increase in symmetric
shocks.

5. Conclusions

This paper investigates the importance of asymmetric shocks on
the euro area and their implications for monetary policy within the
currency union. By employing a structural, sign- and zero-restricted,
open-economy BVAR model, we are able to differentiate between
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Figure 12. Turning Points in Averages,
Standard Deviations of Symmetric
Shocks and in Signal-to-Noise Ratios
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Note: Red vertical lines refer to global crises; blue vertical lines refers to the
European debt crisis.

symmetric and asymmetric shocks and assess their relative impor-
tance in shaping euro-area business cycle dynamics. Our findings
indicate that, while symmetric shocks are the primary drivers of
these cycles, the OCA features of the euro area are stagnating in
the longer run at levels very similar to those from the pre-euro era.

We introduce a new OCA index underscoring that for a common
monetary policy to be effective, there must be a high but not exces-
sively varied importance of symmetric shocks across countries. This
index proves particularly valuable in distinguishing between global
and localized crises, supporting stability assessments within the euro
area.
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Our results are also favorable for the OCA endogeneity hypothe-
sis, showing that euro adoption increases the incidence of symmetric
shocks, also fostering greater business cycle synchronization among
new member states. This challenges the traditional belief that a high
degree of pre-adoption coherence is essential for euro membership,
suggesting that convergence can continue post-adoption.

The OCA index offers key insights for policymakers by indi-
cating conditions under which common monetary policy is most
effective and identifying challenges posed by asymmetric shocks. At
the same time, our findings also highlight the necessity of ongo-
ing structural convergence among member economies to ensure the
stability of the union. Overall, our research affirms the euro area’s
viability as a monetary union, whereby the benefits of membership,
particularly through post-adoption synchronization, outweigh the
costs. Nevertheless, continuous monitoring and policy adjustments
remain essential to address asymmetric shocks and sustain long-term
stability.
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A.1 Data
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Table A.1. Variable Descriptions

Variable Definition Source

Real GDP Chained-link volume, million of euros Eurostat
(Country)

Real GDP (Rest of Euro-area aggregate excl. one Eurostat

the Euro Area)
Real GDP (World)

HICP (Country)
HICP (Rest of the
Euro Area)

CPI (World)

member country

Sum of real GDP of Norway,
Switzerland, Turkey, Russia, USA,
Canada, Mexico, Brazil, Australia,
New Zealand, Japan, China, Hong
Kong, Korea, and EU but
non-euro-area countries

Harmonized index of consumer
prices, index-weighted sum of
HIPC indices excl. one member
country

Trade-weighted inflation, using data
for United States, United
Kingdom, China, Switzerland,
Poland, Czech Republic, Sweden,
Hungary, Japan, Denmark, India

Eurostat, OECD

Eurostat

IMF (CPI),
Eurostat (Trade
Weights)




July 2026

International Journal of Central Banking

96

ON_ON mJON OH,ON mo,oN

om,oN ma_oN Oa_om mo_oN oo,o~

$3143UN0J BaJe 04N3 J3Y10
1l

RE|

S3
3a

BOIY 0INg 31} JO 1SY pue

91830133y BAIY-0INF )M SUONB[ALIO))
S, A1UN0Y) Y} UM FOUII(T "D

0T

80~

90~

00

91830133y BAIY-0INY "SA UONE[OLIO)) *

00°T-

SL°0-

05°0-

ot

(49

ON,QN mH,QN oH,ON mo_ON oo.ou

(NNVVN

(4

0T

(SHY) uoneinap piepuels A;aunod ssou)

(DoD) se1els Jaquiaw ‘Ywmous dao

soyey YImoIn) A[1oend) Y

uoIje[aa10) AIPUNO)-SSOI)) YIMOID) JO ‘T'V 2anSig



97

Asymmetric Shocks and Monetary Policy

Vol. 22 No. 3

(4 Sl oL S 0z Sl oL S (4 e oL S 0C Sl oL S 4 Sl oL S (4 Sl oL S

8 L 100 b o
e e I e o[ R A
74 V| 7100
oL —_— N z 9100 z 5100
0 € 8100 €
zh
&0L% 01X £0L% [SOIES
A-mo1 <== (aTHOM)SVWAS 10 <== (aT4OM)SYwWAs dOIH-V3 <== (A TYOM)SYwWAs d@o-v3 <== (QTHOM)sYwAs dOIH-¥4 <== (QTHOM)SYwWAs dd9-¥4 <== (A THOM)SVYwAs
oz s o S 0z s o S 0z s o S 0z sk o S 0z s o0 S oz st o S
z g 0
H 5000 m o . .
4 . /
. oo m_ ¢ ol
w 5100 z oL ol
-0b% £0L% &-0L% SRS -01%
A-mou <== (@THOM)avwAs 10 <== (ATdoM)avwAs dOIH-V3 <== (QT4OM)avwAs da9-v3 <== (@THoM)avwAs dOIH-¥4 <== (@ TdOM)avwAs dao-¥4 <== (QToM)avwAs
0z sk oL g 0z sk o S oz s o S 0z sk o S 0z s o S 0z sk o ¢
- z
4 S - S
“ & I\\/\..A ¢ /e
0 0 0 L — N\ 1
4 0 8
z 4 o 5 6
90k 90k -0k ¢ 0L 0L -0k
A-mou <== (OuN3)SYWAs 710 <== (O¥N3)svwAs dOIH-V3 <== (O¥N3)SYwAs da9-v3 <== (o¥Nn3)sywAs dOIH-¥4 <== (O¥N3)SYwAs da9-¥4 <== (O¥N3)sywAs
0z sk o g 0z sk o S oz s o S 0z sk o S 0z s o S 0z sk o ¢
z v € 1- z 0
4 14 0 3
0 0 S )/\ L 2 z
9
z z 9 €
¢ I ‘£ €
901 % 9-0b% £0L% &-0b% £0b% -0L%
A-moi <== (O¥Nn3)avwAs 10 <== (o¥n3)avwAs dOIH-V3 <== (O¥Nn3)avwAs dao-v3 <== (0un3)avwAs dOIH-¥4 <== (OuNn3)avwAs da9-¥4 <== (O¥n3)avwAs
0z sk oL ¢ 0z sk o S oz s o S 0z sk o S 0z s o0 S 0z sk oL ¢
- z - z i s
0 0 . X ——
0 ! 0 . S
3 4 z 4 o
90k 90k o0k 90k 01 01X
A-moi <== SV 0 <== 8V dOIH-V3 <== SV dao-va <== sV dOIH-¥d <== SV da9-¥4 <== SV
0z sk o S 0z sk o S oz s o S 0z sk o S 0z s o S 0z sk o S
s oL = 91
s & B | — 0
0 0 0 0 44 s
b g v'e oL
— : I s = | I [ I = ’ ! n | i 9¢ ! ! ! st
01 0L 01 90k 0L -0b%
A-mou <== Qv 0 <==av dOIH-V3 <== aV dao-va <==av dOIH-¥d <== aV dao-y4 <== av

(spueq 1o1193sod quadied g9 pue URIpaU)
aoued 10jJ suorjouny asuodsay] asyndwy] gy 2anSiq

SU0YIUNY 25U0dsaY Isndw] gy



July 2026

International Journal of Central Banking

98

(4 Sl oL S

0z Sl oL S

0C S oL S

0z Sl oL S

0z Sl oL S

(4 Sl oL S

- 800°0
8 o ¢ 10'0 z
. I|\|\.\|\L 0 2100 o at
Mo . Moo B
—N\ ¢ [4 9100 z
z 0 v 8100 v
&01% £-0LX £0L% SO
(a1aom)svwAs (aTHoMm)sVwAs dOIH-V3 <== (QTYOM)SYWAS da9-v3 <== (aTHOM)SVWAS dOIH- LI <== (@ THOM)SYwWAS dao-1l <== (@THOM)SVWAs
oL S o s 0z sb ol S 0z sk o S 0z sb o S 0z sL ol S
« 5000 v 0
I . 9 s
v 100 8 S o
9 § ol
8 5100 z ok
-0L% £0L% &-0b% -0L%
(a1om)avwAs dOIH-V3 <== (@ToM)avwAs dao-v3 <== (aTdoM)avwAs dao-1l <== (@ TOM)avwAs
0z sk ok S 0z sk o S 0z sl ol S 0z sk o S 0z sb ok S 0z sk ok S
z & e S €
: 1 4 7
0 0 - L A
z 0 0
S oL L
90k 90k -0k 0L S0P 0L
A-mou <== (OuN3)SYwWAs 10 <== (O¥N3)svwAs dOIH-V3 <== (O¥N3)SYWAS dao-v3 <== (O¥N3)SywAs dOIH-1I <== (O¥Nn3)svwAs dao-11 <== (O¥N3)sywAs
0z sk ok S 0z sk o S 0z sl ol S 0z sk o S 0z s ok S 0z sk ok S
rad ld 4 }- z
z 0 /
0 0 ’ J\/\I L v
9 14 9
4 €
8
z 8
901 % 0L % £0L% &-0L% £-0b% 01 %
A-mou <== (Oun3a)avwAs 10 <== (0¥n3)avwAs dOIH-V3 <== (O¥Nn3)avwAs dao-va <== (oyn3)avwAs dOIH-LI <== (O¥N3)avwAs dao-1l <== (oyn3)avwAs
0z sk ok S 0z sk o S oz sb ol S 0z sk o S 0z sb ok S 0z sk ok S
z
z z z s A
—————o 0 0 0 Vo
z ¢ 4 z S
90k 90k o0k 90k 0L 0L
A-moi <== SV 710 <== 8V dOIH-V3 <== SV dao-va <== sV dOIH-LI <== SV dao-1l <== SV
0z sk ok S 0z sk o S oz sl ol S 0z sk o S 0z sk ok S 0z sk ok S
_ - z
S s s .
— ey | e S S S R Y |\/ ST
S s €
= S o b L 1
0L 0L 00k 0L 0L 0L %
A-mo1 <== av 0 <==av dOIH-V3 <== Q¥ dao-va <== av dOIH-1l <== @V dao-1l <==av

100

§L00

200

® N - o

(spueq 1o1i93sod juediad g9 pue ueipaun) A[e)] Joj suoijounyg asuodsey esindwy ‘¢'y 2In31g



99

Asymmetric Shocks and Monetary Policy

Vol. 22 No. 3

0z s o0 S 0z s o S 0z s o S 0z s o s 0z sk o S 0z sb ol S
8 .
- 8000
8 o M 100 /1o ~
- |\'\| /M zi00 z
RO e N z 7100
<l 9100 [ v
£-0b% 0L S0P £-0b%
A-moi <== (aTHOM)SYWAS 710 <== (A THOM)SVWAs dOIH-V3 <== (ATYOM)SYWAS dao-v3 <== (QTHOM)SYwWAs dOIH-$3 <== (A THOM)SYWAS da9-s3 <== (ATIOM)SYWAs
0z s o S oz s o S 0z s 0§ 0z s o ¢ 0z sk o S 0z sl ol S
4
0 s v 0 S
4 9
v ol H S
9
8 sl o o o
£0L% JSOES JSOIES 01X £0L% £0L%
A-mou <== (QTHOM)QVWAS 710 <== (aT4OM)avwAs dOIH-V3 <== (@TdOoM)avwAs da9-v3 <== (@THOM)avwAs dOIH-S3 <== (QTHOM)avwAs dao-s3 <== (@TIOM)avwAs
oz s o S oz s o ¢ 0z s o0 S 0z s o0 g 0z sk o g 0z sl o S
s S L s
\-
0 J\l\\/ 9 L
0 0 |\|\.\|\ L L 0
g L
S V 4 6 z
o 0b% g0b% £-0b% -0L% £0b%
A-mo1 <== (O¥N3)svwAs 10 <== (0¥Nn3)svwAs dOIH-V3 <== (O¥N3)sVwAs da9-v3 <== (Oun3)svwAs dOIH-S3 <== (0¥N3)svwAs d09-s3 <== (O¥N3)SYwWAs
0z s o S 0z s o0 S 0z s o0 S 0z s o s 0z sk o S 0z sl ol S
z
1- z € Az
14
0 0 S |JI/\I 0
4
! z 9
L z
o 0b% 9-0b% £-0b% -0L% £0L% £0L%
A-mo1 <== (0¥n3)avwAs 10 <== (0¥n3)avwAs dOIH-V3 <== (O¥Nn3)avwAs da9-v3 <== (oun3a)avwis dOIH-S3 <== (O¥N3)avwAs da9-s3 <== (Oun3)avwAs
0z s o0 S 0z s o S 0z s o S 0z s o S 0z sk o S 0z sb ol S
G- S - -
z v L
z
0 0 0 0 |)\I\\..\/\ 0
z < 3
L L S g Lo v
§0b% 9-0b% 9-0b% 90k £-0b%
A-mol <== SV 0 <== SV dOIH-V3 <== SV dao-va <== sV dOIH-S3<==§ dao-s3 <== SV
0z s o S oz s o S 0z s o0 S 0z s o ¢ 0z sk o S 0z sl ol S
- z- 4 4 ¥
- N\
] 0 0 0 S
L z z e 9
g 0b% 901 901 % 901X £0L% S0L%
A-moi <== Qv 10 <==av dOIH-V3 <== aV dao-va <==av dOIH-§3 <== aV dao-s3 <==av

(spueq 1o1193sod juadied g9 pue URIpaU)
uredg J10j suorjounyg osuodsay osndwi] ‘F°y 2InSiqg

200
5200
€00
S€0°0

oL

0z

100
S10°0
200
5200

oL
Sl



July 2026

International Journal of Central Banking

100

e s o s o 0z s o0 s 0 0z st o s 0 2 s o0 s 0 0z s o s 0 0z st o s 0
9 o =< z 5000 -
—_ N .
T —7 ¢ o
g o 100
Sl
/i j—— == N
: 200
o o z slo0 s
0L £0L% 0% £0L%
MUy400 <= (aTHOM)SVWAS MOU14N1 <= (@THOMISVWAS V3 4oIH <= (aTHOMISVWAS V34ao <= (@TIOMISVWAS dOMH <= (aTioMIsvuiAs dao <= ([@mioM)svwAs
¢ s o s 0 0z s o s 0 0z st o s 0 ¢ s o s 0 0z st o s 0 s o s o
0 4 0
° v 5000
100
s 8 9 s
100
oL 8
- o 200
Lo o Lok O Lor 5100
M 4qo <= (araomavwAs MEaN <= (@riOMIavuiAs Y yoiH <= (areoMIavuis Y409 <= (@riomavuis dOIH <= (aTomlavuiks 409 <={awiomavuiks
0z s o s 0 0z s o s 0 0z s o0 s 0 0z s o s 0 0z s o s 0z s o0 s 0
z
0 0
" ||\l :
v s
s s N e N o
—— o
o o |\\: 0 8 s
0L 01X 0Lx 0% £ 01X 0L%
M¥aao <= (ouna)svwihs M¥14N1 <= (Ouna)svuiks Y dolH <= (ouna)svwAs ¥ dao <= (ounalsvwis dOIH <= (Oun3)svwAs dao <= (ouna)svuwiAs
2 s o s 0 0z s o s 0 0z st o s o0 2 s o s 0 0z s o s 0 0z st o s o0
0 0 o
S S §
v —/ L4 z
““M 9
9 v
g0 O goux O 0L% 0% coux O £0L%
M 4a9 <= (Ouna)avwAs M1 NI <= (OuNA)avwAs V3 4oIH <= (oun3)avwAs Y349 <= (Oun3)avwAs dOH <= (Oun3)avwAs (ounalavwis
¢ s o s 0 0z s o s 0 0z st o s o0 0z s o s o0 0z sk o s 0 oz st o s o0
0 0 0 0 [ S
. " li0o
s s s s e
200
0
L Lo L o £0°0
M¥ a9 <= sv Mo, V3 ol <= sV V3 400 <= sy dOIH <=8V dao <= sv
0z s o s 0 0z st o s 0 0z s o s 0 0z s o s 0 0z st o s o0 s o s o
0 0 0 0
z
S S S S 00 12
9
Lo 0 LT LT L 200 R
MY ya9 <= av MU 4NI <= av VR 4oIH <= av YRya0 <= av dOlH <=av das <= av
(suerpaur) sorIjuno)) [[ewig J10j suorjounyg asuodsay asnduuy
. H H

8q
v

®

"GV ean3ig




101

Asymmetric Shocks and Monetary Policy

Vol. 22 No. 3

[ 11
NT T
)‘HH\ I‘\

]
1]

€ ¢ Lz o0z 6. 8 ZL 9L SL ¥ € 2z LL O 60 8 0 90 SO ¥O € 20 L0 00 66 86 L6 .
; , ; 70._mo\ém<§m,l Ao._mm\svo?ﬁ_,H_ &x:mv,m,qeﬁﬂr Aom}mv@qrﬁr m«lﬁo,q,l mvcﬁ__mw_B_,H_ mﬁu,l ﬁ , e
| — 10
N
o s \\ s —50°0-
1| | Ho R ‘ e \ - A O 1

=4
N
A
[d
=)
1
N
N
\
=4
-
L—

[ T2 11

7‘\\“
[
[
[
[T
I
[
[T
[
I
N

"1
I
T
I
[
[
[
|
‘II
N
N\
[ W
y Al
&
[T
LY}
[
L
[
il
1
‘I
[
I
[
1
I
[T
[T
<
P
7
AﬁHI
a1
GLT

Mol
L |
I
\[
A=
[
Al

S00

[
[
=
X
[
[
<<
|

swoH

das
(spueq 1or19)sod juadiad g9 pue ueIpaul) AURULISY) 9"y 9In3JIq

U011S0dU099 (T YO0 |DILOISIET

&V



July 2026

International Journal of Central Banking

102

oc 6L 8 ZL 9L G ¥ € <2 L 0L 60 8 L0 9 S0 ¥0O € <20 L0 00 66 86 L6
eray
I I I I I I I I I I I I I I I I I I I | | [
(@THoM)SYWAS [ (@TH0oM)avwAs ] (OdN3)SywAs[—| (Oun3)avwAs[ Sy av Il ouleseq[ | elep—
2o
—{GL°0-
M — 10"
B g - —50°0-
[ ] et N =
e ecH B T H \%muuu\ L e T N A P A g A o = ﬁjLﬂm%m o
M L LANLALAN AT T L[ N AN |
TH - SR T [T | [ AR TN = S N A
=gl T HM e e S LM g/
el [H o - N~ U .
o — 600

dao-yd

(spueq 1or19)sod jusdiad g9 pue uerpeul) sduel ‘LY 2InSig



103

Asymmetric Shocks and Monetary Policy

Vol. 22 No. 3

lc o0c 6L 8 ZL 9L S ¥L. € 2 L 0o 60 80 L0 9 SO ¥O €0 <¢0 0 00 66 86 L6

™ I I T T T T T I T T T T T T T T T T T
, , , (@1dom)sywAs [l (aTdom)avwAs ] (odn3)sywAs[ ] (0dn3)avw/s [l SV Qv [l 2U19Sed[ | Blep mmm * ; ;
NII H\H\HNU\\ ] \ /\ H - m|
B il = - M- H 1 oA Suiil R I, M [T
e \Smaean SuiaeEs M;u_.-W A e e Ry e
N
T H = K EoSTisE=l H FOET TN A E LT H A /1 %»w FECA T
||m“/H I - Hmwmmmwm \\%\ T \\Hmw inanlalllifassva HMH N| H)uuuﬁwmu
i m[u &l TH - INDS

dao-1l

(spueq 1or193sod juediad g9 pue uerpaur) A[e}] 8"y oan3iq

0

Slo-

S0°0-

S0°0

S0

20



July 2026

International Journal of Central Banking

104

€ 2 lz 0z 6L 8 L 9L S ¥L € 2 L. 0L 60 80 L0 90 SO ¥0 € 20 L0 00 66 86 L6
€0
T T T T T T T T T T T T T T T T T T T T T T T T T T T
io._mo\svw,‘s\al (argom)avwis [ (0¥N3)SywAs[ | (oxNI)avwAs [ SV AV [l 5U!19Seq[ | BIepP mmm
_zo
H;\ M5 — 10

1
[
T
I
1
[
[
[
N\
)
-
]
]

(spueq

Jorrajsod

jusdted g9 pue ueipawn) uredg

6"V 2an3ig

Slgl [Ms o R TN M T e 1 m ISy Y
e Arer e LA TN | A N e e e e e
||| L /1 L] || \, L | || || Ll
[ FH 1L [ Bl ===, NS = A H THO = =0 e AT
i et R e
1 (..WI - ~ Ulg U AU L
T E 1 o
—z0
Jeo
das-s3



Vol. 22 No. 3 Asymmetric Shocks and Monetary Policy 105

A.4 Convergence of Markov Chain Monte Carlo Algorithm

Estimated VARs all converge fast, with posterior statistics all con-
verging already after only 100 or 200 admissible models are found.
Our results are all based on overall 1,000 admissible draws. We fol-
low Primiceri (2005) to address convergence of the Gibbs sampling
algorithm formally and to assess how efficient the algorithm used
explores the posterior. Figures A.10 and A.11 plot the 10th-order
sample autocorrelation of the saved draws from the posterior of the
reduced-form parameters (regression parameters § and covariance
matrix ). Figure A.10 shows autocorrelation of the elements of
B, and in Figure A.11 are elements of the lower triangular part of
the error covariance matrix ). Both figures point to weakly auto-
correlated MCMC draws—estimated autocorrelation is only rarely
outside interval [—0.05,0.05]. Figures A.12 and A.13 plot the inef-
ficiency factors for the posterior estimates of the reduced-form
parameters when using a 4 percent tapered window for the esti-
mation of the spectral density at frequency zero. The inefficiency
factold is inverse of Geweke (1992) relative numerical efficiency and
it serves to quantify the relative efficiency loss in the computation
from correlated versus independent samples (Chib 2001). Primiceri
(2005) suggests that values of the inefficiency factors below or around
20 would be considered satisfactory. In our application these values
are less than two, showing a strong convergence of Gibbs sampler.

BBMCMC draws are realizations of a Markov chain and are, by definition, cor-
related. When the inefficiency factor is equal to m, we need an MCMC sample
that is m times larger compared to an uncorrelated sample to have the same
information contained in both.
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Figure A.14. Output Gap Estimate Based on a
BVAR Model: Accumulated Contribution
of All Demand Shocks to GDP
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Figure A.15. Relative Importance of Local vs.
Euro-Area and Global Symmetric Shocks
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Inflation Risk and the Labor Market:
Beneath the Surface of a Flat Phillips Curve*

Sirio Aramonte
Federal Reserve Board

While the Phillips curve appeared quiescent after the
Great Financial Crisis (GFC), inflation risk, as gauged from
option prices, remained sensitive to employment dynamics.
Using Phillips-curve regressions centered on option-implied
risk-neutral moments, I show that, in tight labor markets,
a fall in the unemployment gap raises the risk that inflation
overshoots expectations—even if realized inflation remains sta-
ble. In tight labor markets, implied moments convey valuable
information, as shown by their ability to anticipate future pat-
terns in inflation break-evens and wage growth. Being risk neu-
tral, option-implied moments embed risk premia, which can
make moments particularly informative about developments
that matter the most to investors. The usefulness of inflation
options in assessing risk, despite their illiquidity, is rooted in
reputational incentives that dealers have to disseminate accu-
rate quotes.

JEL Codes: G12, G14, G23.

1. Introduction

The weakening empirical link between inflation and the labor market
has garnered considerable attention since the Great Financial Crisis
(GFC). Two main economic forces stand behind the flattening of the
Phillips curve ] The first is firmer anchoring of inflation expectations

*T would like to thank Fernando Avalos, Benoit Mojon, Andreas Schrimpf,
an anonymous referee, and seminar participants at the Bank for International
Settlements. This article represents the views of the author and not those of
the Federal Reserve System, its principals, or other members of its staff. Author
contact: sirio.aramonte@frb.gov, +1 202-973-6947.

!The increased responsiveness of monetary policy to job market dynamics can
also flatten the slope of the reduced-form Phillips curve, even if the structural
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(Ball and Mazumder 2011; Watson 2014; Blanchard 2016; Barnichon
and Mesters 2021). The second is the decline in labor bargaining
power, which has dampened the prices-wages amplification channel
(Lombardi, Riggi, and Viviano 2020; Ratner and Sim 2020; Stans-
bury and Summers 2020)@ Yet, there is evidence that the Phillips
curve, while dormant, could resurface rapidly in an overheated job
market (Hooper, Mishkin, and Sufi 2020).

In this paper, I study whether perceived upside risk to inflation
becomes more sensitive to employment conditions as slack tightens,
even if realized inflation does not respond. I do so by character-
izing the link between the unemployment gap and option-implied
moments of expected U.S. inflation, conditional on labor market
tightness. The baseline proxy for tightness is changes in the labor
force participation rate, which includes information not necessarily
incorporated in the unemployment rate and in the unemployment
gap (Erceg and Levin 2014 and Yellen 2014). For instance, the par-
ticipation rate reflects the flow of discouraged workers in and out of
the employment pool. The conclusions are robust to alternative prox-
ies for labor market tightness, including a quadratic specification in
the unemployment gap. While the sample excludes the pandemic
to avoid the effects of large dislocations in financial markets, the
appendix provides selected results from the sample that includes
the pandemic.

The main results show that upside risk rises as the unemployment
gap falls—but only if the labor market is tight. Importantly, these
dynamics hold even as realized inflation remains flat. That is, option-
implied inflation moments indicate that, while the Phillips curve may
be quiescent, there are important shifts in perceived inflation risk
under the surface. These shifts anticipate a number of subsequent
developments, as discussed next.

relation is negatively sloped (Eser et al. 2020; Hooper, Mishkin, and Sufi 2020;
McLeay and Tenreyro 2020). Additional factors include issues with measuring
inflation expectations (Coibion and Gorodnichenko 2015; Coibion, Gorod-
nichenko, and Kamdar 2018) and the labor slack (Ball and Mazumder 2019).

2These elements are closely related to demographic changes that also affect
low-frequency inflation dynamics, such as fluctuations in the working-age popula-
tion (Juselius and Takéts 2021) and the higher participation rate of older workers
(Mojon and Ragot 2019).
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I use a two-pronged approach to assess whether the dynamics
of option-implied moments convey relevant information. First,
I evaluate whether they signal that inflation expectations are
becoming unsettledd To do so, I consider the comovement between
risk-neutral moments and future realized moments of daily break-
even rates, which are market-based inflation expectations built
from nominal and real government-bond yields. Second, I explore
the link between option-implied moments and the future dispersion
of wage growth across industries. The rationale is that upside risk
to inflation is likely to result in faster wage growth in industries
where employees have better bargaining power. Overall, the results
indicate that option-implied moments provide useful insights.

The methodology used to extract inflation moments builds on the
popular nonparametric approach of Ait-Sahalia and Duarte (2003)
and Kitsul and Wright (2013). It is rooted in the work of Breeden
and Litzenberger (1978), who derive the return distribution for the
asset underlying a set of options from the prices of calls. Impor-
tantly, option-implied moments are risk neutral, meaning that they
incorporate risk premia. The presence of risk premia, however, is not
a hindrance to the analysis. Rather, it means that moments are par-
ticularly informative about developments that matter the most to
investors and that affect their behavior, chiefly high-inflation states
that command larger risk premia (Hilscher, Raviv, and Reis 2026).
Elaborating on the arguments set forth by Feldman et al. (2015),
Nagel (2016, p. 214) illustrates the usefulness of risk-neutral vari-
ables by writing that a “social-welfare maximizing policy should

take into account . . . the price that the public is willing to pay
to insure against . . . states of the world. Risk-neutral probabilities
capture . . . these aspects.”

When studying option-implied inflation distributions, data qual-
ity is an important consideration. Available information suggests
that these options were relatively liquid between the end of the
GFC and the mid-2010s, when trading slowed down considerably
and potentially dried up. Subsequently, prices have mostly reflected
dealer quotes. Besides theoretical considerations that prices can be
informative even in the absence of trading (Milgrom and Stokey

3Note that comparing moments with long-run realized inflation is impractical,
since the sample starts just after the GFC.
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1982 and Gizatulina and Hellman 2019), conversations with market
participants suggest that quotes are useful because they are dissem-
inated, in part, to facilitate the risk management of legacy option
holdings by large intermediaries (see Section 2.2 for a detailed dis-
cussion). The question of price informativeness is also an empirical
one. As discussed above, option-implied moments anticipate future
realized moments of break-even rates and cross-industry dispersion
in wage increases.

Option-implied moments and probabilities have been used exten-
sively to characterize the behavior of inflation expectations and asso-
ciated risk premia. The risk of long-lived deflation has been of partic-
ular interest to researchers, as in Fleckenstein, Longstaff, and Lustig
(2017) and Hilscher, Raviv, and Reis (2026), who develop a method
to gauge the risk of very high or very low inflation. Relatedly, Reis
(2020) finds that disagreement among market participants, rather
than risk premia, is the main determinant of discrepancies between
survey-based and market-implied inflation expectations. The driv-
ers of deflation probabilities are explored by Galati, Gorgi, and Zhou
(2018), who find evidence of slight unanchoring in the euro area. Eser
et al. (2020) highlight that more limited economic slack played an
important role in the rightward shift of the euro-area inflation dis-
tribution before the COVID-19 pandemic. A separate strand of lit-
erature uses information extracted from options to characterize the
interplay of inflation and macroeconomic aggregates. For instance,
Mertens and Williams (2021) study how the distribution of inflation
was affected by the zero lower bound, while Hilscher, Raviv, and
Reis (2022) assess the likelihood that inflation can lower real U.S.
public debt.

The analysis in this paper is related to research on predicted
inflation distributions built using quantile regressions, which are
often specified as Phillips curves (Manzan and Zerom 2013).
Applications generally focus on the drivers of inflation tails
(Busetti, Caivano, and Rodano 2015) and on inflation-at-risk,
which quantifies the likelihood that inflation experiences large
negative realizations (Banerjee et al. 2020 and Loépez-Salido and
Loria 2024). In this literature, Phillips-curve regressions are used
to build expected distributions from the historical comovement of
inflation with lagged macroeconomic factors. In contrast, inflation
options span the full forward-looking distribution on each date,
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and I use Phillips-curve regressions to understand the drivers of the
risk-neutral distributions of expected inflation. Additionally, the
wide set of options’ strike prices allows to measure the perceived
risk of events—typically rare disasters—that, while not observed
in the data, are concerning enough to investors to affect asset
prices and trading activity (see, among others, Krasker 1980 and
Santa-Clara and Yan 2010 for a general discussion).

In the remainder of the article, Section 2 discusses the method-
ology to extract risk-neutral inflation distributions. Section 3
computes Phillips curves with realized and risk-neutral expected
inflation, while Section 4 studies option-implied moments using
Phillips-curve regressions, focusing on the impact of labor market
developments on inflation risk. Section 5 evaluates the information
content of implied inflation moments and Section 6 concludes.

2. Implied Inflation Distributions

The first step of the analysis consists of extracting risk-neutral distri-
butions from option prices. The data used to build the densities are
from Bloomberg and also include inflation swaps to measure point
expectations and interest rates swaps as riskless rates. All variables
have a five-year horizon and are available each day. As a result,
the distributions refer to average annual inflation over the five years
following the day in which they are computed.

The methodology used to extract densities is standard in the lit-
erature and originates from Breeden and Litzenberger (1978). They
link the cumulative probability distribution for the values of the
underlying asset (in this case, inflation) to the first derivative of
call prices as a function of strike prices@ Option prices are normally
interpolated to obtain a dense set of strikes. Doing so typically intro-
duces inflection points that can result in negative probabilities, a
sign that the interpolated prices imply arbitrage opportunities. To
address this issue, I follow the approach of Ait-Sahalia and Duarte

AThe set of options includes puts (known as floors) with strikes equal to —1
percent, —0.5 percent, 0 percent, and 0.5 percent, and calls (known as caps) with
strikes equal to 1 percent, 1.5 percent, 2 percent, 2.5 percent, 3 percent, 3.5 per-
cent, 4 percent, 4.5 percent, 5 percent, and 6 percent. I convert caps prices into
floors prices using the put-call parity (see Mercurio and Zhang 2017).
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(2003). They first transform traded prices to satisfy selected slope
and convexity restrictions, limiting the incidence of arbitrage. They
then use kernel smoothing to obtain a dense set of prices that inherit
the favorable properties of the transformed traded prices.

As in Kitsul and Wright (2013), call prices for a given strike can
be obtained using the parameters {3 (k), 41 (k)} that minimize the
following loss function:

N 1 (ki—k
L= [mi—Bolk)—Bi(k) (ki — k)] =K [ ~=—). (1)
; 0 ! h ( h )

where {mi}fvzo are the transformed prices, N is the number of strikes
with a traded price, K (u) = exp (—u?/2) /27 is the Gaussian ker-
nel, and h is the estimated optimal bandwidth, computed according
to Equation (3.23) in Ait-Sahalia and Duarte (2003).

After optimizing Equation (1) for each daily cross-section of
traded prices, I compute cumulative probabilities corresponding to a
grid of 10,000 equally spaced strikes between the minimum and max-
imum traded strikes (-1 percent and 6 percent). From this grid, I
obtain percentiles that allow me to calculate higher moments robust
to outliers (Bowley 1920 and Moors 1988; see Andrade, Ghysels,
and Idier 2015 for an application to inflation skewness from survey
data). Specifically, option-implied volatility, skewness, and kurtosis
are defined as follows:
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where m"°"" is the n'" percentile of the risk-neutral distribution

of expected inflation on day ¢. These measures are the variables of
interest in the analysis discussed in the remainder of the paper.
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2.1 Empirical Properties of Risk-Neutral Inflation Moments

The three moments follow distinct time-series patterns, but they all
tend to fluctuate more sharply in the first part of the sample, until
U.S. monetary-policy normalization started in 2015 (Figure 1). From
then onward, volatility tended to increase in periods of lower risk-
neutral inflation expectations, with a particularly pronounced rise
in early 2020 at the beginning of the COVID-19 pandemic. Kurto-
sis tracked risk-neutral inflation expectations quite closely, peaking
at the end of the sample in early 2021. In contrast, the behav-
ior of skewness was more nuanced. At first, it turned negative as
risk-neutral expected inflation rose in 2018—implying a shift in the
probability mass toward moderately higher inflation together with
a higher tail risk of markedly lower inflation. However, higher risk-
neutral expected inflation in early 2021 was accompanied by a rapid
increase in skewness, signaling a higher chance of somewhat lower-
than-expected price rises but a more pronounced tail risk of high
inflation.

The three moments can be mapped into the probability of various
future inflation scenarios. This exercise is especially useful because
studying moments allows to understand nuanced changes in the
structure of inflation risks, but evaluating the practical relevance of
joint dynamics in moments is not immediately intuitive. To gauge
upside risk, I consider the link between moments and the likeli-
hood of an inflation “overshoot” (average annual inflation up to 0.5
percentage points above median option-implied inflation) and of an
inflation “surge” (more than 2 percentage points above the median).
Due to the nonparametric nature of the distributions extracted from
Equation (1), I establish the link using regressions robust to outliers
(Li 1985) rather than formulas. The dependent variable is the logit
transformation of the probability of either scenario, while the inde-
pendent variables are standardized moments (see Table 1; volatility
is replaced by its natural logarithm).

The coefficients shown in the top panel of Table 1 indicate that
higher volatility reduces the probability of an overshoot but increases
that of a surge. Higher skewness—which reflects a leftward shift in
probability mass but a thicker right tail—lowers the chance of an
overshoot but heightens the risk of a surge. Kurtosis has a sim-
ilar effect. The high adjusted R?s indicate that the link between
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Figure 1. Implied Inflation Moments Over
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Table 1. Risk-Neutral Moments
and Upside Risk to Inflation

Dependent Variable

Prob. Overshoot | Prob. Surge

vol°P! —0.314%%* 0.896%**
(-20.22) (19.32)

skew®P* —0.121%%* 0.136%**
(-9.00) (3.37)

EurtoPt —0.051%** 0.386%**

-2.78 7.05

a 71(.286*?“* 73(.339*)**
(-99.67) (-86.56)

Obs. 119 119

Adj. R? 0.829 0.791

Probability Values

Prob. Overshoot | Prob. Surge

Prob. if All Moments at Mean 21.7% 3.4%
AProb. if vol°? is 10 Above Mean —4.9% 4.6%
AProb. if skew°P! is 1o Above Mean -2.0% 0.5%
AProb. if kurt°?® is 10 Above Mean -0.9% 1.5%

Note: The table links risk-neutral moments to the likelihood that future inflation
exceeds expectations by a moderate or substantial amount. Moments and probabil-
ities are contemporaneous. In the upper panel, the variable of interest is the logit
transformation (y = In (ﬁ)) of the probability that annual average realized infla-
tion in the next five years is up to 0.5 percentage points above median expected infla-
tion (“Prob. Overshoot”) or 2 percentage points or more above the median (“Prob.
Surge”). The dependent variables are linked to standardized inflation moments using
regressions robust to outliers (Li 1985). In the lower panel, the probabilities in the
first line are computed with the inverse logit transformation applied to the coeffi-
cients « in the upper panel: (14 exp(—a))~!. Probability changes (AProb) when
moments are one standard deviation above the mean are computed as AProb =
(14 exp (— (a + mom©P?))) ' (14 exp(—a)) ", where mom?Pt is one of the three
option-implied moments. The sample covers 2010—19.

moments and probabilities is tight. When the moments are at their
sample average, the probability of an overshoot is 21.7 percent and
that of a surge is 3.4 percent (lower panel). One-standard-deviation
increases in individual moments alter the two probabilities mean-
ingfully. Changes in skewness affect the chance of an overshoot the
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most (—2.0 percentage points), while kurtosis has a larger effect on
the likelihood of an inflation surge (41.5 percentage points).

2.2 How Informative Are the Prices of Inflation Options?

As discussed in Kitsul and Wright (2013), the market for U.S. infla-
tion options developed after the GFC. In 2011, trading amounted to
$22 billion in notional value, which represented a threefold increase
relative to 2010 but was still much less than the total for inflation-
indexed bonds. Kitsul and Wright (2013) argue that large volumes
are not crucial to price formation, pointing to the work Wolfers
and Zitzewitz (2004) on markets characterized by small transactions.
From a theoretical standpoint, the no-trade theorem illustrates how
quoted prices can be informative even when trading does not occur
at all (Milgrom and Stokey 1982 and Gizatulina and Hellman 2019).

While details on recent trading activity for inflation options are
difficult to obtain, conversations with data providers and market par-
ticipants paint the picture of instruments with very limited volume
but with meaningful legacy open positions. Although the number
of transactions fell rapidly around 2015, large financial institutions,
reportedly including banks and insurance companies, hold inflation
options that will not expire until at least the mid-2020s. The reason
is that these instruments have always had long maturities, mostly
expiring after 5 or 10 years.

Depending on the accounting and regulatory treatment of such
positions, inflation options need to be marked-to-market regularly,
possibly every day. Marking-to-market of illiquid instruments is a
common industry practice that often relies on dealer quotes. A key
reason why dealers provide frequent quotes for instruments that
rarely trade is precisely to ensure that clients can value their posi-
tions daily. Quotes are often based on the prices of more liquid con-
tracts that load on similar risks—such as interest rate derivatives in
the case of inflation options—and on expert judgment.

Dealers that provide quotes for illiquid instruments have two
main incentives to give unbiased estimates. The first is that these
quotes are actionable, meaning that clients can ask to trade on them.
While there is no obligation for a dealer to transact, a large dis-
crepancy between the quote and the proposed trade price would be
detrimental to the dealer’s reputation. The second incentive relates
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to the use of these quotes. To the extent that they are inputs to
the calculation of regulatory capital—as they reportedly can be—
they would be validated in a number of ways to ensure that they
are of appropriately good quality. This process can include, among
other steps, a comparison with available transaction prices and with
consensus pricing data that aggregates estimates from a large set of
market participants. Providing quotes that do not clear these hurdles
would tarnish the reputation of a dealer and affect its business.

The appendix includes an empirical analysis of the informative-
ness of option-implied distributions.

3. Phillips Curves with Realized and Implied Inflation

Before exploring the link between risk-neutral inflation moments and
the labor market, I estimate standard Phillips curves with realized
inflation to provide an initial reference point. The specification is
similar to the one in Hooper, Mishkin, and Sufi (2020), who mea-
sure inflation with the changes in the core personal consumption
expenditures (PCE) index. The only difference is that I use changes
in the consumer price index (CPI), since the payoff of U.S. inflation
options is tied to CPI. The baseline specification, using data at the
quarterly frequency, is

3
T = o+ (- ugap, + Z njmi—j + 0 -7
i=1

+ A~ ARellImport;_1 + €, (5)

where 7 is the period-on-period relative change in CPI, ugap is the
difference between the unemployment rate and the natural rate of
unemployment, 777 is the inflation expectation series used in the
Federal Reserve’s FRB/US model, and ARelImport is the change in
the relative price of import goods relative to domestic goods. Stan-
dard errors are based on Newey and West (1987) with four lags. The
variable 7%/ is available from the Federal Reserve Board, while all
others are from the Federal Reserve Economic Data (FRED) data-
base of the Federal Reserve Bank of St. Louis. Regression coefficients
are computed using data from 2010 to 2019, excluding the last 18
months of the sample to avoid the influence of the large dislocations
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caused by the COVID-19 pandemic (see the appendix for selected
results based on an extended sample).

The results in the first column of Table 2 can be compared with
those in Table 2.5 of Hooper, Mishkin, and Sufi (2020), since the
sample is nearly identical. The conclusions are quite similar, in that
the slope of the Phillips curve relative to the unemployment gap is
negative but not statistically significant, implying that the measured
Phillips curve is flat. Early studies, such as Tobin (1972), recognized
that this relation could be asymmetric and depend on the state of the
labor market. As a result, the second column of the table shows coef-
ficients from a specification where the effect of the unemployment
gap is conditioned on the labor market. The conditioning variable
is the 12-month trailing change in the labor force participation rate
(Apart), which, as discussed in Section 1, is a broad measure of
labor slack that reflects the flow of discouraged workers in and out
of the labor pool. The regression is

T = a+ B - ugaps + v - Apart,_q1 + 0 - ugap; - Apart,_q

3
+ Z njmi—; + 0 - Wf’_flrb + A - ARellImport;—1 + €.  (6)
j=1

The coefficients are quite similar to those in the unconditional
specification. In addition, the interaction term is not statistically
significant, meaning that the marginal effect of the unemployment
gap on inflation is statistically zero in both slack and tight labor
markets (bottom panel of the table). In the two middle columns
of Table 2, the sample focuses on the post-GFC period, for which
inflation-option data are available. Once again, the Phillips curve is
flat. In addition, the interaction term with the unemployment gap
is not statistically significant, meaning that the slope of the Phillips
curve does not depend on labor slack.

The positive coefficient on Apart is consistent with the partici-
pation rate reflecting inflationary increases in labor demand rather
than deflationary improvements in labor supply. Recent studies indi-
cate that labor demand can raise the participation rate, especially
for under-represented workers (Hobijn and Sahin 2021), even if labor
supply shapes participation in subsets of the population (Mojon and
Ragot 2019). Yellen (2014, p. 5) highlighted the role of labor demand



131

Inflation Risk and the Labor Market

Vol. 22 No. 3

(panurguoo)
L99°0 129°0 99Z°0 zeT'0 ¥210 LIT°0 A
6€ 6€ o o €zl €Tl '8q0
(ee'1-) (0g'1-) (05°0) (88°0) (88°0) (26°0)
090~ 0TE 0~ AR 9L1°0 G810 L9T°0 1=H0dw T 193
(#1°9) (81°9)
566270 +x+8T9°0 rdo s
(L71-) ¥ 1) (cz'1) #9°'1) (9¢2) (89°2)
P1€0- LLT O~ S61°0 cIe0 «x9VF°0 sk L TT°0 e
(1T°0-) (1T°0-) (66'1-) (99'1-) (80°0) (zz°0)
6200~ 8200~ 1.0~ 0v€ 0~ L00°0 6T0°0 ety
(06'T) (222) (LT0-) (02°0-) (260-) (16°0-)
+L6V°0 ++819°0 7€0°0— 70°0- 11270~ 0220~ o
(8%2) (€6°2) (L¥0) (g50) (26°0-) (88°0-)
+x£07°0 #kxELT0 980°0 er1°0 8Z1°0~ 0210~ 1=ty
(Le1) (FL0-) (0270-)
80T°0 680°0— 9900~ 1=#Hundyy - *dobn
(c1e) (007) (75°0-)
#xx00¥%°0 #+xx48G°0 0L0°0— H\G&dgq
(082) (16'1) (0s°'1) (19°0-) (ce'1-) (e1-)
#0650 «182°0 6070 PR 0~ 620 08T°0- tdobn
Eo“wk a7’ (a «— xep +do(q
61-0T02 61-0T02 61026861 — (A1ae3rend)) porreg

(A1103.0en()) voryRpuU] paridw] pue pazifeay Yum oAy sdiiyd ‘g o[qeL




July 2026

International Journal of Central Banking

132

'sSe[ Inoj Ym (LYGT) 1S9A\ PUR AoMON UO Poseq SIOLId PIRPUR)S [IIM POIR[NO[RD IR $019s1je)s-7 ‘pajiodarun ore
SJURJSUOD pUR POZIPIRPURYS 9T SO[RIIeA [V "(240dwi[)937V) SPOO3 O13somwop 0} 9A1je[al spooS jrodul jo ootid 9AIjR[oI 913 Ul 9SURYD oY) puer
Afx,ukv Ppow SN /gH S,9AI9S9Y [RIOPA,] 9} Ul PIsn SIS uorpe1dadxe uolyeyur ayy ‘(24ndyy) 97er uorjedorjred 90103 10qe] oY) Ul 2Sueyd
1o31enb-moj oYy ‘(dpbn) juomrkojdwoun jo 99el [RINJRU 9} pue o9jel juswio[duroun oY) UMD SOUDIDPIP ) ‘(4d0¢o2) soo1d uorpdo woxy
parduwr se uorjepgur pajoadxe uerpawr ‘(1) xopur 9o1ad 1ownsuod a3 ul a8ueyd porrod-uo-porrod SAIJR[OI O} OI@ SUOISSAIFOI 9} UT popniour

so[qeLIeA oy [, ** + T—Huodw oy - X + Rﬁsl.wk S99+ f@l,wk -0+ .n\“kSHHM”W 4+ I=%updyy - *dobn - ¢ + T=Hundyy - kL + *dobn - ¢ + 0 = Rsﬁwk
-1

wmnoﬁdcfuw&wwsa »Awna,wkv :oﬂmmﬁkuow&u@@w:&ﬁb-qoﬁaoﬁmZdid\,uzqumawwmﬁuzmsg;w.TMIGgQ&E:mMNQ.K.T qufat - 0
+ N\ukgﬁnmw + T=#upndyy - *dobn - ¢ + T=Hundyy - L + *dpbn - ¢ + 0 = *1 st uoryeoyroads oY) ‘(L) uoryeyul pazi[eal st o[qeliea juspuadep
oY) WS A\ "eyep A[10jrenb Suisn ‘(0z0og) yng pue ‘urysijy ‘10doof Ul 9s0y} 0f Ie[ruuls soAInd sdI[[IYJ WOIJ SJUSIOYJO0d SMOYS d[qe) 9T, :930N

(v1°€) (LT71) (€11-) (o1+ = Tundy)
5556690 €2€°0 are0- WSIL
(c1e) (L&1) (92'1-) (01— = 1"Hundyy)
#x687°0 ¥6¥°0 €1C0- RIS

dpbn Jo 100PH [eUul3Ieln jo3[IRIA] J0qeT

(ponunuo)) ‘g o[qer,




Vol. 22 No. 3 Inflation Risk and the Labor Market 133

as a driving factor, writing that then-recent dynamics in “labor force
participation . . . could partly reflect discouraged workers rejoining
the labor force in response to the significant improvements . . . in
labor market conditions.”

The closest specification to a Phillips curve that uses informa-
tion from inflation derivatives is a regression of risk-neutral expected
inflation on the unemployment gap and standard controls. Since
these expectations are risk neutral, they embed inflation risk premia,
which could themselves be linked to the state of the labor market.
The last two columns of Table 2 show coefficients from Equations (5)
and (6), respectively, where the left-hand variable is 7¢°P* instead
of realized inflation. This variable is the median of the risk-neutral
distribution of expected inflation extracted from option prices. Since
inflation swaps are used to convert the prices of floors into those of
caps, m¢°Pt closely tracks the inflation swap rate. The regressions
include lagged 7¢°P* as a market-based counterpart to 777, The
results indicate that the Phillips curve is positively sloped (upper
panel), a finding that T discuss in detail in the next section. The
slope is considerably larger in tight labor markets (lower panel).

As shown in Table 3, this pattern also holds with monthly rather
than quarterly data. In addition, coefficients on lagged realized
and risk-neutral expected inflation indicate short-term persistence
in both variables. The monthly specification, reported below, does
not include ARellImport;_, as a regressor due to the higher data
frequency:

T =+ (- ugap; + - Apart,_1 + 9 - ugapy - Apart;_q

3
+> mme + T e (7)

j=1

3.1 The Role of Monetary Policy Fxpectations

The observation that option-implied expected inflation rises when
the unemployment gap widens appears counterintuitive, since
Phillips curves normally have a negative slope. However, market-
based inflation expectations, on which I focus in this part of the
analysis, are different in key respects from realized inflation con-
temporaneous to the unemployment gap. Besides incorporating risk
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Table 3. Phillips Curve with Realized
and Implied Inflation (Monthly)
Period (Monthly) — 2010-19 2010-19
Dep. Var. — T meoPt
ugaps 0.025 0.101 0.036 0.156**
(0.41) (1.10) (0.98) (2.47)
Apart;_q 0.105 0.150**
(1.18) (2.38)
ugap; - Aparts_q -0.039 0.059
(-0.64) (1.43)
M1 0.429%** | (0.421%** | (.182%*F* | (.184%**
(4.88) (4.80) (3.31) (3.23)
M9 -0.131* -0.129* —0.048 —-0.038
(-1.74) | (-1.75) | (-1.11) | (-0.83)
T3 —-0.060 -0.065 -0.033 -0.034
(-0.66) | (-0.73) | (-0.53) | (-0.54)
7rte’_oim5 -0.008 0.007 0.885%** | (0.902%**
(-0.16) | (0.15) | (20.16) | (24.20)
Obs. 119 119 119 119
R? 0.168 0.180 0.836 0.845
Labor Market Marginal Effect of ugap;
Slack 0.140 0.097
(Apart;_1 = —1o) (1.10) (1.41)
Tight 0.061 0.215%%*
(Apart,_1 = +10) (0.67) (2.64)
Note: The table shows coefficients on Phillips curves similar to those in Hooper, Mishkin,
and Sufi (2020), using monthly data. The dependent variable y is either 7 or 7€ °P*. The
specification is y¢ = oo+ - ugap: + v - Aparti—1 + 0 - ugap: - Aparti_1 + E?:ﬁ]j Te—j +
¢- ﬂf;olm + €¢. The variables included in the specifications are defined in Table 2. Monthly
natural rates are linearly interpolated from quarterly data. Constants are not reported.
All variables are standardized. t-statistics are calculated with standard errors based on
Newey and West (1987) with 12 lags.

premia, expectations refer to inflation that investors anticipate (in
a risk-neutral sense) will be realized over the following five years. As
a result, in linking current labor market conditions to expectations
of future inflation, one needs to consider the effect of possible policy
actions in response to the state of the labor market. Naturally, these
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actions affect future inflation, as well as its current expectations,
much more than they affect contemporaneous realized inflation.
Can changes in expected monetary policy contribute to the positive
coeflicients on the unemployment gap in Tables 2 and 37

In order to avoid endogeneity issues, I focus on an event study
that, in the spirit of Phillips-curve regressions focused on infla-
tion expectations, links inflation expectations to the state of the
labor market while controlling for monetary policy expectations.
Given the event-study setup, the variables are expressed in changes,
except for the labor market variable, which, to address endogene-
ity, is expressed as surprises relative to consensus surveys. Specif-
ically, the event study focuses on days when the unemployment
rate is announced as part of scheduled Employment Situation report
releases. Using the specification below, I condition the link between
market-based inflation expectations and unemployment surprises on
both expected monetary policy and the labor market:

Am9Pt = Awiz, + surp, + Apart,_y + Af fry
+ surpy - Apart,_1 + surpy - Af fry + Aparty_1 - Af fry
+ surps - Apart;_1 - Af fry + €, (8)

where Affr is the change in the expected federal funds rate one
year ahead, and surp is the difference between the announced unem-
ployment rate and survey expectations from Thomson Reuters,
divided by the natural rate of unemployment (linearly interpolated
as needed). As in the rest of the paper, regressions are based on
standardized variables, so that the coefficients can be interpreted
as (i) the effect of a one-standard-deviation change in the indepen-
dent variables (ii) in terms of standard deviations of the dependent
variable.

As shown in panel A of Table 4, Af fr is an important explana-
tory variable for Am®°Pt, Its interaction with Apart is also negative
and strongly statistically significant. The coefficients on surp and on
its interaction with Apart are not statistically significant. However,
given the size and the strong statistical significance of the other
interactions, the marginal effect of a wider unemployment gap on
option-implied expected inflation is positive and larger in tight labor
markets (as in Tables 2 and 3, even if the test designs are completely
different)—but only when investors expect looser monetary policy
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Table 4. Expected Policy Rates and
Implied-Inflation/Unemployment-Gap Link

A. Changes in Implied Inflation and ugap Surprises

Dep. Var. — AmoPt AmoPt AmoPt AroPt
Avix, -0.142
(-1.37)
surps 0.158 0.129 0.075 0.083
(1.33) (1.33) (0.79) (0.96)
Aparti_1 0.170** 0.122* 0.122 0.111
(2.57) (1.93) (1.57) (1.44)
Affre 0.267* 0.348%** 0.323%**
(1.87) (3.95) (3.66)
surp: - Aparti—1 0.066 0.048
(1.17) (0.80)
surps « Af fry -0.086* -0.097*
(-1.67) (-1.79)
Aparti—1 - Af fre —0.248%** | _( 252%**
(-2.91) (—2.93)
surpe - Aparti—1 - Af fre —-0.009 —-0.030
(-0.12) (-0.39)
Obs. 116 116 116 116
R? 0.057 0.125 0.215 0.234

B. Effect of ugap Surprise on Change in Implied Inflation, by
Labor Tightness and Change in Expected Monetary Policy

Expected Monetary Policy

Expand Contract
Labor Market (Affre=—10) (Affre=+10)
Slack 0.103 —-0.032
(Aparti—1 = —10) (1.65) (-0.14)
Tight 0.258%* 0.004
(Aparti—1 = +10) (2.51) (0.04)

Note: The table shows the result of an event study based on scheduled releases of
the Employment Situation report. The variables Aviz; and Affr; are changes in
log-VIX and in the one-year-ahead federal funds rate (implied from futures) between
day t — 1 and day ¢, where ¢ is the date of the monthly release of the Employ-
ment Situation report. The variable surp: is the difference between the actual and
expected unemployment rate (based on Thomson Reuters surveys) divided by the
natural rate of unemployment measured in the previous month. Monthly natural
rates are linearly interpolated from quarterly data. Other variables are defined in
Table 2. Constants are not reported. All variables are standardized. t-statistics are
calculated with standard errors based on Newey and West (1987) with 12 lags.
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(panel B)E‘ This result confirms that policy actions are key determi-
nants of the empirical link between inflation and the unemployment
rate (McLeay and Tenreyro 2020).

4. Inflation Risk and the Labor Market

The Phillips-curve framework can be used to explore how the
whole risk-neutral distribution of expected inflation relates to labor
dynamics. Using option-implied moments as dependent variables,
Phillips-curve regressions can link the state of the job market to dif-
ferent types of inflation risks (and embedded risk premia), from the
dispersion of future changes to the incidence of extreme realizations.
In turn, such risks can be expressed as the probabilities of relevant
inflation scenarios (see Section 2.1). Ultimately, this analysis can
shed light on the ebbs and flows of perceived inflationary pressures
as employment opportunities change—even when realized inflation
remains stable.

In practice, it is reasonable to expect that, as the labor mar-
ket tightens, inflation risk changes from the possibility of relatively
minor movements around expected inflation to a higher likelihood of
unusually high inflation. In terms of inflation moments, this change
corresponds to lower volatility (inflation risk becomes less sym-
metric), lower skewness (the probability mass moves toward higher
inflation values), and higher kurtosis (more pronounced tail risk).

The empirical analysis builds on specifications similar to the
Phillips curves used to study realized inflation at the quarterly and
monthly frequencies, as detailed in Equations (6) and (7). Apart
from the dependent variable (y;) being one of volatility, skewness,
or kurtosis, the only difference is that the set of regressors includes
lagged values of y; to account for autocorrelation in moments.
At the quarterly frequency, the specification features the inflation-
expectations series used in the Federal Reserve’s FRB/US model

5The surprise variable has a standard deviation of 3 percent over the regression
sample. Over the same period, daily changes in risk-neutral inflation expectations
have a standard deviation of 3.91 basis points. Given the 0.258 coefficient corre-
sponding to expansionary monetary policy expectations and tight labor markets,
a one-standard-deviation surprise raises implied inflation by 1 basis point.
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(777 and the change in the relative price of import goods relative
to domestic goods (ARelImport):

yr = a+ B-ugapy + v - Apart,—1 + 9 - ugapy - Apart,_1 + Cye—1
3
e,frb

+ Z nimi—; + 0 -7 + X ARellmport,_q + €. 9)

Jj=1

At the monthly frequency, constraints on data availability mean that
inflation expectations are measured with the median of the option-
implied distribution (7¢°P*) and that ARelImport is not included:

Yy = o+ B -ugap; +v - Apart,_1 + 0 - ugap; - Apart;_,

3
o+ > e + et e (10)
i=1

The results shown in Table 5 clearly indicate that the higher
moments respond to the unemployment gap. For skewness, the coef-
ficient on ugap is positive, as is the one on the interaction between
ugap and Apart. The bottom panel shows marginal coefficients for
ugap when the labor market is slack or tight, obtained by combining
the coefficients on ugap and on the ugap-Apart interaction. These
marginal coefficients indicate that a smaller unemployment gap is
accompanied by lower skewness, that is by a shift in probability
mass towards higher inflation—but only if the labor market is tight.
For kurtosis, both the main and interaction coefficients are negative,
as are the marginal coefficients corresponding to a tight labor mar-
ket (bottom panel of the table). As a result, when the job market is
already tight, a lower unemployment gap increases kurtosis and tail
thickness. Volatility also declines as the unemployment gap shrinks,
but the marginal coefficients are only statistically significant when
using monthly data.

The three moments can be translated into probabilities of future
inflation scenarios. Doing so is useful because individual moments
can measure nuanced changes in the structure of inflation risks, but
assessing the practical relevance of joint moment dynamics is not
intuitive.

To better gauge the practical implications of these changes in
implied moments, it is useful to translate these changes to changes
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in the probabilities of different inflation scenarios. As discussed
in Section 2.1, there is a tight empirical relation between implied
moments and the probability of inflation overshooting (i.e., at most
0.5 percentage points above the median) or surging (i.e., at least
2.0 percentage points above the median). The coefficients in Table
5, which quantify how moments change with the labor market, can
be combined with the results in panel A of Table 1, which connect
moments and inflation probabilities. Using the coefficients in Table 5
from the monthly sample, a one-standard-deviation decline in ugap
raises the overshoot probability by about a tenth from 21.7 percent
to 23.6 percent (to 25.0 percent if using quarterly estimates), while
the surge probability declines from 3.4 percent to 2.9 percent (to
2.8 percent with quarterly data). The risk of a surge dips because,
as ugap compresses, the decline in volatility more than compensates
for the increase in kurtosis.

The importance of job market conditions in determining the con-
nection between option-implied inflation moments and the unem-
ployment gap is not driven by the specific choice of how to measure
labor tightness. In addition to changes in the participation rate,
I consider two alternative proxies: the unemployment gap itself,
which implies adding the squared ugap to the baseline regressions,
and the under-employment rate, defined as the ratio of the under-
employment level to the civilian labor force. In both cases, and in
contrast to Apart, lower values correspond to better employment
opportunities.

Table 6 shows the coefficients on ugap conditional on each of
the two measures of labor-market tightness, using monthly data.
These results should be juxtaposed to the monthly marginal effects
in Table 5. Comparability is ensured because all variables are stan-
dardized. There is a remarkable correspondence between the baseline
and alternative specifications. Crucially, the coefficients are always
larger in tight labor markets. In addition, the only difference in terms
of statistical significance pertains to skewness in slack markets, when
the proxy is the unemployment gap. In this case, the t-statistic is
close to —3, while it is about nil in the baseline. Finally, the mag-
nitude of the coefficients is quite similar to the main results when
conditioning on the unemployment gap, while it is noticeably larger
if using the under-employment rate.
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Table 6. Phillips-Curve Regressions: Alternative
Measures of Labor Market Slack

Unemployment Gap

Labor Market vol®Pt skew®P? kurtert

Slack 0.180** —0.223%** 0.139
(ugap; = +10) (2.59) (-2.82) (0.66)

Tight 0.229** 0.503*** —0.301%**
(ugap; = —10) (2.56) (3.86) (—2.18)

Underemployment Rate

Labor Market vol P! skew®Pt kurtopt

Slack 0.247 0.521 -0.521
(underempl; = +10) (1.18) (1.50) (-1.56)

Tight 0.339 1.667%** —1.302%**
(underempl; = —10) (0.96) (2.97) (-2.72)

Note: The table reports marginal coefficients on ugaps from monthly Phillips-curve
regressions similar to those in Table 5. The specifications use two alternative measures
of labor market slack: the unemployment gap (meaning that the regressions include
a linear and squared term for ugapt) and the underemployment rate (underemply),
defined as the underemployment level divided by the civilian labor force. All variables
are standardized. t-statistics are calculated with standard errors based on Newey and
West (1987) with 12 lags. The sample covers 2010-19.

5. The Informative Content of Inflation Moments

The responsiveness of inflation moments to the labor market indi-
cates that options quickly incorporate information, consistent with
the discussion in Section 2.2 on why illiquidity does not prevent price
formation. Since option-implied distributions are forward looking,
moments should anticipate future inflation dynamics, especially—
in light of the results so far—when the labor market is tight. In
this section, I investigate whether such is indeed the case, using
regressions of selected variables on lagged inflation moments. The
relatively short sample, which is limited to the post-GFC period,
implies that considering the moments of realized inflation as depen-
dent variables is impractical. As a result, I focus on variables that
are plausibly linked to lagged inflation moments, as long as option
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prices contain useful information. These variables are, first, realized
moments of daily risk-neutral inflation expectations and, second,
wage-growth dispersion across industries. The following subsections
discuss the variables and the results of the analysis.

5.1 The Moments of Future Break-FEven Rates

I measure risk-neutral inflation expectations with five-year break-
even rates, defined as the difference between nominal and real Trea-
sury yields. Realized moments are calculated using daily break-evens
over the three months after option-implied moments are measured.
Focusing on volatility as an example, if high implied volatility in
t — 1 correctly anticipates high volatility of realized inflation over
the subsequent five years, it is likely that realized inflation will also
be volatile over the horizon covered by the break-evens (five years
from ¢ + 2). As a result, break-evens between ¢ and ¢ + 2 are also
likely to be volatile. Consequently, high implied volatility in ¢ — 1
should anticipate high volatility for break-even rates between t and
t + 2. Similar reasoning applies to skewness and kurtosis.

I compute the realized log-volatility, skewness, and kurtosis of
daily five-year break-even rates (mom!™*) within a given quarter,
half-year, or year. Each of these moments is then regressed on its
lagged value and the corresponding lagged average option-implied
moment (mom{"):

momgrk a4+ B . mom?ftl + - momfikl + €. (11)

In the main specification, the coefficients are computed with ordi-
nary least squares (OLS) and the standard errors are based on Newey
and West (1987) with two lags. In an alternative specification, I con-
sider the possibility that persistence in the regressors could yield
biased coefficients, and use the procedure of Amihud, Hurvich, and
Wang (2009) to correct for this potential bias.

The results are reported in Table 7. Starting with the quar-
terly horizon, the first three columns of panel A indicate that risk-
neutral inflation volatility provides useful signals about future real-
ized break-even volatility, which increases by 0.4 standard deviation
for one standard-deviation increase in option-implied volatility. How-
ever, there is no effect in the case of skewness or kurtosis. As shown
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in panel B, the reduced-bias methodology of Amihud, Hurvich, and
Wang (2009) yields similar coefficients to those based on OLS.

At the half-yearly horizon, the magnitude and statistical sig-
nificance of the coefficient on volatility start to fade, while risk-
neutral skewness is clearly linked to future break-even skewness.
Once more, there is little difference between the computations based
on OLS and Amihud, Hurvich, and Wang (2009). The connection
between break-even and lagged option-implied moments disappears
when considering a one-year horizon.

To take the state of the labor market into account, the marginal
effect of inflation moments is computed from the coefficients 8 and
A in the following regression:

brk opt brk
momy™" = a+ 3 - momi”| +~ - mom;"™ + & - Apart;_,

+ X -mom® - Apart, 1 + e, (12)

where standard errors are based on Newey and West (1987) with
two lags. The results are presented in Table 8, which shows mar-
ginal effects when the labor market is tight or slack, defined on
the basis of Apart;_1 being one standard deviation above or below
average.

At the quarterly horizon, volatility remains the only option-
implied moment to comove with its equivalent computed from break-
even rates. The picture becomes richer starting with the six-month
frequency: labor tightness means that all option-implied moments
anticipate their realized counterparts. A similar pattern holds at the
one-year horizon, although magnitudes and statistical significance
decline for skewness and kurtosis. Interestingly, coefficient signs indi-
cate that inflation risk is persistent in tight labor markets, while it
tends to revert in slack ones.

5.2 The Dispersion of Future Cross-Industry Wage Growth

I now turn to whether risk-neutral moments anticipate the dispersion
of wage growth across industries. The rationale is that inflation-
ary pressures generally raise labor compensation (Blanchard 1986
and Mehra 1991), but industries where workers have low bargaining
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power are less likely to see wage growth (Stansbury and Summers
2020). Coupled with downward nominal rigidity in wages, this obser-
vation is likely to generate high cross-industry dispersion in wage
growth when inflationary pressures are strong.

Dispersion is the log-difference of the highest and lowest wage-
growth rates across industriedd in a given time period, divided by
average growth:

max(w;) — min(w;)

disp; = In , (13)

—1.%7% .
n=t - X0 w;

where w; is the relative change in wages between months ¢ and ¢+ A,
where h = 3 or h = 6, depending on the horizon.

To measure worker bargaining power in a given industry, I use
the fall in industry employment between 2001 and 2009 (see the dis-
cussion of how unemployment affects bargaining power in Summers
1988)E As Pierce and Schott (2016) highlight, employment changes
over that period were heavily influenced by a 2000 change in U.S.
trade policy that eliminated the risk of higher tariffs on imports
from China. Industries most exposed to competition from Chinese
imports saw sharp declines in employment

Figure 2 shows that firms with larger employment declines
between 2001 and 2009 experienced lower wage growth between 2010
and 2019, supporting the conjecture that cross-industry dispersion
in wage growth depends on labor bargaining power. This finding,

5T consider the following industries based on availability (data codes for
the St. Louis Fed’s FRED data set are shown in parentheses): construction
(CES2000000008), education (CES6500000008), financials (CES5500000008),
information (CES5000000008), leisure and hospitality (CES7000000008), man-
ufacturing of durable goods (CEU3100000008), manufacturing of nondurable
goods (CES3200000008), mining and logging (CES1000000008), professional and
business services (CES6000000008), retail trade (CES4200000008), transporta-
tion and warehousing (CES4300000008), utilities (CES4422000008), and whole-
sale trade (CES4142000008).

"While union membership is an intuitive measure of bargaining power, union
participation in the United States fell from 20 percent in 1983 to 10 percent in
2022 (Bureau of Labor Statistics 2023).

8 A broad literature finds that import competition normally has adverse effects
on wage stability (Bertrand 2004) and distribution (Borjas and Ramey 1995), in
line with a negative effect on bargaining power.



Vol. 22 No. 3 Inflation Risk and the Labor Market 147

Figure 2. Wage Inflation Dispersion
and Labor Outside Options

Wage-growth differentials are linked to
changes in labor market after 2000 reform
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Note: In a given month between 2010 and 2019, industries are sorted into two
groups based on wage growth over the following three months. These two groups
include, respectively, the three industries with the lowest future wage growth
and the industries with the highest future wage growth. As a result, such sort-
ing emphasizes realized cross-industry wage dispersion within time periods. For
each group, the bars show the average decline in industry employment between
2001 and 2009, after China was granted permanent normal trade relations by the
U.S. Congress in October 2000 (see Pierce and Schott 2016). A smaller decline
in employment signals better industry-specific labor outside options during the
2010s.

in turn, suggests that inflationary pressures can affect wage-growth
dispersion, since differences in worker bargaining power across indus-
tries are reflected in the pass-through from inflationary pressures to
wages.
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To the extent that implied inflation moments are informative
about future inflation risk, they should be positively associated with
future wage-growth dispersion, especially if—like high skewness—
they express asymmetric risk of high inflation. I gauge the link
between risk-neutral inflation moments and future wage-growth dis-
persion with the following monthly regressions:

dispy = a+ B -momy_1 + - disp;_1 + 6 - Apart,_
+ X-momy_1 - Aparti_1 + €, (14)

where mom;_; is either log-volatility, skewness, or kurtosis, and
standard errors are based on Newey and West (1987) with lags equal
to the lead horizon in months plus 12 (the length of the moving win-
dow over which Apart is calculated). All variables are standardized,
so the coefficients can be interpreted as the effect of one-standard-
deviation increases in the independent variables on the standard
deviation of the dependent variable.

Without conditioning on the labor market, higher volatility and
skewness anticipate a wider wage-growth range over the next three
months (Table 9). In contrast, kurtosis signals a narrower disper-
sion. This finding is consistent with the result in Tables 7 and 8
that higher risk-neutral kurtosis, when the coefficient is statistically
significant, often prefigures lower realized kurtosis, that is a lower
incidence of tail inflation realizations. At the six-month horizon, only
the coefficient on skewness remains statistically significant, with a
roughly unchanged magnitude. Taking the state of the job market
into account (Table 10), the results indicate, once more, that option-
implied moments are more informative in periods of labor tightness.
The effect is particularly strong for skewness, which, as discussed in
the previous paragraph, can be expected to have a stronger effect
on wage-growth dispersion because it expresses asymmetric risk of
high inflation.

6. Conclusions

While the measured Phillips curve has flattened over time, option-
implied inflation distributions indicate that perceived inflation risk
has remained sensitive to labor market dynamics. In particular,



Vol. 22 No. 3 Inflation Risk and the Labor Market 149

Table 9. Inflation Moments and the
Dispersion of Industry Wage Growth

Dep. Var. — dispy dispy
Horizon — 3 Months 6 Months
vol?P! 0.264** 0.060
(2.18) (0.40
skew?”, 1.712% 1.707*
(1.75) (1.93)
kurt??, ~0.945%* -0.198
(—2.55) (-0.47)
disps—1 0.525%*% | 0.554*** | 0.559%** | 0.667*** | 0.637*** | 0.676***
(7.75) (7.88) (8.34) (13.24) | (11.12) | (13.17)
Obs. 118 118 118 118 118 118
R? 0.574 0.555 0.564 0.591 0.605 0.590

Note: The dependent variable is the dispersion of wage growth across industries, defined
ma(w;) ~min(w;)

n—1 -Z']’.L:ij
t and t + 3 or ¢t 4+ 6, depending on the horizon indicated in the panels above. The variable
dispi—1 is defined in a similar way, but with the relative change in wages being computed
between months t — 3 or ¢t — 6 and ¢, depending on the horizon. All variables are standard-
ized and t-statistics are computed using standard errors based on Newey and West (1987)

with lags equal to twice the lead/lag horizon. The monthly sample covers 2010-19.

as dispy = In , where w; is the relative change in wages between months

Table 10. Inflation Moments and Wage-Growth
Dispersion, by Labor Slack

Marginal Effect of
Option-Implied Moments

Horizon — 3 Months 6 Months
Labor Market — Tight Slack Tight Slack
voltoftl 0.303* 0.089 0.061 -0.013

(1.88) (0.47) (0.64) (-0.05)
skew™, 0.494%%% 0.062 0.228%* 0.118%*

(4.98) (1.29) (2.21) (2.05)
k:urt‘;ftl -0.306** —0.151** 0.067 —0.087

(-2.20) (-2.11) (0.57) (-1.17)

Note: This table reports the coefficients of regressions (monthly frequency) link-
ing the future dispersion of industry wage growth to lagged option-implied inflation
moments. The specification is dispr = a + Bdispi—1 + yxe—1 + 0 - Aparts—1 + X -
rt—1 - Aparti—1 +€¢. The variable x4_1 represents one of the different option-implied
moments, while disp; and disps—1 are defined as detailed in Table 9. All variables
are standardized and t-statistics are computed using standard errors based on Newey
and West (1987) with lags equal to the lead horizon plus 12 (Apart is computed over
12 months). The sample covers 2010-19.
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upside risk increases when the unemployment gap shrinks, espe-
cially in an already tight labor market. Among the various inflation
moments, implied skewness is particularly reactive to the unemploy-
ment gap. Importantly, implied moments convey useful information,
in that they anticipate future patterns in market-based inflation
expectations and in wage growth. Overall, the results presented in
this paper point to complex dynamics for (risk-neutral) inflation risk
in the background of an apparent detachment of headline inflation
from the labor market.

The use of options to compute inflation moments has two impor-
tant implications. The first is that the moments incorporate risk
premia, which generally create a wedge relative to estimates based
on surveys or econometric methods. These premia, however, incor-
porate useful information on outcomes that matter the most to
investors and that affect their decision-making. The second conse-
quence is that the reliability of the implied moments depends on
the quality of option prices. While these instruments were illiquid
in the second half of the sample and prices largely reflected dealer
quotes, dealers have strong incentives to provide quotes close to fair
value. The main reason is that their clients reportedly use the data
to mark-to-market legacy positions in inflation options.

Appendix

A.1 Effects of Including Data from the Pandemic

This section provides more details on the behavior of inflation
moments during the pandemic and on the effect of including the
pandemic in the sample on the main results. While data are avail-
able to cover the pandemic and its immediate aftermath, the paper
focuses on the pre-pandemic period for two main reasons.

The first reason is that the dislocations generated by the pan-
demic and the resulting data outliers can distort inference about
economic relations that hold during normal periods. There has been
considerable effort in the literature to contain these distortions. See,
for instance, Davis and Ng (2023) and Carriero et al. (2024). The sec-
ond reason is that, as noted in the main text, institutional features
of the market for inflation options mean that the informativeness
of these options was expected to decline through the early 2020s.
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Table A.1. Marginal Effects of Unemployment Gap

Marginal Effects
Labor Market Vol. Skew Kurtosis
Slack 0.170 —0.547* 0.091
(0.97) (-1.75) (0.30)
Tight 0.376%** 0.936%** -0.615**
(2.88) (2.76) (—2.43)

Indeed, data for several strikes were discontinued starting in August
2021.

The remainder of this section provides selected details on how
including data from the pandemic (up to August 2021) affects the
analysis. It will then provide details on the liquidity of inflation
options in the latter part of the sample.

Table A.1 shows the marginal effects of the unemployment gap on
the various implied moments when the labor market is slack or tight,
when using quarterly data that extends to the end of the sample in
the second quarter of 2021. The table corresponds to the bottom left
panel of Table 5 in the manuscript. The results are quite similar to
those shown in Table 5.

While changes in data availability in August 2021 do not affect
the analysis discussed in the paper, which focuses on the pre-
pandemic sample, a pertinent question is whether the quality of the
data started to decline before the quotes for some strikes became
unavailable. I address this point in the first part of the next section.

A.2  FEvidence on Options Data Informativeness
A.2.1 The Effect of Discarding Stale Prices

Even if no volume is available for inflation options, it is possible to
gauge the quality of the data by studying instances when prices do
not change from one day to the other (“stale” prices). Prices that
remain unchanged are not necessarily a sign of poor data quality.
Especially for out-of-the-money (OTM) options, which by construc-
tion have low prices, a stale quoted price can simply mean that the
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intrinsic value of the option has not changed more than the minimum
tick used by an exchange or by a desk that disseminates quotes.

Before proceeding further, it is useful to consider the incidence
of prices that do not change from one day to the next in the market
for options on the S&P 500 index (ticker SPX), which are some of
the most liquid options available. The following statistics refer to
data for the month of August 2023, obtained from Optionmetrics
via Wharton Research Data Services.

e There are 400,958 observations in the August 2023 file.

e Of these, 29,211 observations (7 percent) have either the bid
price or ask price that did not change compared to the previ-
ous trading day.

e Of these, 28,289 observations (97 percent) are OTM options
(with the absolute value of the option delta below 0.1). The
high incidence of OTM options is expected, because low delta
options have low prices and the “true price” may move less
than the minimum tick.

e Of these 28,289 observations, 7,204 (25 percent) have non-zero
trading volume, and 4,325 (15 percent) have trading volume
greater than 10 contracts

Going back to the question of whether the quality of the inflation-
option data started to decline before the quotes for some strikes
became unavailable, a conservative approach to gauging the issue
is to discard days in which at least one of the options has a price
that does not change relative to the previous day. Figure A.1 shows
option-implied inflation percentiles computed this way (red lines)
along with the percentiles based on the data used in the manu-
script (blue lines). Besides a discrepancy in the 10th percentile at
the beginning of 2012, the baseline moments are virtually identi-
cal to their counterparts that drop days when at least one option
price is unchanged. This is also the case before and during the
pandemic.

A.2.2  FEvidence from Option-Implied Volatility

The implied volatility of inflation saw large movements around the
pandemic (see Figure 1 in the main text). While this behavior is
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Figure A.1l. Implied Inflation Percentiles
after Removing Stale Prices
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not unexpected given the impact of the pandemic, it is important to
ensure that these movements are not the consequence of issues with
the data or methodology. Even if the pandemic is not included in
the sample and cannot drive the results, assessing the dynamics of
implied moments around the pandemic is useful to confirm that the
data and methodology are sound.

Figure A.2 shows a scatterplot of implied inflation volatility (x-
axis) against a measure of expected-inflation dispersion obtained
from the Survey of Professional Forecasters (SPF), provided by the
Federal Reserve Bank of Philadelphia (y-axis). The measure of dis-
persion is the interquartile range of forecasts for inflation over the
next five years. The SPF data are quarterly, and implied inflation
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Figure A.2. Inflation Survey Dispersion
and Implied Inflation Volatility
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volatility is averaged within a quarter. The comovement is relatively
strong between 2010 and 2019 (the main sample) and the corre-
lation is 68 percent. Including data through the second quarter of
2021, the correlation drops to 63 percent, but the comovement is
still quite strong. The one exception is the first quarter of 2021,
when option-implied volatility is much higher than the survey-based
measure.

Figure A.3 depicts the time series of daily implied inflation
volatility during the first quarter of 2020, when asset prices were
extremely volatile due to the initial impact of the pandemic. Early
in the quarter, implied volatility was in line with end-2019 values,
but rose to very high levels in mid-March 2020 and declined only
after the Federal Reserve set up several liquidity facilities in support
of credit intermediation. This spike is the reason why the average
value of inflation implied volatility in the first quarter of 2020 is
unusually high. Other measures of financial market risk jumped to
historic highs around that time. For instance, the VIX index closed
at 208 percent on March 16, 2020, about 15 times the average closing
value in the fourth quarter of 2019 (14 percent).
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Figure A.3. Option-Implied Volatility
during the First Quarter of 2020

Implied volatility
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Note: The shaded area covers March 17 to March 23, 2020. During this period,
the Federal Reserve announced several liquidity facilities to support credit inter-
mediation.

A.2.8 Implied Distribution Dynamics in Early 2020

Reviewing inflation densities during the pandemic can help to better
understand whether information embedded in option prices reflects
rapid shifts in economic conditions during a challenging period.
Figure A.4 shows the time series of percentiles of implied densities,
which make it easier to understand changes in the distributions over
time.

The chart includes selected percentiles ranging from the 10th to
the 90th, spanning 2020. The chart also shows March 23, 2020, when
the Federal Reserve set up several liquidity facilities that supported
credit markets. Starting in mid-February, implied distributions start
shifting rapidly to the left as the impact of the pandemic had large
negative effects on current and expected economic growth. The shift
to the left was precipitous in March and started to revert as pol-
icymakers deployed significant resources to contain the economic
fallout of the pandemic. By late summer, the distributions returned
to pre-pandemic shapes.

Figure A.5 shows the overall change in percentiles between Jan-
uary 2 and March 23 (corresponding to the vertical line shown in
the time series in Figure A.4). The bar chart represents the shift in
the shape of the implied distribution. While the whole distribution
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Figure A.4. Selected Percentiles of Option-Implied
Inflation Distributions in 2020
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Note: The vertical line shows March 23, 2020, when the Federal Reserve estab-
lished liquidity facilities in support of corporate credit intermediation.

shifted left, as indicated by the drop in the median, the right tail
compressed even further, as shown by the large decline in the 90th
percentile.

A.2.4 Implied Moments after Key Monetary
Policy Announcements

This section provides evidence on how implied inflation moments
react to important announcements that shifted the monetary pol-
icy stance. Specifically, I compute the average change in implied
volatility, skewness, and kurtosis following certain announcements
that changed the Federal Reserve’s balance sheet policyE I then
compare these averages to average changes over the rest of the sam-
ple. As shown in Figure A.6, average month-on-month changes in
implied moments after these events (blue dots) are outside of the 90

9The events are QE2 hinted (August 2010), Operation Twist announced (Sep-
tember 2011), Operation Twist extended (June 2012), QE3 expanded to include
more Treasuries (December 2012), QE3 tapering begins (December 2013), QE3
ends (October 2014), Federal Reserve announces balance sheet normalization
(June 2017), and Federal Reserve Chair emphasizes balance sheet flexibility if
needed (January 2019).
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Figure A.5. Change in Implied Percentiles,
from January 2 to March 23, 2020
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Note: On March 23, 2020, the Federal Reserve established liquidity facilities in
support of corporate credit intermediation.

percent confidence intervals for average changes in the rest of the
sample, except for kurtosis (top chart). While average changes over
the full sample can be expected to be close to zero (the moments
should be stationary), the same conclusions apply when considering
the absolute values of changes (bottom chart).

On average, volatility decreases and skewness increases, mean-
ing that—following significant monetary policy announcements—
investors become less uncertain about the future path of inflation,
and (due to the increase in skewness) the risk of low inflation sub-
sides.

A.2.5 Implied Distributions after Selected QF Announcements

To illustrate the effect that significant announcements related to the
monetary policy stance have on the implied distribution of inflation,
the four charts in Figure A.7 show changes in selected percentiles



158 International Journal of Central Banking July 2026

Figure A.6. Changes in Implied Moments
after Key Monetary Policy Announcements
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from the month in which an announcement was made to the fol-
lowing month. The charts refer to the following announcements:
QE2 hinted (August 2010); Operation Twist announced (September
2011); Operation Twist extended (June 2012); and QE3 expanded
to include more Treasuries (December 2012). In the first case, higher
percentiles increased markedly, while the rest remained unchanged.
As such, the distribution saw a thickening of the right tail. In con-
trast, each of the three other announcements saw an increase in the
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Figure A.7. Changes in Implied Distribution
Percentiles after QE Announcements
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lower percentiles, indicating a shift in the left-tail probability mass
toward the median and a declining risk of low inflation.
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We study how monetary policy affects the labor status of
people of different ages and genders, using Japanese data span-
ning the late 1990s to the late 2010s, with monetary policy
shocks identified using high-frequency market data. We first
demonstrate that expansionary monetary policy shocks reduce
the number of unemployed of all ages in both genders by almost
the same amount. We then show that the impacts of these
shocks are starkly different across ages in terms of responses
in the labor force and number of employed. Specifically, expan-
sionary monetary policy shocks induce the young and elderly
demographics who were previously outside the labor force to
enter the labor market, thereby increasing the employed popu-
lation within these age brackets while exerting lesser influence
on the middle-aged cohort. These findings suggest that changes
in the labor force participation rate could play an important
role in determining the degree of labor market slack for specific
ages, potentially leading to a relatively limited wage increase to
expansionary monetary policy shocks through the composition
effect.
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1. Introduction

The demographic landscape of the Japanese economy has under-
gone significant transformations. Figure 1 shows the population
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Figure 1. Distribution of Population by Age in Japan

Note: This figure shows the distribution of population by age in Japan. The
solid line, the dotted line, and the dashed line show the distribution in 1970,
1995, and 2019, respectively. The data come from the Ministry of Internal Affairs
and Communications.

distribution in Japan across pivotal years, 1970, 1995, and 2019.
In 1970, the distribution peaked around the 20s, with individu-
als younger than 30 constituting more than half of the population.
In contrast, by 2019, this demographic segment accounted for less
than 30 percent, while individuals aged over 60 represented one-
third of the total population. Indeed, Japan is not an exception; to
some degree, other advanced economies such as the United States,
the United Kingdom, and Germany have also encountered analo-
gous changes in their demographic structures in the last 50 years to
comparable extents.

The effectiveness of macroeconomic policies is intricately linked
to the demographic landscape, particularly in the context of labor
market dynamics where individuals transition in and out of the work-
force. Responses in labor force participation to policy changes across
different stages of the life cycle significantly affect policy outcomes
(see Imrohoroglu and Kitao 2012 and Leahy and Thapar 2022).
For example, younger demographics contemplating entry into the
workforce and elderly individuals pondering retirement decisions are
influenced by economic, social, and institutional factors. Monetary
policy shocks can also expedite or delay these decisions by altering
economic conditions, leading to heterogeneous responses of the indi-
viduals across age groups through affecting the factors involved in
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their decision-making process: some age cohorts may possess greater
flexibility in adjusting their labor status compared to the other age
cohorts. Because of the differences regarding the responses across
age groups, the demographic composition can crucially affect mon-
etary policy outcomes regarding total labor inputs, wage growth,
and aggregate output. As illustrated in Figure 2, in Japan, younger
and elderly individuals typically have earned lower wages compared
to their middle-aged counterparts in the last 20 years, although the
differences become slightly diminished in 2019 compared to 1999[4
Consequently, other things being equal, an expansionary monetary
policy shock may result in a limited nominal wage increase if it pre-
dominantly increases low-wage workers such as the young and the
elderly relative to middle-aged workers. Therefore, it may also result
in a moderate response of inflation as long as institutional arrange-
ments in Japan that make both young and old workers responsive
to these shocks remain in place

First, this paper investigates the response to monetary policy
shocks of individuals with different ages concerning labor statusP To
address this question, we utilize disaggregated data on employment,
unemployment, and labor force participation by age and gender
obtained from the Labor Force Survey in Japan, a country char-
acterized by having one of the highest proportions of elderly citizens
globally. We employ a vector autoregression (VAR) framework to
estimate the responses of these disaggregated labor-related variables
to monetary policy shocks. Our empirical specification closely follows
the approach developed by Gertler and Karadi (2015) and identifies
monetary policy shocks by instrumenting the one-year government

! Growing participation of the younger and elderly workers in the labor force
may have suppressed wage growth during the recovery from the Global Financial
Crisis. For example, for elderly workers, Mojon and Ragot (2019) and Bank of
Japan (2023) highlight that active participation of old workers boosts the labor
force despite the overall population declines, which contributes to a moderate
increase in wages driven by the increased labor supply in the 2010s for Japan
and OECD countries, respectively.

2This is consistent with Tmam (2015), which shows the weakening effect of
monetary policy shocks on the inflation rate due to aging.

3The importance of demographic change in monetary policy decision-making is
also pointed out, for example, in Geneakoplos, Magill, and Quinzii (2004), Yellen
(2014), Favero, Gozluklu, and Yang (2016), and Favero, Melone, and Tamoni
(2022).
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Figure 2. Hourly Nominal Earnings by Age in Japan

Note: This figure shows the average hourly nominal earnings by age in Japan.
The data come from the Ministry of Health, Labour and Welfare.

bond yield with changes in Euroyen futures (Japanese short-term
interest rate futures), following the methodology outlined by Naka-
mura, Sudo, and Sugisaki (2024).

We find that the number of unemployed falls significantly in
response to an expansionary monetary policy shock, and the mag-
nitude of the decline is quantitatively the same across ages and gen-
ders. In terms of changes in the labor force and number of employed,
however, the impacts of a monetary policy shock are starkly dif-
ferent across ages. Specifically, both youth and elderly individuals
experience a greater increase in labor force participation compared
to the middle-aged demographic in response to expansionary mone-
tary policy shocks, suggesting that a favorable macroeconomic labor
market environment lowers the relative benefits of being a student or
a retiree for individuals of these age cohorts. Moreover, the number of
employed increases significantly for the youth and the elderly while
that of the middle-aged does not respond significantly to the shocks.
This observation suggests that a rise in firms’ increased demand for
labor inputs following expansionary monetary policy shocks is met,
if not fully, by a rise in participation in the labor force among young
and elderly individuals.

We further delve into the distinctive characteristics of Japan’s
labor market structure to illuminate the factors behind the pro-
nounced increases in both young and older workers’ responses to
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expansionary monetary policy shocks. Regarding young individu-
als, their labor force participation tends to be procyclical as they
transition between students and workers; economic upswings encour-
age a greater number of students to enter the labor market, while
recessions prompt a withdrawal. This procyclicality is also partially
attributed to the fact that schooling options help youths choose
better timing for employment. Under a system of simultaneous hir-
ing and lifetime employment, young people have an incentive to be
selective about the first company they work for as new graduates
and the type of work they do, such as permanent or temporary
employment from a long-term perspective. Regarding the elderly
population, their labor force participation tends to be procyclical
as they transition between retirees and workers. With a significant
perception of inadequate pension support, coupled with high life
expectancy and financial insecurity, the retired elderly rejoin the
labor force when the labor market condition is favorable.

Second, we estimate the wage Phillips curve for different age
groups to evaluate how the fluctuations in the labor force partici-
pation rate affect the labor market slack by altering the available
labor supply within the economy. When the cyclicality of changes in
the rate is age-specific, as evidenced in our study, variations in the
slope of the wage Phillips curve are expected to be different across
the age groups. Indeed, we find that the slope is steeper for the
middle-aged compared to the slopes for the youth and the elderly.
This observation further suggests that the aging of society has gone
hand-in-hand with weak wage dynamics[] Our findings are consistent
with the existing studies, for example, by Erceg and Levin (2014)
and Elsby, Hobijn, and Sahin (2015): the shifts in labor force partic-
ipation rate play a pivotal role in shaping nominal wage dynamics.
Indeed, Erceg and Levin (2014), stressing the role of the labor force
participation rate, showed theoretically that the slope of the wage
Phillips curve becomes less steep when the labor force participation
rate exhibits cyclical patterns.

4The flattening of the wage Phillips curve has been reported in the existing
works in advanced countries, including Japan. See, for example, an empirical
study conducted by Iwasaki, Muto, and Shintani (2021) and Hirata, Maruyama,
and Mineyama (2020).
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This paper is organized as follows. Section 2 describes the related
literature. Section 3 presents the econometric framework we use for
the empirical analysis. Section 4 describes the data set. Section 5
documents the results. Section 6 discusses the implications of our
results for the wage Phillips curve. Section 7 concludes.

2. Literature Review

This paper is related to three strands of the literature. The first
strand covers empirical works quantifying the heterogeneous effects
of monetary policy shocks depending on the characteristics of each
agent, including studies such as Coibion et al. (2017), Inui, Sudo,
and Yamada (2017), Bahaj et al. (2019), Cloyne, Ferreira, and
Surico (2020), Zens, Bock, and Zorner (2020), and Leahy and Thapar
(2022). Among these studies, Bahaj et al. (2019) and Zens, Bock, and
Zorner (2020) investigate the relationship between monetary policy
shocks and the response to employment. Bahaj et al. (2019) focus on
the collateral channel by exploiting the homes of firms’ directors as
a key source of collateral. The spatial separation of firms from their
collateral enables them to separate the collateral channel from local
demand effects. Zens, Bock, and Zérner (2020) find that the effects of
monetary policy shocks on the unemployment rate differ depending
on the occupational group. Compared to these papers, which focus
on the characteristics of companies, this paper focuses on the hetero-
geneous effects of monetary policy shocks depending on differences
in workers’ age and gender. Moreover, Coibion et al. (2017) and
Inui, Sudo, and Yamada (2017) investigate the relationship between
consumption inequality and the transmission of monetary policy in
the U.S. and in Japan, respectively. Inui, Sudo, and Yamada (2017)
find that monetary policy shocks do not have statistically significant
impacts across Japanese households in a stable manner in terms of
their effects on income and consumption inequality. On the other
hand, the present paper discusses the relationship between monetary
policy and labor status and finds that impacts are starkly different
across ages

5Regarding the relationship between monetary policy and inequality,
Bernanke (2015) points out the possibility that quantitative easing can reduce
inequality through promoting job creation since a stronger labor market benefits
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The second strand of the literature covers empirical work quan-
tifying the relationship between population aging and the busi-
ness cycle, including the implications for monetary policy, such as
Jaimovich and Siu (2009), Imam (2015), and Wong (2019) E Among
these studies, Jaimovich and Siu (2009) document the relatively
larger variation of employment among the youth and the elderly,
and argue that the change in the age composition of the labor force
accounts for a significant fraction of the cyclical fluctuation of busi-
ness cycles in the U.S. We show that a similar pattern can be seen
for employment variations conditional on monetary policy shocks in
Japan as well as in the U.S., namely a larger response of the number
of employed among the young and the old. Imam (2015) shows that
there is a relationship between population aging and monetary pol-
icy in terms of inflation and unemployment by Bayesian estimation
techniques, while this paper assesses the effect of monetary policy
shocks on labor-related variables of different age groups.

The third strand of the literature consists of studies investigat-
ing the labor market slack and wage settings, including studies such
as Erceg and Levin (2014), Blanchflower and Levin (2015), Elsby,
Hobijn, and Sahin (2015), and Christiano, Trabandt, and Walentin

(2021 E Erceg and Levin (2014) argue theoretically that monetary
pohcy affects the labor force participation rate. Christiano, Tra-
bandt, and Walentin (2021) construct a monetary model in which
the labor force participation rate varies with the business cycle.
Blanchflower and Levin (2015) and Elsby, Hobijn, and Sahin (2015)
empirically point out the importance of labor force participation
margin in explaining the hidden unemployment, which could put
downward pressure on nominal wages. Since some workers who are
not actively searching for a job can rejoin the workforce if the job

the middle class. This paper clarifies the segments of the population who receive
benefits from expansionary monetary policy shocks: such shocks lead to a greater
increase in employment of young and old workers, whose wages are relatively low.

SInstead of monetary policy, some studies investigated the relationship
between fiscal policy and demographic change, since age structure is closely
related to the social security policy and taxation system. This includes Rios-Rull
(2001), Abel (2003), and Imrohoroglu and Kitao (2012).

7 Also, a lot of study has been dedicated to clarifying the cyclicality of employ-
ment and labor force participation. See, for instance, Ragan (1977), Shimer
(2005), Campolmi and Gnocchi (2016), Chodorow-Reich and Karabarbounis
(2016), and Cairo, Fugita, and Morales-Jimenez (2022).



172 International Journal of Central Banking July 2026

market gets stronger, labor market slack exerts significant down-
ward pressure on nominal wages. Compared to these studies, we
argue that the slack is age-specific, larger for the young and the
old, and smaller for other age groups, which, together with the shift
in age composition in the population, may moderate a rise in the
aggregate-level nominal wage in Japan in response to expansionary
monetary policy shocks in Japan.

3. Econometric Framework

Our estimation procedure consists of two steps. First, we formulate a
VAR that consists of macroeconomic variables of the sample period
running from 1999:M1 to 2018:M12 and estimate the response of the
variables to monetary policy shocks. We identify monetary policy
shocks by using high-frequency data as external instruments fol-
lowing Gertler and Karadi (2015). Almost all of our sample period
coincides with the period when the short-term interest rate was set
close to zero and the Bank of Japan had launched various policy
initiatives trying to reduce not only the current short-term nominal
interest rate but also the expected short-term nominal interest rate
and the term premiumﬁ We therefore incorporate financial variables
including the government bond rate instead of the short-term nomi-
nal interest rate in our VAR and isolate variations in the government
bond rate that stem from the exogenous policy shocks thanks to
high-frequency identification Second, we regress a disaggregated
labor-related variable, such as the unemployment rate of males in
their 30s, on macroeconomic variables and estimate the response of
the variable of interest to monetary policy shocks. We assume a block

80ur data set includes the period in which the zero interest rate (ZIR), quanti-
tative easing (QE), comprehensive monetary easing (CME), and quantitative and
qualitative monetary easing (QQE) policies were in place. Note also that QQE
includes QQE with a negative interest rate and QQE with yield curve control.
ZIR runs from 1999:M2 to 2000:M8, QE runs from 2001:M3 to 2006:M3, CME
runs from 2010:M10 to 2013:M4, and QQE runs from 2013:M4 to the present.

9External instruments are employed in a growing body of studies, including
Stock and Watson (2012) and Mertens and Ravn (2013). High-frequency iden-
tification for Japan’s monetary policy shocks used in the current paper are the
same as those constructed in Nakamura, Sudo, and Sugisaki (2024).
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recursive framework (see Lee and Ni 2002) so that a shock to dis-
aggregated variables does not affect the dynamics of macrovariables
in the VAR estimated in the first step.

3.1 Macrovariable Block

Our VAR contains N, number of monthly series of macroeconomic
variables and is expressed in the following structural form:

p
A:vXt - Aaccx + Z AmB:vac,th—j + Exts (1)

j=1

where X; is the N, -dimensional vector of macroeconomic variables,
B ; is the matrix of polynomials that represent the structural rela-
tionships among macroeconomic variables, A, and ¢, are coefficient
matrices, and €, ¢ is a vector of structural white noise shocks Mul-
tiplying each side of the equation by A ! yields the reduced-form
VAR model given by

p
Xt =Cz + Zme,thfj + Ug,t, (2)

Jj=1

where ug ¢ is the reduced-form shock. The relationship between the
reduced-form shock, u; ¢, and the structural shock, €, ¢, is given by

Uzt = Sacﬂ,t’ (3)

with S = A7 !. The variance-covariance matrix of the reduced-form
model ¥ can be written as

E [uzul,,] = E[SS'] =X (4)

Now, let r be the interest rate included as one of the macroeco-
nomic variables in this VAR block, and let X, ; be macroeconomic
variables other than r. We denote reduced-form residuals u, ; of r
as ur; and of X, as ug;. We define €, and g4 similarly to u,,

10We use 12 lags, p = 12, in our baseline estimation. The results are little
changed when other numbers of lags, p = 6 or 18, are used for the estimation.
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and ug ;. Regarding the component of the matrix S, s is defined as
the column in matrix S corresponding to ,.;. To obtain the impulse
response to the monetary policy shocks, we do not have to iden-
tify all of the coefficients in S. Specifically, we need to estimate the
following equation:

p
Xi=co+ Y BuajXi j+ 56rs. (5)
j=1

In order to obtain the coefficient of the matrix B, ;, we can sim-
ply use the least-squares estimation in Equation (2). Since we focus
on the case of Japan where the policy target rate is constrained by
the effective lower bound, it is important for a policy indicator to
include shocks to unconventional monetary policy such as forward
guidance. Thus, we choose one-year and two-year rates as candidates
for the policy indicator. To isolate movements of the policy indica-
tor made by exogenous monetary policy shocks, we use instrument
variable Z;. The conditions of the instrument variables Z; are

EZer4] = p, (6)
E[Zieq4] = 0. (7)

These equations state that instruments Z; are only correlated with
monetary policy shocks ¢, ;, but they are orthogonal to other macro-
economic variables shocks €4 ¢+. If we are able to obtain these instru-
ment variables, s can be estimated as follows.

e From the instrument variables Z;, and the residual u; obtained
from the VAR regression, estimate the following equation:

Upp = 0 + b1 Zy + &g, (8)

where a; and 3 are coefficients and ;4 is the residual. From
the equation, we can calculate the fitted value u, ;.

e Using the fitted value %, ., estimate the following equation
using the ordinary least squares (OLS):

Ug,t = Qg + [ty + €24 9)

The estimated coefficient 3 corresponds to the ratio s, /s,, where
s, and s, are elements of s and they correspond to the response of
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ur¢ and ugq ¢ to a unit increase in the policy shocks €, ;. Finally, s, can
be obtained from the reduced-form variance-covariance matrix [

Given these coefficients of s and B, ;, the impulse response to
the monetary policy shocks can be estimated from the macrovariable
block.

3.2 Segment-Variable Block

We denote the N,-dimensional vector of segment variables at time ¢
by Y;. In this segment-variable block, the dynamics of macroeco-
nomic variables do not depend on segment-level variables, while
those of the segment variables depend on the macroeconomic vari-
able block. Specifically, the reduced-form VAR can be described as
follows:

q1 q2

Yi=cy + Z Bya j Xi—j + Z ByyiYe—j + uy,, (10)
j=0 j=1

where u, ; is the reduced-form shocks of segment variables[ Here,
we assume that the macroeconomic variables have contemporane-
ous effects on the segment variables. We can estimate the impulse
response functions of the segment-variable block using the above
relationship. Specifically, for the second term which corresponds
to the behavior of the macroeconomic variables, we substitute an
estimated impulse response function in the macroeconomic-variable
block using the external instruments to obtain the impulse response
functions.

The standard errors are calculated by the wild bootstrap follow-
ing Mertens and Ravn (2013). The wild bootstrap generates valid
confidence intervals under heteroskedasticity. We consider not only
estimation errors related to macroeconomic and segment-level vari-
ables but also those related to instrument variables, by including all
the steps of estimation for the bootstrap procedure.

"Details of the estimation of s, are described in Gertler and Karadi (2015).

12In the baseline estimation, we use ¢ = g2 = 4 on a quarterly basis since some
of the segment-level variables are only available in quarters. Even if we change
the number of lags to shorter (1 and 2) or longer (6) values, we obtain similar
results.
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3.8 Assumptions of VAR Model

Our specification of the VAR model is based on several assump-
tions. First, we assume that the instrument variables using high-
frequency data can extract the exogenous component of monetary
policy shocks. In other words, the price changes within the narrow
window between monetary policy announcements are only due to
the monetary policy, and do not contain other economic or finan-
cial news. The data we use are described in the next section, and
the validity of the assumption is checked in Nakamura, Sudo, and
Sugisaki (2024).

Second, we assume that macroeconomic variables are isolated
from the segment-variable block, and that the dynamics of macro-
economic variables do not depend on the segment variables. In order
to check the validity of this block recursive restriction on the lag coef-
ficients as we do here, we use the single-equation F-test, following
Lee and Ni (2002). The results show that segment variables are not
significant in the macroeconomic-variable equations, which justifies
our assumption.

4. Data

Our data sample consists of three groups of variables: aggregate
data, disaggregated labor-related variables by age and gender, and
high-frequency data used for the identification of monetary policy
shocks.

4.1 Macroeconomic Variables and Disaggregated
Labor-Related Variables

The set of macroeconomic variables used for estimating the VAR in
Equation (2) includes the one-year government bond yield, corpo-
rate bond yield, consumer price index (CPI), capacity utilization,
unemployment rate, and number of employed. They are all used in
the VAR in the log level, except for the one-year government bond
yield, corporate bond yield, and the unemployment rate. Financial
data such as the one-year rate and corporate bond yield come from
Bloomberg. CPI, unemployment rate, and number of employed are
taken from statistics released by the Ministry of Internal Affairs and
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Communications, and the capacity utilization rate is taken from
the Indices of Industrial Production released by the Ministry of
Economy, Trade and Industry. The disaggregated labor-related vari-
ables, including the employment status by age and gender, are taken
from the Labor Force Survey released by the Ministry of Internal
Affairs and Communications. The sample period is from 1999:Q1
to 2018:Q4 The data series used for the estimation are shown in
Figure 3.

4.2 High-Frequency Data

High-frequency data used as instrument variables are the key to our
econometric framework 1] We use tick-by-tick price data of interest
rate futures["] The data we use are the three-month Euroyen interest
rate futures (YE) with a variety of contract dates: 1 day to 3 months
ahead (YE1), 3 to 6 months (YE2), 6 to 9 months (YE3), and 9 to
12 months (YE4). For the baseline estimation, following Nakamura,
Sudo, and Sugisaki (2024), we use the primary factor extracted from
changes in YE1 to YE4 (denoted YEF hereafter) over a 30-minute
window around the announcement of the monetary policy meetings
as the external instrument. These high-frequency data come from
the Tokyo Financial Exchange Inc[1§

3Disaggregated labor-related variables are only available from 2002:Q1
onward. When estimating the response of these variables (namely Figure 6),
we use the sample period that runs from 2002:Q1 to 2018:Q4. Partly because
of this short sample period, Figure 6 shows larger standard errors, and thus we
use a longer sample period for other baseline results. Even if we use a shorter
sample period when estimating the impulse response of the number of employed,
unemployed, and the labor force, the baseline results remain consistent, albeit
with larger standard errors.

4The identification of monetary policy shocks using high-frequency financial
data was first developed in the U.S. by studies such as Giirkaynak, Sack, and
Swanson (2005), Gertler and Karadi (2015), and Nakamura and Steinsson (2018).

150ther widely used methods for the identification of monetary policy shocks
include Romer and Romer (2004). Studies such as Coibion et al. (2017) and Naka-
mura (2019) use such methods for the identification for the empirical analysis in
the U.S. using the sample period before the Global Financial Crisis. However,
the same technique is not applicable to the period that includes the period when
effective lower bound prevails, and therefore is not applicable for Japan in our
sample period.

We follow Munakata, Oi, and Ueno (2019) for the data cleaning regarding
the high-frequency data.
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Figure 3. Data Used for the Estimation by Age Group

Note: The data come from the Labor Force Survey. Young, middle, and old rep-
resent age groups of under 35, between 35 and 64, and 65 and over, respectively.

To check the validity of the extracted monetary policy shocks,
we estimate the response of the financial variables. Specifically, we
use the following equation:

ARt =a+ ,BA% + &¢, (11)

where AR; and Ai; correspond to the change in asset return and
the change in interest rate on the day that a policy announcement is
made. We estimate this equation using the two-stage least squares
by instrumenting YEF for a daily change in a policy indicator, Ai;.
Our identifying assumption is that the instrument variables (YEF
changes) are orthogonal to the error term, and the instrument affects
AR; only through the policy indicator Ai;. We estimate the regres-
sions over the available 2003:M4-2017:M10 samples.

Table 1 shows the results of the two-stage regression. Each row
represents a particular policy indicator. The coefficient represents
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Table 1. Effects of Monetary Policy
Shocks on Financial Markets

Policy Indicator 2 Year 5 Year 10 Year | USD/JPY

1 Year 0.1211%%% | 0.1457%%% | 0.1457%*% | —4.3118%*
(4.235) (5.377) | (2.591) (-2.069)
2 Year 0.1203%%% | 0.1203%% | —3.5592%**

(5.147) | (2.512) (-2.762)

Note: Robust t-statistics in parentheses. *** **  and * denote significance at the 1
percent, 5 percent, and 10 percent level, respectively.

the impact of a 10 basis point (bp) increase in a given policy indica-
tor due to an exogenous monetary policy shock on a corresponding
asset return. From the table, we can find that monetary policy eas-
ing shocks (in Japan) decrease 2- to 10-year government bond rates
and depreciate the value of the Japanese yen, as expected. All of the
results except for the 10-year bond rate and the exchange rate with
1-year government bonds as policy indicators are statistically signifi-
cant at the 1 percent level, and all results are statistically significant
at the 5 percent level.

As shown in Table 1, high-frequency data of monetary policy
shocks indeed have a statistically significant impact on financial vari-
ables. This result indicates that YEF can be used as instruments
when estimating the effects of monetary policy shocks. Then, the
next issue is the choice of a policy indicator in the VAR specifica-
tion: a financial variable whose shock corresponds to monetary policy
innovation. As discussed in Gertler and Karadi (2015), traditional
VARs use the same policy instruments and policy indicator, namely
the overnight interest rate. This is because a structural shock to a
policy indicator can be regarded as an exogenous monetary policy
shock. On the other hand, we use the longer maturity rate of govern-
ment bonds to capture shifts in unconventional monetary policy such
as forward guidance. The longer-term government bond might incor-
porate various information other than monetary policy such as news
on the economy reflecting the economic fundamentals. However, the
high-frequency identification successfully eliminate the component
of innovations in longer-term government bonds that is unrelated to
monetary policy shocks.
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Table 2. Effects of Instruments
on the First-Stage Residuals

Policy Indicator 1 Year 2 Year
Coefficient 1.617%** 1.85%**
R? 0.07 0.08
Robust F-statistic 13.11 12.01
Note: *** denotes significance at the 1 percent level.

When choosing the policy indicator, we need to avoid the weak
instrument problem. Stock, Wright, and Yogo (2002) recommended
that the F-statistic from the first-stage regression in the two-stage
least squares should be above 10 in order to state that weak instru-
ment problems are not present. Thus, we estimate the effects of
high-frequency instruments on the first-stage residuals described in
Equation (2). Table 2 shows the results. The left column shows the
result when the one-year rate is the policy indicator, and the right
column shows the case when the two-year rate is the policy indi-
cator. The first row shows the estimates for the coefficient and the
second row shows the R?. The third row shows the robust F-statistic
for each regression. From the table, we can see that monetary policy
shocks denoted as YEF explain more than 5 percent of the monthly
innovation of the two-year rate, and the associated robust F-statistic
is around 13, which is above the threshold value, 10. On the other
hand, although the robust F-statistic for the two-year rate is more
than 10, the value for robust F-statistics is less than it is in the case
for the one-year rate. Thus, we use the one-year rate as a policy
indicator in our baseline estimation[L]

5. Empirical Results

5.1  Macroeconomic Variable Responses

Figure 4 shows the impulse response function of the macroeconomic
variables to an expansionary monetary policy shock estimated using

Even if we use the two-year rate as a policy indicator, we obtain almost the
same results.
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Figure 4. Macroeconomic Responses to
a Monetary Policy Innovation

Note: This figure shows the responses of macroeconomic variables to an expan-
sionary monetary policy shock. The shock is identified by high-frequency data of
YEF and normalized so that the one-year rate decreases by 1 bp. Dashed lines
show 90 percent confidence intervals.

the VAR in Equation (2). The size of the monetary policy shock is
normalized so that the one-year rate declines by 1 basis point at the
time of the impact, and the shock is identified by high-frequency
data of YEF (factor of the Euroyen interest rate futures). Dashed
lines show 90 percent confidence intervals. Consistent with the con-
ventional view about the effects of an expansionary monetary policy
shock, the CPI, capacity utilization, and number of employed all
increase while the unemployment rate and corporate bond yield fall
at a statistically significant level for all of the variables[§

18 As for the variables used in the VAR analysis, we use the logarithmic scale
in the CPI, capacity utilization, and number of employed for the estimation.
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5.2 Segment-Variable Responses
5.2.1 Number of Unemployed

The upper charts of Figure 5 show the responses of the number of
unemployed to an expansionary monetary policy shock by age. The
number of unemployed does not respond in the first few quarters
and starts to decline around two years after the shocks. The point
estimates indicate that there is not much difference in terms of the
timing and size of the decline across different age groups, while the
declines of the unemployed for the old are muted, and the estimates
are associated with larger confidence intervals. One potential rea-
son why the response of the number of unemployed at and above
65 differs from that of the unemployment rate for other ages is the
mandatory retirement age, which is now typically 60 in J apan Due
to this retirement, old individuals tend to become non-labor force
rather than unemployed when they quit their current position

5.2.2  Number of Employed

The middle charts in Figure 5 show the number of employed in
response to an expansionary monetary policy shock 2] From these

19The Act on Stabilization of Employment of Elderly Persons, revised in 2000,
required firms to make efforts to employ workers until the age of 65. The law was
then revised in 2013, requiring firms to guarantee the employment of all personnel
seeking to remain employed until the age of 65 by 2025.

2We also check the impulse responses of the unemployment rate by age to
an expansionary monetary policy shock, instead of the number of unemployed.
We find that the results are unchanged qualitatively; however, we do not include
them in this paper to conserve space. It is also possible to further examine the
reason behind the changes in unemployment using the breakdown of unemploy-
ment reported in the Labor Force Survey. We decompose the unemployment into
voluntary unemployment and involuntary unemployment. Note that involuntary
unemployment refers to individuals who begin searching for a job due to fac-
tors attributable to their employer or business, whereas voluntary unemployment
refers to those who leave their previous job for personal or family reasons. We find
that the decline of the unemployment rate in response to an expansionary mon-
etary policy shock is mainly due to the decrease in involuntary unemployment
rather than voluntary unemployment.

2In this paper, the unemployed, the employed, and the total labor force
population are divided into three mutually exclusive groups, and separate
estimates are conducted for each group. On the other hand, the working
paper version of this study employs a rolling sample approach to divide the
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Figure 5. Employment Responses by Age

Note: This figure shows the responses of the number of unemployed, the num-
ber of employed, and the labor force to an expansionary monetary policy shock
depending on the age given at the top of each graph. The shock is identified by
high-frequency data of YEF and normalized so that the one-year rate decreases
by 1 bp. Dashed lines show 90 percent confidence intervals.

data into eight overlapping groups. The results indicate no substantial differ-
ences in age-specific responses to monetary policy shocks between the three-
group and eight-group classifications. See Figures 6-8 in the following link:
https://www.imes.boj.or.jp/research/abstracts/english/21-E-06.html.



184 International Journal of Central Banking July 2026

charts, we find that the increase in response to an expansionary
monetary policy shock is large in younger age groups and older age
groups. More specifically, the number of employed young workers,
who are under age 46, and the number of those age 65 and over
increase 2 On the other hand, the response of workers between the
ages of 35 and 64 is close to zero over the six years after the shock 23

5.2.3 Labor Force

Generally, an increase in the number of employed occurs due to two
reasons: a decrease in the number of unemployed, or an increase in
the labor force. In our case, the former is unlikely to be the driv-
ing force, since the homogeneous impulse responses of the num-
ber of unemployed cannot account for the heterogeneous impulse
responses of the number of employed. By contrast, as shown in the
lower charts of Figure 5, we find evidence that the latter is the case:
the age-specific shape of the response of labor force and that of
the number of employed to a monetary policy shock are somewhat
close. The size of the expansionary monetary policy shock is the
same as in the previous figures. The figure reveals that young and
old workers show larger responses. On the other hand, the response
of workers between the ages of 35 and 64 does not increase after an
expansionary monetary policy shock in the point estimate.

An increase in the number of labor force means that the number
of non-labor force decreases. To explore the reason for this decrease,
we decompose the non-labor force into students, homemakers, and
others, following the definition in the Labor Force Survey. Figure 6

22By estimating which type of worker contributes to the increase in the number
of employed following an expansionary monetary policy shock, we find that, for
the younger worker, the main driving force of the increase is regular employment.
On the other hand, non-regular employment including part-time job is the main
contributor to the increase in the number of employed for the elderly.

23 A large positive response of the youth following expansionary monetary pol-
icy shocks may contribute to alleviating the so-called scarring effect presented
in, for example, Arulampalm, Booth, and Taylor (2000) and Arulampalm (2001)
for the U.K. They argue that an individual’s previous unemployment experi-
ence increases the probability of current unemployment and contributes to wage
inequality or poverty. With respect to this scarring effect, our results show that
expansionary monetary policy shocks increase the employment of the youth,
which may reduce the risk of future unemployment, as younger workers accu-
mulate human capital in their early stage of the work experiences.
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Figure 6. Non-labor Force Responses

Note: This figure shows the responses of the non-labor force to an expansionary
monetary policy shock. The shock is identified by high-frequency data of YEF
and normalized so that the two-year rate decreases by 1 bp. Dashed lines show
90 percent confidence intervals.

shows the impulse response of each component to an expansionary
monetary policy shock. Although all the responses are not statis-
tically significant at the 90 percent confidence interval, the point
estimates indicate that the size of the decrease is the largest in stu-
dents, and larger in others compared to homemakers. Figure 7 shows
the breakdown of the number of non-labor force by age. It shows that
the number of population that is not in labor force is high among
individuals ages 15 to 24, as well as those over 65, particularly. More-
over, students constitute the dominant component of the non-labor
force between the ages of 15 and 24. For ages between 30 to 54,
most of the non-labor force consists of homemakers, and for the old,
especially those older than 65, the percentage of others is large.
Figures 6 and 7 suggest the reasons behind the heterogeneous
response of the labor force to monetary policy shocks. First, it
is notable that among the youth, students constitute a signifi-
cant segment of the non-labor force and the response of the youth
is considered to be related to the observations made in exist-
ing studies that the labor force participation of the younger pop-
ulation tends to be procyclical as they transition between stu-
dents and workers; economic upturns encourage more students to
enter the labor market, while downturns deter such engagement
(see Kondo 2007). These dynamics are partially attributed to the
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Figure 7. Breakdown of Non-labor Force

Note: This figure shows the breakdown of the non-labor force by age. The data
come from the Labor Force Survey.

simultaneous recruitment of new graduates and the lifetime employ-
ment system, where companies hire fresh graduates and retain them
until retirement. Consequently, for younger generations, the ini-
tial job—secured immediately after graduation—is of considerable
importance for their lifetime employment prospects, as pointed out
by Oshio and Inagaki (2015). Thus, during recessions when fewer
regular employment opportunities are anticipated, more students in
Japan opt to continue their education rather than entering the labor
force in pursuit of desirable positions.

Second, for older individuals, there is an increase in the propor-
tion of those categorized as “others,” including retirees making up a
substantial part of the non-labor force. Their response is considered
to be related to the observation that their labor force participa-
tion tends to be procyclical as they transition between workers and
retirees. They may opt to reenter the workforce once the economy
shows signs of improvement following an expansionary monetary
policy shock. Given Japan’s high life expectancy, aged individuals
often believe that the benefits from the Japanese pension system
may not suffice to cover their living expenses. Additionally, given
the particularly extended life expectancy in Japan, all else being
equal, the level of consumption for retired households could likely
be diminished. These factors may contribute to a sense of financial
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insecurity among the Japanese elderly In summary, Japan’s high
life expectancy coupled with concerns that the benefits from the
Japanese pension system may not adequately cover living expenses
may have made Japanese elderly more responsive to labor market
conditions compared with the case otherwise. This channel could
work, reinforcing an outward shift of the labor supply curve when
an expansionary monetary policy shock improves labor market con-
ditions. Conversely, for those between the ages of 30 and 50, the
majority of the non-labor force consists of homemakers, many of
whom may be unable to seek employment even in an improved labor
market condition due to childcare responsibilities.

5.2.4 Gender Differences

We also estimate the impulse response for each gender to check if
the effects of monetary policy differ across gender. Figure 8 shows
the responses for men and women to an expansionary monetary pol-
icy shock. Again, the shock is normalized so that the one-year rate
decreases by 1 bp. Dashed lines show 90 percent confidence intervals.

From these results, we can conclude that the responses of employ-
ment, unemployment, and labor force are similar between men and
women. Specifically, the chart clearly shows that an expansionary
monetary policy shock reduces the number of unemployed, whereas
it increases the number of employed and labor force statistically
significantly. However, as we can see from the impulse response, the
difference across the genders is not signiﬁcant inter alia, compared

24This sentiment is corroborated by a survey conducted by the Cabinet Office
of Japan. It reveals that a significant portion of the elderly do not feel financially
secure, in contrast to their counterparts in the U.S. and European countries:
over half of the elderly in Japan perceive their wealth as insufficient, whereas
this figure is around or below 20 percent in the U.S. and Europe. Consequently,
about 40 percent of the elderly express a desire to work, primarily due to inad-
equate financial resources—a proportion substantially higher than that in peer
countries.

#Note that while the Bank of Japan (2018) indicates that the labor supply of
women is more elastic than that of men, this paper finds that the response of
the labor force to our identified monetary policy shocks is quite similar between
the two genders. The Bank studies differences in the elasticity of labor supply
reflecting various changes in the economic environment, including the Japan-
ese government’s policies that encourage the participation and advancement of
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Figure 8. Responses by Gender

Note: This figure shows the responses of men and women to an expansionary
monetary policy shock. The shock is identified by high-frequency data of YEF
and normalized so that the one-year rate decreases by 1 bp. Dashed lines show
90 percent confidence intervals.
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to the difference of impulse responses across age groups Also, to
compare with the examples of other countries, results in the U.S.
are explained in the appendix.

6. Implications for the Wage Phillips Curve

In the previous section, we show that the responses of the number
of employed and the labor force to expansionary monetary policy
shocks are larger among the young and old generations. This section
studies an implication of these heterogeneous responses for nomi-
nal wage dynamics, using the concept of the wage Phillips curve 2
Theoretically speaking, as Gali (2011) points out, the wage Phillips
curve is flatter when the labor supply is elastic. Therefore, if the
young and the old adjust their labor force inflow in response to a
shock (as empirically shown in the previous section) to a greater
degree, the wage Phillips curve for the young and the old, ceteris
paribus, should be flatter than that for the middle—aged

In order to assess this argument quantitatively, we estimate the
wage Phillips curve for each age group of workers. For this esti-
mation, we need the unemployment rate and wage inflation rate of
each age group. The data for unemployment rate are taken from the
Labor Force Survey published by the Ministry of Internal Affairs and
Communications. We use the deviation from the average unemploy-
ment rate in each group to estimate the slope of the wage Phillips

women in the labor force, whereas our paper investigates changes in the num-
ber of employed and labor force in response to monetary policy shocks identified
using high-frequency market data.

26Even if we show the impulse response across the age decomposed by gen-
der, the difference of the impulse response in gender is smaller compared to
those of ages. We also check the response of unemployment rate instead of
the number of unemployed, but the results are almost the same: the size of
the reduction of the unemployment rate is almost the same between genders.
These results are shown in the working paper version in the following link:
https://www.imes.boj.or.jp/research/abstracts/english/21-E-06.html.

2TThe derivation of the wage Phillips curve is explained in, for example, Erceg,
Henderson, and Levin (2000) and Gali (2011). The wage Phillips curve in Japan
is estimated, for instance, by Muto and Shintani (2020) and Iwasaki, Muto, and
Shintani (2021).

Z8Muto and Shintani (2020) point out that the slope of the wage Phillips curve
is determined also by wage stickiness. Nonetheless, since wages for workers in
Japan, regardless of age, are likely to be simultaneously revised in April by
Shunto, it is reasonable to assume that wage stickiness is more or less the same
across the ages.
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curve2d The wage data come from the Basic Survey on Wage Struc-
ture published by the Ministry of Health, Labour and Welfare. Wage
inflation rate is calculated from the baseline wage released in the
Basic Survey on Wage Structure, scheduled salary in June excluding
overwork Salary The sample period is from 1999 to 2019.

Figure 9 shows the wage Phillips curve for each indicated age.
FEach circle corresponds to each data point, and the line shows the
fitted curve obtained from the OLS in each age group. Also, we use
the data of males and females separately to increase the number
of dataP¥ The horizontal axis corresponds to the deviation of the
unemployment rate from the average. The vertical axis corresponds
to the wage inflation rate. From the figure, we can see that all of the
slopes are negative; a decrease in unemployment leads to a higher
wage inflation. Furthermore, most importantly, the slope of the wage
Phillips curve of middle-aged workers is the steepest.

In order to check the statistical significance, we use two regression
equations. The first one is the simple regression

Tw,t = Qg + ayunempy + &, (12)

where 7, is the wage inflation rate and unemp; is the unemploy-
ment rate. The a terms represent the regression coefficient, and &;

29We also detrend using a linear trend of time series of unemployment rate in
each age. However, the method of calculating the deviation does not significantly
change the results.

39 Another definition of wage inflation rate used in estimating the wage Phillips
curve is monthly total wage divided by monthly total working hours. We also esti-
mate the results based on this definition, and obtain qualitatively similar results.
Moreover, the hourly wage of short-time workers also gives similar results: the
slope of the middle-aged worker is the steepest.

31Since we use the Basic Survey on Wage Structure, only the wage change
on a yearly basis is available. Thus, we use male and female data separately to
increase the number of data. To ensure robustness, we conduct the same exercises
using the consolidated data and, again, obtain qualitatively similar results to the
baseline ones.

32By assuming a simple autoregressive model for the determination of the
unemployment rate, we can obtain the closed-form representation of the wage
Phillips curve similar to Equation (12) rather than the standard forward-looking
form of the New Keynesian wage Phillips curve, as described in Gali (2011). One
may think that this simple specification cannot avoid the endogeneity problem.
Indeed, several preceding studies such as Gali (2011) and Muto and Shintani
(2020) control for inflation in estimating the wage Phillips curve. We also control
this inflation rate as a robustness check, and obtain similar results; the wage
Phillips curve for the young and the old is flatter.



Vol. 22 No. 3 Monetary Policy Shocks and the Employment 191

Figure 9. The Wage Phillips Curve of Each Age Group

Note: This figure shows the wage Phillips curve of each age given at the top of
each graph. The horizontal axis corresponds to the unemployment rate deviations
from the average unemployment rate. The vertical axis corresponds to the wage
inflation rate. Each circle corresponds to each data point, and the red lines show
the fitted line from the OLS. The unemployment data come from the Ministry
of Internal Affairs and Communications, and wage data come from the Ministry
of Health, Labour and Welfare. The sample period is from 1999 to 2019.
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Table 3. Wage Phillips Curve Depending on Age
Age Unemployment Rate Intercept
20-34 —0.74%%* 0.24%*
(Robust-t) (-7.96) (1.95)
(90% CI) [-0.89 —0.59]
35-59 —1.08%** 0.26*
(Robust-t) (-6.09) (1.96)
(90% CI) [-1.37 —0.78]
60— —0.51%%* 0.27
(Robust-t) (-2.59) (0.87)
(90% CI) [-0.84 —0.19]

Note: *** ** and * denote significance at the 1 percent, 5 percent, and 10 percent level,
respectively. Robust-t denotes robust t-statistics. 90% CI denotes 90 percent confidence
interval.

is the regression error term. This equation corresponds to the most
basic wage Phillips-curve estimation, and we estimate one for each
age group. Table 3 shows the regression results of a wage Phillips
curve for each age group. The table also shows the robust t-statistics
and 90 percent confidence interval. These regression results are used
to describe the fitted line in Figure 9. The results indicate that the
slope of the coefficient is statistically significant at the 1 percent
level for all age groups, and the slope of middle age is the steepest.
Moreover, the point estimate of middle age is out of the 90 percent
confidence interval of young and old workers [*3

The second estimation is the pooled regression with age dummy
variable written as

Tw,t = Qo + qrunemp; + g gdummyy ;unempy + &;. (13)

33In this estimation of the wage Phillips curve, we use a slightly different age
group compared to the VAR analysis. While we maintain the same threshold
between young and middle-aged workers, the threshold between middle-aged
and older workers is 65 for VAR analysis, whereas it is 60 for wage Phillips-
curve estimation. This adjustment is due to the limited availability of wage data
for older workers, which results in an insufficient sample size for estimating the
wage Phillips curve if we use 65 years as the threshold. Consequently, it becomes
infeasible to employ the exact same threshold as in the VAR analysis.
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Table 4. Estimation of the Wage
Phillips Curve with Dummy Variables

Age u u*dmy(20-34) | u*dmy(35-59) | u*dmy(60-) | Intercept
Case 1| —0.74%** 0.25%%*
(-7.19) (2.58)
Case 2| —0.75%** 0.01 0.25%%*
(—4.10) (0.07) (2.59)
Case 3| —0.66*** —0.42%* 0.26%**
(-6.34) (-2.14) (2.64)
Case 4| —0.84%** 0.32 0.26%**
(-9.23) (1.42) (2.58)
Case 5| —1.08*** 0.34* 0.56** 0.26%**
(-6.74) (1.82) (2.17) (2.60)
Note: *** ** and * denote significance at the 1 percent, 5 percent, and 10 percent
level, respectively. Robust t-statistics in parentheses.

Here, dummy, ; corresponds to the dummy variable, which takes a
value of 1 at each age group described in Table 4. Table 4 shows
the results. It reveals that all the coefficients for unemployment are
statistically significant at the 1 percent level. Moreover, the point
estimate of unemployment rate times dummy (35-59) is negative,
while that with dummy (20-34) and dummy (60-) is positive. More
importantly, in case 3, s is statistically significant at the 5 percent
level when dummy (35-59) is used; together with that in case 5, aq
is significantly different from zero when dummy (20-34) and dummy
(60-) are used simultaneously. These results confirm that the slope
of the wage Phillips curve is the steepest for middle-aged workers,
which is consistent with the VAR analysis obtained in the previous
section 4

7. Conclusion

In this paper, we address the question of which age group of workers’
employment, unemployment, and labor force is the most respon-
sive to monetary policy shocks, and try to find the macroeconomic

34In addition, the appendix shows the results of estimating the wage Phillips
curve in the U.S. We find that the slopes of the wage Phillips curve are similar
across ages. This is consistent with the impulse response of the U.S. in the sense
that the inflow of labor force does not differ across ages.
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implications. Using the block recursive structure of the VAR model
as well as monetary policy shocks identified by high-frequency data
in Japan, we find that the responses of the number of employed
to the shocks are large among young and old workers compared to
the middle-aged workers, and the similar observations hold for the
number in the labor force. On the other hand, the unemployment
rate shows homogeneous impulse responses across all the age groups.
These results suggest that there exists an added degree of under-
utilization of young and old workers before expansionary monetary
shocks occur, which, other things being equal in turn, leads to the
weak responses of wage inflation following shocks. Indeed, we find
that the wage Phillips curve of middle-aged workers is steeper than
those of young and old workers.

Appendix. Estimation Using U.S. Data

In this appendix, we present empirical results for the U.S., utilizing
the same econometric framework as outlined in Section 3.

First, regarding the high-frequency data, which is used as the
external instruments, we use the shocks in the three-month-ahead
futures rate from Gertler and Karadi (2015). The one-year U.S. gov-
ernment bond rate is used as the policy indicator for the baseline
analysis, but using the two-year bond rate gives very similar results.
For the macroeconomic variables, we use the CPI, industrial pro-
duction (IP), Standard and Poor’s 500 index (SP500), real gross
domestic product (RGDP), and excess bond premium (EBP), which
is defined in Gilchrist and Zakrajsek (2012) Regarding the seg-
ment variable of employment, we use the Current Population Survey
(CPS) for the specific age groups of individuals over 15 years of age
and older. The sample period is from 1979:M7 to 2016:M12P9 The

35We use macroeconomic-variables data from Jarocifiski and Karadi (2020). In
this data set, GDP is interpolated monthly following Stock and Watson (2010).
Basically, it uses a Kalman filter to distribute the quarterly GDP across months
using a data set of monthly variables that are closely related to economic activity.
The robust F-statistic when estimating the effects of high-frequency instruments
on the first-stage residuals is 12.7, which is above 10. This indicates that the
weak instrument problem is not present.

36We use the 1979:M7 to 2016:M12 samples for the estimation of VAR coef-
ficients. For the instruments variable, which is used to identify the monetary
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Figure A.1. Macroeconomic Variable
Responses in the U.S.

Note: This figure shows the responses of macroeconomic variables to an expan-
sionary monetary policy shock in the U.S. The shock is normalized so that
the one-year rate decreases by 1 bp. Dashed lines show 90 percent confidence
intervals.

starting point coincides with the beginning of Paul Volker’s tenure
as Chairman of the Federal Reserve.

Figure A.1 shows the macroeconomic-variable responses to an
expansionary monetary policy shock in the U.S. The shock is nor-
malized so that the one-year bond rate decreases by 1 bp. We can see
that in response to an expansionary monetary policy shock, the CPI,
IP, and RGDP improve and SP500 rises, while the EBP, which is

policy shocks, we use the available 1991:M1-2012:M6 sample for the baseline
two-step regression. We estimate the results excluding 2008:M7-2009:M6, which
corresponds to the period of financial turbulence, but the results are very similar
to the ones including the financial turbulence period.
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Figure A.2. Unemployment Rate Responses in the U.S.

Note: This figure shows the responses of the unemployment rate to an expan-
sionary monetary policy shock at the age given at the top of each graph. The
shock is normalized so that the one-year rate decreases by 1 bp. Dashed lines
show 90 percent confidence intervals.

an indicator of credit spreads, falls. The response is consistent with
the high-frequency identification VAR analysis using U.S. macroeco-
nomic data such as Gertler and Karadi (2015) and Jarociriski and
Karadi (2020).

Figure A.2 shows the responses of the unemployment rate to
an expansionary monetary policy shock by age (given at the top
of each graph). Each graph at age z is estimated using the sam-
ple between age z — 5 and x + 5. Dashed lines show 90 percent
confidence intervals. Importantly, the responses of the unemploy-
ment rate are homogeneous across ages. On the other hand, Figure
A.3 shows the results for the number of employed. The figure
shows that the response of the number of employed in the U.S.
is large at age 20 and age 50. Compared to these ages, each of
the responses at age 30 and age 40 is weaker. Figure A.4 shows
the results of labor force response. We can see that each of the
responses at age 20 and age 50 is also larger compared to that
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Figure A.3. Number of Employed Responses in the U.S.

Note: This figure shows the responses of the number of employed to an expan-
sionary monetary policy shock at the age given at the top of each graph. The
shock is normalized so that the one-year rate decreases by 1 bp. Dashed lines
show 90 percent confidence intervals.

of the middle-aged, which is similar to the number of employed
case T

Compared to the results of the estimation in Japan, we find a
similar pattern in the results for the U.S. in two respects. First, the
responses of the unemployment rate to a monetary policy shock are
homogeneous across the age groups. Second, the number of employed
and labor force shows heterogenous responses across ages including

37"Compared to the empirical results in Japan, in which the response of the
number of employed and that of labor force show similar results, the response of
labor force in the U.S. is smaller overall than that of employed. This might be
because the size of the response of employed is smaller than that in Japan, which
means that a decrease in the number of unemployed contributes to an increase
in the number of employed. Supporting this view, the response of the labor force
is smaller than that of employed between 10 to 20 months after the shock, which
corresponds to the period when the response of the unemployment rate is the
smallest.
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Figure A.4. Labor Force Responses in the U.S.

Note: This figure shows the responses of the labor force to an expansionary
monetary policy shock at the age given at the top of each graph. The shock is
normalized so that the one-year rate decreases by 1 bp. Dashed lines show 90
percent confidence intervals.

the pronounced increase in the people of their 20s and 50s for the
number of employed and in the people of their 50s for the labor
force. The difference between Japan and the U.S. is the response of
the number of employed for middle-aged workers: a larger response
can be observed in the U.S. results. This might arise from the dif-
ference in labor market structure between Japan and the U.S. As
Owan (2004) points out, labor mobility is lower in Japan than in the
U.S. Figure A.5 supports this argument. It shows the years of tenure
with the current employer in Japan and the U.S. by age group. Older
workers tend to have worked longer in their current job, but the key
point is that workers in Japan show longer years of tenure with
their current employer. For example, between ages 35 and 44, the
job tenure in Japan is about 10 years, while it is 5 years in the U.S.
Meanwhile, wages tend to be lower for young and old workers in the
U.S. as well, as shown in Figure A.6. For all age groups, job tenure in
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Figure A.5. Years of Tenure with Current Employer

Note: This figure shows the years of tenure with the current employer in Japan
and the U.S. for each age group in 2018. Japanese data come from the Ministry
of Health, Labour and Welfare. The U.S. data come from the Bureau of Labor
Statistics.

Japan is double that in the U.sF Figure A.7 shows the number of
job transfers and the job transfer rate by age group in Japan. More
specifically, it shows the number of employed persons who changed
jobs in the past one year (left axis, ten thousand), and the rate of
employed persons who changed jobs in the past one year (right axis,
percent). We can see that the youngest age group (between 15 and
24) shows a job transfer rate as high as 12 percent, while for older
ages it is low, and above age 35 it is less than 5 percent. In sum, the
job market is more liquid in the U.S. than it is in Japan, and the
small response of the number of employed for the middle-aged work-
ers to an expansionary monetary policy shock might be attributed
to the low labor mobility in Japan, since middle-aged workers have

38We need to note that the definition of tenure is slightly different between
Japan and the U.S. Specifically, in Japan, employee tenure is a measure of how
long workers have been with their current employer, while in the U.S. it is a mea-
sure of how long wage and salary workers have been with their current employer
at the time of the survey. Thus, employee tenure may be shorter in the U.S.
However, promotion within the company is not so common in the U.S. compared
to Japan, and thus this difference of definition might not significantly change the
results.
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Figure A.6. Weekly Earnings by Age in the U.S.

Note: This figure shows the median weekly earnings in 2021 in the U.S. The
data come from the U.S. Bureau of Labor Statistics.

Figure A.7. Job Transfer Rate in Japan

Note: This figure shows the employed persons who changed jobs in the past one
year (left axis, ten thousand), and the rate of employed persons who changed
jobs in the past one year (right axis, percent). The data come from the Labor
Force Survey.

relatively fewer job vacancy opportunities even if business conditions
improve.

We estimate the wage Phillips curve for each age group of workers
in the U.S. The unemployment data come from the Current Popu-
lation Survey (CPS). The wage data come from the median usual
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Table A.1. Wage Phillips Curve in the U.S.

Age Unemployment Rate Intercept
20 —0.11* 0.75%%*
(Robust-t) (-1.71) (3.81)
30 —0.16%** 0.69%**
(Robust-t) (—4.54) (10.59)
40 —0.11%%* 0.68***
(Robust-t) (-3.82) (14.36)
50 ~0.10** 0.62%**
(Robust-t) (-2.62) (10.84)
Note: *** ** and * denote significance at the 1 percent, 5 percent, and 10 percent
level, respectively. Robust-t denotes robust t-statistics.

weekly earnings full-time wage The sample period is from 1996 to
2019

In order to check the statistical significance, we use two regres-
sion equations, the same as the regression in the main text. The first
one is the simple regression,

Tw,t = 0 + arunemp; + &, (A.1)

where 7, + is the wage inflation rate and unemp, is the unemploy-
ment rate. The « terms represent the regression coefficient, and &
is the regression error term. Table A.1 shows the regression results
for the wage Phillips curve of each age group. The results indicate
that the slope is similar across the ages.

The second estimation is the pooled regression with the age
dummy variables,

Tw,t = Qo + arunemp; + o gdummy, ;unempy + &, (A.2)

39Gali (2011) uses the average hourly earnings from the Establishment Survey,
which is from the company data. On the other hand, we need the age information
and use the data from the household side.

40To estimate the slope of the wage Phillips curve at age x, we use the age
from z — 5 to = + 4.
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Table A.2. Estimation of the Wage Phillips
Curve with Dummy Variables in the U.S.

Age u u*dmy20 | u*dmy30 | u*dmy40 | u*dmy50| Intercept
Case 1| —0.12** 0.01 0.71%**

(-2.42) | (0.10) (8.61)
Case 2| —0.11** -0.05 0.71%**

(-2.08) (-0.48) (8.61)
Case 3| —0.11%** 0.00 0.71%**

(-3.29) (0.00) (8.61)
Case 4| —0.11%** 0.01 0.71%**

(-2.26) (0.12) (8.61)
Note: *** ** and * denote significance at the 1 percent, 5 percent, and 10 percent level,
respectively. Robust t-statistics in parentheses.

where dummy,, + takes a value of 1 at age 2] For this regression, we
use the sample between ages 16 and 54. Table A.2 shows the results.
These show that none of the coefficients of the dummy variables is
statistically significant. The results are consistent with the impulse
response described in the main text. Namely, the impulse responses
of the labor force in the U.S. are heterogeneous, but the differences
between ages are not so distinctive compared to the results in Japan.
Thus, the slope of the wage Phillips curve does not change with age
in the U.S. regression.
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This study considers the transmission of ECB monetary
policy measures to bank corporate lending rates of differ-
ent maturities from 2010 to 2020. Overall, the transmission
of short-term policy rates to lending rates appears to have
become weaker when below zero. We observe some signs of
the reversal rate during the 2014-20 period, but the evidence
is stronger as negative rates become more persistent during
the low-for-long period starting in 2016. The emergence of
the reversal rate is more pronounced for banks more exposed
to negative rates and loans of longer maturities. Unconven-
tional monetary policy measures seem to have mitigated these
contractionary effects.
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1. Introduction

Central banks shifted to accommodative monetary policies in the
years following the Global Financial Crisis (GFC) of 2008. A few
ventured beyond keeping policy rates close to zero, transitioning
into negative territory. On June 5, 2014, the European Central Bank
(ECB) became the first major central bank to set policy rates below
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zero, launching an era of negative rates that eventually lasted over
eight years. Thus, it is hardly surprising that negative rates have
become a subject of extensive study in recent years (Heider, Saidi,
and Schepens 2021; Balloch, Koby, and Ulate 2022).

Nevertheless, the large body of theoretical and empirical liter-
ature has yet to clarify the overall impact of negative policy rates
on banks (Balloch, Koby, and Ulate 2022). There are papers that
find no evidence that monetary policy becomes ineffective when
rates are negative (Erikson and Vestin 2019; Albertazzi, Nobili, and
Signoretti 2021; Altavilla et al. 2022), whereas Wang et al. (2022)
show that transmission can already be impaired when the policy rate
falls below 0.9 percent. However, some argue that prolonged nega-
tive interest rates prompt banks to change their practices, so any
observed immediate impact of negative rates, on which the literature
has mostly focused so far, may differ from the medium- to long-term
impacts (Balloch, Koby, and Ulate 2022). Banks can benefit in the
short run from capital gains when negative rates are implemented,
helping them to withstand negative rates on the reserves they hold
at the central bank. These capital gains are insufficient for the long
haul, however, making it hard for banks to maintain profitability.
Indeed, Claessens, Coleman, and Donnelly (2018) find that for each
additional year of low rates (even if the policy rates stay unchanged),
margins and profitability of banks erode by several basis points.
Ulate (2021), Abadi, Brunnermeier, and Koby (2023), and Eggerts-
son et al. (2023) show that when the policy rates are low enough,
further rate cuts may become contractionary for bank lending. This
reversal interest rate is more likely to emerge if rates are kept low-
for-long (Balloch, Koby, and Ulate 2022; Abadi, Brunnermeier, and
Koby 2023).

In this paper, we study how the transmission of conventional and
unconventional monetary policy to corporate lending rates changes
as policy rates go below zero and whether there is empirical evidence
of a reversal rate in the euro area. More specifically, we aim to answer
the following questions: First, did the pass-through of the ECB’s
monetary policy to corporate lending rates change when the pol-
icy rates became negative and especially when the negative interest
rates became more persistent during the low-for-long period? Sec-
ond, how does the transmission of different unconventional monetary
policy measures work in this environment?
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These questions are particularly important if there is a higher
probability of interest rates staying at lower levels and we face the
zero lower bound more often (Holston, Laubach, and Williams 2017;
Kiley and Roberts 2017). It is therefore essential to understand
how monetary policy affects financial conditions in this environ-
ment. The transmission of monetary policy might change as policy
rate cuts may even turn contractionary (Abadi, Brunnermeier, and
Koby 2023), and unconventional monetary policy measures might
be necessary to support the economy.

Our results confirm that when short-term policy rates are low-
ered below zero, transmission becomes weaker or even reverses. As
negative rates become more persistent, we find stronger evidence of
the reversal rate—with further rate cuts during the period of low-
for-long, banks no longer lower their corporate lending rates but
instead raise them. This finding is more pronounced for banks that
are more exposed to negative policy rates, i.e., those that are reluc-
tant to lower their own retail deposit rates below zero or those with
large amounts of negative interest-bearing central bank deposits.
The emergence of the reversal rate also varies between loan matu-
rities, with the inverse effect being most distinct at different time
horizons for short-, medium-, and long-term loans. The results indi-
cate that this inverse effect is overall more pronounced for loans with
longer maturities. Even if the transmission of the short-term policy
rate, a conventional policy measure, to bank lending rates is reversed
below zero, unconventional monetary policy measures and targeted
longer-term refinancing operations (TLTROs) in particular help to
mitigate the pass-through by lowering bank funding costs.

We make several contributions to the existing literature. First,
we provide empirical evidence in favor of the theoretically reasoned
reversal rate, i.e., the theoretical lower bound for policy-rate low-
ering, below which cuts become contractionary (Ulate 2021; Abadi,
Brunnermeier, and Koby 2023). Moreover, in line with Abadi, Brun-
nermeier, and Koby (2023), evidence for the reversal rate is stronger
after the ECB promised to keep interest rates at negative levels
for a prolonged period. Our paper is the first to present empirical
evidence of the reversal rate in the euro area. So far, evidence of
a reversed transmission has been found for Sweden (Eggertsson et
al. 2023) and Switzerland (Basten and Mariathasan 2023). For the
euro area, existing literature provides mixed results. Some papers
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find that monetary policy is less effective (but not reversed) when
interest rates reach very low or negative levels (Borio and Gam-
bacorta 2017; Molyneux et al. 2019; Kwan, Ulate, and Voutilainen
2025). Others, like Erikson and Vestin (2019), Albertazzi, Nobili,
and Signoretti (2021), and Altavilla et al. (2022), find no evidence
that monetary policy becomes ineffective when rates are negative.
Bottero et al. (2022) even show how negative interest rates have
expansionary effects, as more liquid banks increase corporate lending
more than other banks.

Indeed, our second contribution is to provide an explanation for
these mixed results. As suggested by theoretical reasoning, we show
that the detection of the reversal rate depends both on bank hetero-
geneity and loan maturities. Most of the existing literature focuses
predominantly on average effects, and thus reversed effects for cer-
tain types of banks or loans might have remained undiscovered.

Our third contribution concerns the evidence on how changes in
different monetary policy tools transmit to corporate lending rates.
Our paper provides clear-cut evidence on how the pass-through of
different monetary policy measures to bank lending rates of differ-
ent maturities has changed over time. The effects of unconventional
monetary policy have been studied intensively in recent years (for
asset purchases, see Krishnamurthy and Vissing-Jorgensen 2011; for
targeted and nontargeted longer-term refinancing operations, see
Andrade et al. 2019; Benetton and Fantino 2021; Laine 2021); yet
the literature dealing with time-varying effects above and below zero
is scarce. Instead, the focus in the low-rate environment has so far
been on the effectiveness of short-term policy rates (e.g., Borio and
Gambacorta 2017; Claessens, Coleman, and Donnelly 2018; Kwan,
Ulate, and Voutilainen 2025), or on unconventional measures but
not distinguishing between different kinds of tools (Boeckx, de Sola
Perea, and Peersman 2020; Albertazzi, Nobili, and Signoretti 2021).
We look separately at the time-varying effects of short-term policy
rates, quantitative easing (QE), and (T)LTROs.

As we aim to investigate the existence of the reversal rate, we
focus on bank lending rates. Developments in lending rates are found
to be mostly driven by supply shocks, whereas fluctuations in lend-
ing volumes are largely explained by demand (Altavilla, Boucinha,
and Bouscasse 2022). We exploit a detailed bank-level data set of
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corporate lending rates at the monthly frequency on 137 individ-
ual banks from 13 euro-area countries covering the period from
January 2010 to December 2020. Unlike most empirical papers that
rely on shorter data samples our data enable us to properly study
the low-for-long period. For our purposes, the low-for-long period
begins in 2016, when ECB forward guidance signaled that policy
rates would remain in negative territory “for a prolonged time.”
Moreover, we utilize the detailed information on different loan matu-
rities. Besides information on bank balance sheets, loan and deposit
interest rates, central bank deposits, and longer-term borrowing of
banks, we employ data from the responses of individual banks to the
ECB’s Bank Lending Survey to control for bank-level loan demand.
We isolate monetary policy shocks by utilizing rate changes around
the ECB’s monetary policy decisions from the Euro Area Mone-
tary Policy Event-Study Database (EA-MPD; see Altavilla et al.
2019) and bank bond yield changes on (T)LTRO announcement
days. These shock proxies allow us to disentangle various types of
monetary policy tools: short-term policy rates, targeted long-term
refinancing operations, and quantitative easing.

The article has the following structure. Section 2 describes the
main aspects of the monetary policy conducted by the ECB during
the observation period 2010 to 2020. Section 3 presents our data and
various measures of monetary policy. Section 4 provides the method-
ology, and Section 5 presents the results. Section 6 concludes with a
few policy insights.

2. Monetary Policy in the Euro Area

This section presents the main aspects of the ECB’s monetary pol-
icy during the period from 2010 to 2020 It also discusses how we
define the low-for-long period.

Policy rate-setting is the ECB’s primary monetary policy tool
(Figure 1). Its main refinancing operations (MROs) allow banks to
borrow from it on a weekly basis at predetermined rates. Liquid-
ity sharing on the interbank market stalled with the onset of the

!See Table 4 in Balloch, Koby, and Ulate (2022) for details concerning the
data used in existing empirical studies.
2For a more comprehensive description, see Rostagno et al. (2021).
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Figure 1. ECB Policy Rates and EONIA (2010-20)

Source: ECB.

GFC, and in October 2008, the ECB began carrying out its MROs
as fixed-rate tenders with full allotment. This shift led to a buildup
of liquidity inside the banking sector. Because of this excess liquid-
ity, the shortest money market rates (e.g., the Euro Overnight Index
Average, or EONIA) began to track the ECB’s deposit facility rate
rather than the MRO.

Following the ECB’s initial cut of its deposit facility rate to —
0.10 percent in June 2014, key interest rates were lowered a total
of five times. The final cut, in September 2019, brought the deposit
facility rate to —0.50 percent. When the deposit facility rate is neg-
ative, banks have less to withdraw from their central bank accounts
than their previous day’s deposit. Individual banks can reduce their
own excess liquidity by lending it out to other banks or purchasing
assets, but as liquidity is always passed on from one bank to another,
the banking system as a whole cannot shed its total excess liquidity.
This burden was reduced in October 2019 with the adoption of a
two-tier system for reserve remunerations.

The ECB also contributed to lowering banks’ funding costs by
lending funds on highly favorable terms under both nontargeted and
targeted longer-term refinancing operations (Figure 2). Two LTROs
with a maturity of three years were agreed upon in December 2011.
The operations became targeted (i.e., TLTROs) in 2014 as the aim
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Figure 2. ECB’s Longer-Term Refinancing Operations
and Asset Purchases under the Asset Purchase
Programme (APP) and Pandemic Emergency
Purchase Programme (PEPP)
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Source: ECB.

was refined such that banks would use the new liquidity to increase
lending to nonfinancial corporations and households for consump-
tion. The cost of TLTROs was bank-specific and became cheaper
the more the recipient bank increased its lending to the private sec-
tor. The first series of TLTROs (TLTRO I) was announced in June
2014, followed by TLTRO II in March 2016, and TLTRO III in
March 2019.

Additional excess liquidity was also created by the ECB’s
Expanded Asset Purchase Programme (APP). The Eurosystem
conducted net purchases of securities under several asset purchase
programs (the Public Sector Purchase Programme (PSPP), the
Third Covered Bond Purchase Programme (CBPP3), the Corpo-
rate Sector Purchase Programme (CSPP), and the Asset-Backed
Securities Purchase Programme (ABSPP)) at varying monthly
purchase paces between October 2014 and December 2018. APP
net purchases stalled between January and October 2019 but were
restarted in November 2019 and kept running at a pace of 20 billion
euros a month until the end of our observation period in December
2020. In March 2020, as the first wave of the COVID-19 pandemic
was hitting Europe, the ECB launched its Pandemic Emergency
Purchase Programme (PEPP). It made additional purchases in all
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categories eligible under the APP (plus some extensions such as
Greek government securities).

Our analysis focuses on the changes in the transmission of mone-
tary policy through banks (i) after policy interest rates fall into neg-
ative territory, and (ii) when economic agents realize that negative
rates are here to stay, i.e., when the economy enters the low-for-long
period.

The first deposit facility rate cut below zero in June 2014 marked
the beginning of the negative rates era that lasted until the end of our
sample. However, in our estimations, we extend the period of nega-
tive rates to January 2014 in order to make sure that any surprises
related to the transition into negative territory are also included in
the subsample.

Defining the start date for the low-for-long period is more chal-
lenging. The ECB lowered its deposit facility rate a third time in
December 2015, from —0.20 to —0.30 percent, and again to —0.40
percent in March 2016. On January 21, 2016, ECB President Mario
Draghi announced a shift in the ECB’s forward guidance with the
following statement after the monthly monetary policy meeting:

Based on our regular economic and monetary analyses, and after
the recalibration of our monetary policy measures last month,
we decided to keep the key ECB interest rates unchanged, and
we expect them to remain at present or lower levels for an

extended period of time. (ECB 2016)

The change in the expected interest rate path was significant
after these policy changes. Panel A of Figure 3 depicts the expected
path (forward curve) of the euro-area short-term rate and its dis-
tributions at two different points in time: the second rate cut in
September 2014 (pink distribution) and the fourth rate cut in March
2016 (blue distribution). These expectations are derived from the
EURIBOR (euro-area interbank offered rate) future option mar-
ket assuming risk-neutrality following the method of Shimko (1993).
Note that even after the policy rate was lowered to —0.20 percent,
the scenario in which interest rates would return to positive terri-
tory over the course of one year was within 50 percent confidence
bands. However, entering 2016, this perception had changed. Look-
ing at the probability distribution in March 2016, markets clearly
started to understand that negative interest rates were a persistent
phenomenon.
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Figure 3. Expected Euro-Area Short-Term Rate Paths
and Their Option-Implied Probability Distributions
(Panel A). Share of Banks Having at Least One Retail
Deposit Account at Negative Rate (Panel B)

Source: ECB; authors’ calculations.

The change in perception of the persistence of negative interest
rates is also visible when examining the number of banks in our
data set that started to charge negative interest rates on their retail
deposits. As shown in panel B of Figure 3, the share of banks with at
least one retail deposit account (including both household and cor-
porate, overnight, and other maturities) bearing negative interest
rates increased considerably from the beginning of 2016 to around
20 percent by the end of 2017 and 30 percent in 2020. Banks that
started to charge negative interest rates on their retail deposits were
on average not different from their nonnegative deposit rate counter-
parts with respect to their ex ante (or ex post) level of net interest
margin. In addition, charging negative deposit rates does not cor-
relate with the amount of variable interest lending nor the initial
level of either lending or deposit rates. Out of the 13 countries in
our sample, there were in total 9 countries where we observed banks
charging negative deposit rates. Based on the reasoning above, we
place the beginning of the low-for-long period in January 2016, and
it lasted until the end of our observation period in December 2020.

3. Data

This section presents the data used and defines our monetary policy
measures.
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3.1 Data Description

We employ different sources of data to create our unique data set.
First, our dependent variables, i.e., the lending rates for new loans,
are drawn from the ECB’s confidential individual MFT interest rate
statistics (IMIR). We have bank-specific interest rate observations
at a monthly frequency on new domestic nonfinancial corporatio
(henceforth corporate) loans of different maturities. We use four
dependent variables for our main estimations. The average lending
rate for corporate loans is a weighted average of lending rates for
all new corporate loans of different maturities granted by a bank in
each month. We also look at the lending rates for corporate loans
separately for maturities of up to one year, one to five years, and
over five years.

Our main explanatory variables are the measures of monetary
policy. We use a local projection method to disentangle the effects of
specific monetary policy measures: policy interest rate, (T)LTROs,
and QE. To that end, we use the EA-MPD and our own calculations.
Monetary policy measures used are discussed more thoroughly in
Section 3.2.

To form our bank-specific variables, capitalization (ratio of equity
to total assets), liquidity (ratio of liquid assets to total assets), and
bank size (log of total assets), we predominantly rely on monthly
bank-specific balance sheet information provided by the ECB (indi-
vidual MFT balance sheet item data set, IBSI); the exception being
liquidity, where we use annual data from BankFocus. In addition, we
use monthly observations on each bank’s borrowing from the central
bank under targeted and nontargeted longer-term operations, as well
as each bank’s monthly reserves in central bank deposit accounts.
The data are from two confidential ECB data sets (bank-level bor-
rowing and repayments from different longer-term refinancing oper-
ations and bank-level current account deposits).

With access to the ECB’s individual Bank Lending Survey data
with quarterly survey responses of individual banks, we have the

3We focus on corporate loans to keep our analysis concise. Nevertheless, the
examination of housing loans yields similar results. These results are available
upon request.
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possibility to control directly for loan demand encountered by each
bank. Our question of interest is worded as follows:

Over the past three months (apart from normal seasonal fluctu-
ations), how has the demand for loans or credit lines to enter-
prises changed at your bank? Please refer to the financing need
of enterprises independent of whether this need will result in a
loan or not.

Respondents could choose from “(i) decreased considerably,
(ii) decreased somewhat, (iii) remained basically unchanged,
(iv) increased somewhat, or (v) increased considerably.” Based on
the responses, we construct two dummies for loan demand: one
for increasing demand (equal to one if the bank responded with
(iv) or (v)), and one for declining demand (equal to one if the bank
responded with either (i) or (ii)). Each estimation includes both
dummies.

To control for macroeconomic developments affecting all banks
in one country at the same time, we include country-specific
year-on-year growth in industrial production and the harmonized
unemployment rate, both from Eurostat at a monthly frequency.
In addition, to take into account euro-area-wide macroeconomic
developments and uncertainty, we further include normalized total
returns of the euro-area STOXX index, as well as the first principal
component of short-, medium-, and long-term expectations of
euro-area GDP growth, inflation, and unemployment from the ECB
Survey of Professional Forecasters (SPF) at monthly frequency.

Altogether, our data set is an unbalanced panel covering 137
individual euro-area banks from 13 countries (Austria, Belgium,
Estonia, Finland, France, Germany, Ireland, Italy, Lithuania,
Luxembourg, Portugal, Slovakia, and Spain) for the period January
2010-December 2020. The smaller coverage of the individual Bank
Lending Survey (iBLS) ultimately limits our sample. Even if the
number may seem small at first, banks participating in the BLS
provide a representative sample of euro-area banks and take into
account the characteristics of the respective national banking
structures (see also Figure A.1 in the appendix). Definitions of all
variables used are presented in Table 1. Descriptive statistics for
the full time period and two different subperiods (period of negative
policy rates and period of low-for-long) can be found in Table 2. We
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exclude the extreme values by dropping 1 percent of observations
from each side of the distribution of the dependent variables.

3.2 Measuring Monetary Policy

As discussed in Section 2, the ECB employed a number of monetary
policy instruments during the 11 years covered by our data set. Our
focus is to determine whether the pass-through of monetary policy
to bank corporate lending rates changed after policy interest rates
entered into negative territory and further when banks entered the
low-for-long period in January 2016.

A standard strategy in the recent literature is to use monetary
policy shocks derived from external VAR models (e.g., Boeckx, de
Sola Perea, and Peersman 2020 utilize shocks from Boeckx, Dossche,
and Peersman 2017) or event studies (e.g., Albertazzi, Nobili, and
Signoretti 2021; Ampudia, Ehrmann, and Strasser 2023; Kho 2025).
The monetary policy shocks and surprises represent exogenous vari-
ation in monetary policy, and they also allow us to disentangle
different types of monetary policy

We employ the local projections method and three different mon-
etary policy surprises to disentangle the impacts of short-term pol-
icy rates, credit easing policies ((T)LTROs), and large-scale asset
purchases (QE).

We take the one-week overnight index swap (OIS) surprise
around the ECB’s monetary policy decisions using the monetary
event window (that is, the change in the median quote from the
window 13:25-13:35 before the press release to the median quote
in the window 15:40-15:50 after the press conference) to measure
the impact of conventional monetary policy (the short-term interest
rate) and the 10-year OIS surprise to measure the impact of large-
scale asset purchases or QE. Both of these surprises are derived
from the euro-area event-study database produced in accordance
with Altavilla et al. (2019). When studying QE using the 10-year

4Alternatively, we could measure monetary policy using an endogenous
(shadow) policy rate and control for observed variables in the central bank
reaction function as discussed by Bluedorn, Bowdler, and Koch (2017). This
approach was utilized in the earlier version of this article. The results based
on this alternative strategy are in line with the results presented in the latter
sections.
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OIS surprise, we use the one-week surprise as a contemporaneous
control variable because long-term interest rates are affected by
changes in the short-term rates. To measure credit easing policies,
we use bank bond yield changes around the ECB announcements
involving (T)LTROs when controlling for other changes in mone-
tary policy using the one-week and 10-year surprises. We use the
same days as in Altavilla et al. (2023, Appendix B): May 8, 2014,
June 5, 2014, July 3, 2014, July 29, 2014, January 22, 2015, March
10, 2016, and May 3, 2016. In addition, we add the following days:
December 8, 2011 (three-year LTRO announcement), February 28,
2012 (eligibility of Greek bonds used as collateral in monetary pol-
icy operations), March 7, 2019 (TLTRO III announcement), June
6, 2019 (details about the operations), July 29, 2019 (legal act pub-
lished), and September 9, 2019 (TLTRO rate reduced). We use a
single series of average yield to maturity of euro-area banks (senior
unsecured bonds), and based on this single series, we calculate the
daily change. The data are from Bloomberg.

Figure 4 presents the time series of these three surprises for 2010—
19. We do not use data concerning the shock proxies after 2019 due
to extreme values related to the COVID-19 pandemic.

4. Methodology

We utilize a local projections model as formalized by Jorda (2005),
although the idea of estimating regression coefficients of a model
where the left-hand-side variable is several periods ahead of the
right-hand-side variable is of course much older (e.g., Cox 1961).
This approach enables us to estimate the effects of policy shocks at
different horizons and thereby tease out the timing and dynamics
of these effects. Furthermore, high-frequency monetary policy sur-
prises provide us with an identification strategy for causal effects.
In line with the recent literature (Boeckx, de Sola Perea, and Peers-
man 2020; Altavilla et al. 2022; Altavilla et al. 2023; Kho 2025), we
estimate a model that applies local projection methods to bank-level
data:

TftJrh =a;n + pn(L)Yi—1 + (L) Xit—1 + OnShock, + ejryn (1)
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Figure 4. Monetary Policy Shocks
Used in Local Projections

Source: EA-MPD; Bloomberg; authors’ calculations.

for different horizons h. In the equation, riL,t is the bank lending
rate for firms at different maturities, L, charged by bank ¢ at time
t; a; , are bank-specific fixed effects (for different h); Y; is the vec-
tor of macroeconomic control variables; and X, is the vector of
bank-specific control variables. Shock; stands for proxy variables for
monetary policy shocks (we use three shocks: a policy rate shock, a
(T)LTRO shock, and a QE shock), defined in more detail in Section
3.2. The majority of the recent literature (Boeckx, de Sola Perea, and
Peersman 2020; Ampudia, Ehrmann, and Strasser 2023; Altavilla
et al. 2023; Kho 2025) includes the shock proxy directly in the equa-
tion as we do. Some papers, such as Altavilla et al. (2022), use shock
proxies as an instrumental variable for the endogenous policy rate.
We assess the robustness of our main results regarding conventional
monetary policy using this alternative approach. Following the appli-
cation of local projections by Boeckx, de Sola Perea, and Peersman
(2020) to similar data, we assume the number of lags in the baseline
specification to be three. The regressions are estimated using OLS.
In all the figures, we show 90 percent confidence intervals for 8. The
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confidence intervals are calculated based on a nonparametric robust
covariance matrix estimator & la Driscoll and Kraay (1998).

We control for expectations about the macroeconomic environ-
ment at the euro-area level by including GDP growth, inflation,
and unemployment forecasts from the Survey of Professional
Forecasters (SPF), and the current environment by including
normalized Eurostoxx stock returns, as well as country-specific
industrial production growth and unemployment rates to control for
country-specific macroeconomic developments affecting all banks
inside a country. Bank-specific controls include liquidity, capitaliza-
tion, and bank size. We account for corporate loan demand using
bank-specific responses from the ECB’s individual Bank Lending
Survey (iBLS) on how demand for loans or credit lines to enterprises
has changed. We use two dummy variables in each estimation: an
increasing demand dummy and a declining demand dummy. In
addition, we control for the stance of monetary policy prior to the
shock using the EONIA and Krippner shadow rates.

Because our proxy variables for monetary policy shocks can be
assumed to be exogenous, control variables are not necessary for
identification. Nevertheless, adding control variables to the regres-
sion reduces the confidence intervals and helps produce more accu-
rate estimates. In addition, adding macro controls to the model
removes a potential concern that, for example, more stimulating
surprises might occur when the economic situation is bad. The con-
trol variables are lagged because we do not want to control out a
potential effect of monetary policy on lending rates via immediate
effects on the variables used as controls (e.g., Jorda 2005; Plaghorg-
Mpgller and Wolf 2021). In some cases, as explained in Sections 5.2
and 5.3, we add one or more contemporaneous policy surprises as
control variables to disentangle different types of monetary policies
from each other. For example, when studying asset purchases via a
surprise change in the long-term rate, we add a one-week rate sur-
prise as a control variable because the long-term rate may be affected
by contemporaneous short-term rate surprises.

5. Results

We aim to study how the transmission of conventional and uncon-
ventional monetary policy to corporate lending rates changes as
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policy rates go below zero. To do so, we analyze whether there are
differences in the effects of specific monetary policy tools used by
the ECB. Such differences are crucial from a policy standpoint.
Section 5.1. starts with the conventional monetary policy tool, the
short-term policy rate. Section 5.2. moves on to longer-term refinanc-
ing operations, and Section 5.3. looks at asset purchase programs.

5.1 Policy Interest Rate

As discussed in Section 4, the short-term policy rate is proxied by
a one-week OIS rate shock[d We use full calendar years and over-
lapping samples: (i) the full time span (2010-20), (ii) the period
of negative rates (2014-20), and (iii) the period of low-for-long
(2016—20).

Figure 5 shows the local projection results for 12-month horizons
for the average corporate loan rate and three different maturities for
the full time span (2010-20). The peak effects on the average rate
are reported in Table A.2. The results suggest that (unexpected)
short-term rate changes transmit to bank lending rates approxi-
mately one-to-one. When it comes to the average lending rate (upper
left panel of Figure 5), the peak effect materializes nine months
after the shock (at horizon 9). The point estimate is about 1, which
means that, e.g. a negative short-term rate surprise of 25 basis points
induces a 25 basis point decrease in the average lending rate. There
are some differences with the timing of the peak effect when looking
at loans of different maturities. Transmission seems to be stronger
overall for loans of longer maturities.

Once policy rates fall below zero, things change. Panels in
Figure 6 suggest that the pass-through of policy rate changes to
bank lending rates is greatly impaired below zero, as they no longer
have the same impact on these rates. For the average corporate
lending rate, the effect is statistically not different from zero. The
same applies for lending rates of short- and medium-term loans.
In the case of the long-term lending rate, results start providing a
hint of the reversal rate, as the effect is negative and statistically
significant around six months after the shock. Following a 25

SWe also use a one-month rate surprise instead of the one-week rate surprise.
This does not affect the results.
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Figure 5. Effect of Short-Term Rate Shock for the
Average Corporate Lending Rate and Three
Different Maturities, Full Observation Period

(January 2010—December 2020)

Note: Maturities: less than one year, one to five years, and over five years. Time
horizon: 12 months. 90 percent confidence intervals & la Driscoll and Kraay (1998)
are reported.

basis point negative short-term rate surprise, banks increase their
long-term lending rates by 50 basis points. Note that in this
particular exercise we utilize both positive and negative short-term
rate surprises during the period of negative rates. Even though rates
were not raised after 2014, market participants at times anticipated
more aggressive rate cuts than those that were actually decided
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Figure 6. Effect of Short-Term Rate Shock for the
Average Corporate Lending Rate and Three
Different Maturities, Period of Negative Rates
(January 2014-December 2020)

Note: Maturities: less than one year, one to five years, and over five years. Time
horizon: 12 months. 90 percent confidence intervals & la Driscoll and Kraay (1998)
are reported.

at ECB policy meetings (i.e., contractionary rate surprises). Using
only the negative rate surprises for this subsample does not alter
the results (see Figure A.2 in the appendix).

As negative rates become a more persistent phenomenon, we
again see changes in the estimated coefficients. Figure 7 presents
the results for the low-for-long period subsample, which runs from
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Figure 7. Effect of Short-Term Rate Shock for the
Average Corporate Lending Rate and Three
Different Maturities, Low-for-Long Period
(January 2016—December 2020)

Note: Maturities: less than one year, one to five years, and over five years. Time
horizon: 12 months. 90 percent confidence intervals & la Driscoll and Kraay (1998)
are reported.

2016 to 2020. We now see more frequent instances of horizons with
negative and statistically significant coefficients, suggesting the exis-
tence of the reversal rate, where additional (here unexpected) rate
cuts made banks increase their corporate lending rates. The esti-
mated reversal effect for the average lending rate is economically
significant. The peak effect at horizon 7 is about —3, meaning that
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a 25 basis point negative short-term rate surprise further into the
negative territory would raise the average lending rate by about 75
basis points. The loan maturities again play a role, as the peak effect
occurs at different horizons for different maturities. The statistical
significance and the absolute size of the coefficients are higher for
medium- and long-term loans.

We assess the robustness of our results concerning policy rates
in multiple ways. First, Table A.1 in the appendix provides results
using the rolling window approach instead of subjectively chosen
subsamples. Results confirm that negative and statistically signifi-
cant coefficients for the average lending rate can only be found for
time windows that incorporate at least the year 2016, so that the
reversal rate emerges only when looking at the subsamples contain-
ing the low-for-long period. We observe positive, statistically signifi-
cant coefficients for time windows ending in 2015 or earlier. Second,
Figure A.3 presents results for the average lending rate account-
ing for the future values (leads) of expected GDP growth and loan
demand dummy variables, as monetary policy could also affect lend-
ing rates indirectly via its dynamic effect on loan demand [d This does
not change the results. Third, Figure A.4 reports results for the main
specification of the average lending rate after replacing the country-
specific macro variables in the baseline specification by country and
country-year fixed effects to control for any country-specific varia-
tion. Here again, the results corroborate our main results. Fourth,
although our focus is on lending rates when investigating the exis-
tence of the reversal rate (as explained in Section 1), we complement
our analysis with regressions for loan amounts (Figure A.5). Using
the full sample or the sample prior negative rates, the results suggest
that monetary policy easing has a positive effect on loan volumes.

S Additionally, instead of a one-week OIS surprise, we use the Target shock
constructed as in Altavilla et al. (2019). We use the replication of this shock
proxy from Laine and Pihlajamaa (2024) and the poor man’s method by
Jarocinski and Karadi (2020) to clean out the potential information effects. As
the correlation between the high-frequency shock proxies and money market rates
might differ across subsamples, we use the shock proxy as an instrumental vari-
able for the change in the three-month Euribor rate. For the period of negative
rates (2014-20) we find evidence for a reversal rate. Focusing only on the period
of low-for-long yields statistically insignificant results. This is not surprising as
the number of nonzero values in the shock proxy is very low after 2016 in this
specification. These results are available upon request.
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During the period of low-for-long, things change. In the same way
as for loan rates, we find evidence that an unexpected policy rate
surprise has an inverse effect on loan volumes. The results are in
line with the idea of the reversal rate. Nevertheless, we acknowledge
that the results may capture equilibrium relationships between pol-
icy rate changes and banks’ loan pricing decisions, rather than pure
supply-side effects, as firms’ demand for credit may react imme-
diately to monetary policy. We assess the role of loan demand by
controlling for the future values of our loan demand control vari-
able in Figure A.3 in the appendix. The results remain qualitatively
the same, but we cannot rule out that our control variables do not
capture all the changes in credit demand.

5.1.1 Bank Heterogeneity

To understand our reversal rate results better, we assess if the neg-
ative effect is stronger for banks that are more exposed to negative
rates. Following Demiralp, Eisenschmidt, and Vlassopoulos (2021),
we analyze whether banks with a high share of central bank deposits
behave differently from the average bank. We augment Equation (1)
to include an interaction term of our shock proxy and the lagged
share of central bank deposits on bank ¢’s balance sheet. Figure 8
presents the results, providing evidence that banks with more cen-
tral bank deposits (i.e., bearing the additional cost of the negative
central bank deposit rate) raise lending rates for their borrowers. At
horizon 2, the coefficient estimate for the interaction term is about
—60 and the estimate for the coefficient of the one-week OIS surprise
is about —0.4. This means that for a bank with central bank deposits
to total assets at 10 percent, a 25 basis point negative short-term
rate surprise leads to an increase in the average lending rate of about
160 basis points. In turn, a bank with a central bank deposit ratio
of 1 percent raises its average lending rate by 25 basis points. This
result corroborates the theoretical reasoning of Ulate (2021).

Bank heterogeneity also matters in how banks are able to keep
lowering their interest expenses as policy rates go below zero. As
argued by Abadi, Brunnermeier, and Koby (2023) and Eggertsson
et al. (2023), the key constraint preventing policy rate pass-through
to bank lending rates in a below-zero environment is that some banks
cannot, lower their retail deposit rates into negative territory. We
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Figure 8. Effect of Short-Term Policy Rate Shock on
Banks with High Share of Central Bank Deposits for
the Average Corporate Lending Rate and Three
Different Maturities, Period of Negative Rates

Note: Maturities: less than one year, one to five years, and over five years. Time
horizon: 12 months. 90 percent confidence intervals & la Driscoll and Kraay (1998)
are reported.

address this question by augmenting Equation (1) with the inter-
action term between our short-term policy rate shock and a lagged
dummy variable that has a value of 1 if a bank sets at least one of
its retail deposit rates to negative. Figure 9 reports the coefficient
of this interaction term for different horizons.
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Figure 9. Effect of Short-Term Rate Shock on Banks
with Negative Retail Deposit Rates for the Average
Corporate Lending Rate and Three Different
Maturities, Period of Negative Rates

Note: Maturities: less than one year, one to five years, and over five years. Time
horizon: 12 months. 90 percent confidence intervals & la Driscoll and Kraay (1998)
are reported.

Our results indicate that banks that manage to lower their retail
deposit rates below zero are still transmitting changes in interest
rates to their borrowers. This is fully in line with the reasoning
of Abadi, Brunnermeier, and Koby (2023), and Eggertsson et al.
(2023), who argue that those banks that can further decrease their
interest expenses can pass on costs from changes in the short-term
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policy rate to their customers in the form of lower lending rates.
Indeed, these results clearly demonstrate that bank heterogeneity
matters for the transmission of policy rates to bank lending and
may be a defining factor in whether further rate cuts below zero
become contractionary.

5.2 (T)LTROs

Besides eventually lowering the conventional monetary policy mea-
sure below zero, the ECB introduced a variety of different unconven-
tional monetary policy tools. In this subsection, we study the trans-
mission of those instruments to bank lending rates. Our (T)LTRO
shock proxy series thus includes two LTRO-related yield movements
and all variations after 2014 are related to targeted operations.
Equation (1) now includes (T)LTRO-related policy changes prox-
ied by the average bank bond yield change during the days of ECB
announcements. In addition, we augment the equation with contem-
poraneous one-week and ten-year rate surprises to ensure that our
(T)LTRO proxy is not contaminated by other monetary policy tools.

The results for the full sample are shown in Figure 10. They sug-
gest that these policies affect lending rates with some lag, as the full
effect does not materialize until after a year has passed. Following
a 10 basis point decrease in (T)LTRO-induced bank bond yields,
we observe a roughly 20 basis point decrease in the average lending
rate. As with short-term policy rates, this effect is larger and more
pronounced for lending rates of longer maturities.

Figure 11 shows the results for the period of negative rates. The
estimated effects in this subsample are much smaller and statistically
less significant (although positive) for the average corporate lending
rate and the lending rate for short-term loans. For medium and long
maturities, positive and statistically significant results remain. The
slightly stronger positive effect for long-term lending rates remains
during the low-for-long period (Figure 12). Even so, caution is war-
ranted in interpreting these results due to the tiny number of TLTRO
announcement days for this last subperiod. In addition, the time-
varying effectiveness of TLTROs likely reflects differences in their
“calibration:” the first, second, and third series of TLTROs differ
when it comes to maturity and incentives.
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Figure 10. Effect of (T)LTRO Shock for the Average
Corporate Lending Rate and Three Different Maturities,
Full Observation Period (January 2010-December 2020)

Note: Maturities: less than one year, one to five years, and over five years. Time
horizon: 12 months. 90 percent confidence intervals & la Driscoll and Kraay (1998)
are reported.

The results above assess the effect on the lending rates of an
average bank. However, one may assume that the effects are stronger
for banks that participated in these operations and received more
financing on favorable terms. This is in line with Gertler and Kiy-
otaki (2010), where an injection of liquidity from a lender of last
resort relieves the bank’s credit constraint, which then further allevi-
ates liquidity shocks to the nonfinancial sector. Our data set includes
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Figure 11. Effect of (T)LTRO Shock for the Average
Corporate Lending Rate and Three Different Maturities,
Period of Negative Rates (January 2014-December 2020)

Note: Maturities: less than one year, one to five years, and over five years. Time
horizon: 12 months. 90 percent confidence intervals & la Driscoll and Kraay (1998)
are reported.

an actual measure of each bank’s amount of funds lent from these
longer-term operations, so we can test this directly. We thus aug-
ment the model by an interaction term with our (T)LTRO measure
and the lagged share of central bank funding on bank ¢’s balance
sheet. Figure 13 shows the results for the 2014—-20 period.

We see that the interaction is positive and significant, especially
when it comes to loans of long maturities. The result is intuitive, as
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Figure 12. Effect of (T)LTRO Shock for the Average
Corporate Lending Rate and Three Different
Maturities, Low-for-Long Period (2016—20)

Note: Maturities: less than one year, one to five years, and over five years. Time
horizon: 12 months. 90 percent confidence intervals & la Driscoll and Kraay (1998)
are reported.

the TLTROs had a built-in incentive for lending in a certain time
window. The banks were rewarded with a lower interest rate by the
ECB if lending was increased during this relatively long monitoring
period. It thus made less sense to lend short-term, as the ECB only
cared about the average lending change at the end of the period.
For example, in the case of TLTRO II, launched in 2016, the poten-
tial reward to banks for lending depended on their total growth in
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Figure 13. Effect of (T)LTRO Shock on Banks with High
Share of TLTRO Loans for the Average Corporate
Lending Rate and Three Different Maturities, Period of
Negative Rates (January 2014-December 2020)

Note: Maturities: less than one year, one to five years, and over five years. Time
horizon: 12 months. 90 percent confidence intervals & la Driscoll and Kraay (1998)
are reported.

lending (loans to firms and households, excluding lending for house
purchases) from February 2016 to January 2018. Therefore, there
were fewer incentives for lending short-term (at least immediately
after the announcement). We conclude that TLTROs contributed to
mitigating the pass-through of monetary policy easing to bank lend-
ing rates below zero, and this effect was stronger for banks taking
on more funding directly from these operations.
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5.8 Asset Purchase Programs

Finally, we focus on the ECB large-scale asset purchase programs, or
QE, proxied by the 10-year OIS rate shock. We include in Equation
(1) the one-week OIS rate surprise as a contemporaneous control
variable. This control is added because, as conventional monetary
policy may affect long-term rates, asset purchases do not affect short-
term rates contemporaneously. For QE, we only have observations
starting in 2014, when the ECB launched the APP package and
other large-scale asset purchase programs. The estimations for the
full period of 2010-20 are thus omitted in this subsection.

Figure 14 presents the results for the period of negative rates.
The results suggest that QE had no effect on average corporate
lending rates; the coefficients are statistically insignificant. However,
there is evidence that QE had some positive effect on lending rates
of medium- and long-term loans at shorter horizons. That is, as QE
induced an unexpected decrease at the longer end of the yield curve,
banks lowered their lending rates for loans of longer maturities. This
could stem from the fact that they are more likely to be closer substi-
tutes for long-term bonds. Focusing solely on the low-for-long period
(Figure 15), we find no clear evidence of a favorable effect on lending
rates.

Bank heterogeneity can again affect the impact of QE. With
asset purchases having a large impact on security prices, the mark-
to-market value of bank security holdings increases, raising bank net
worth (Brunnermeier and Sannikov 2014). Assuming that commer-
cial banks target somewhat constant leverage ratios, this induces
banks to expand their lending (Adrian and Shin 2010), which here
would be related to lower lending rates. To account for bank hetero-
geneity, we use bank-level data on bond holdings. Figure 16 shows
the estimated coefficients for the interaction term between the 10-
year rate surprise and the lagged share of bonds in a bank’s total
assets. Our results, however, provide no evidence that QE policies
would have any stronger effect on lending rates of banks directly
more exposed to bond purchases.

The ABSPP and CBPP3 asset purchase programs, which focus
on asset-backed securities and covered bonds, are linked to loans to
the private sector granted by banks—not to the bonds they are hold-
ing. Although their share is small compared to the PSPP, focusing
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Figure 14. Effect of QE Shock for the Average Corporate
Lending Rate and Three Different Maturities, Period of
Negative Rates (January 2014-December 2020)

Note: Maturities: less than one year, one to five years, and over five years. Time
horizon: 12 months. 90 percent confidence intervals & la Driscoll and Kraay (1998)
are reported.

on public-sector bonds, this could partly explain why banks specifi-
cally holding more bonds are not differently affected by QE shocks
in our estimations.

6. Conclusion

In this paper, we study how various monetary policy measures
adopted by the ECB transmit to corporate lending rates in a
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Figure 15. Effect of QE Shock for the Average Corporate
Lending Rate and Three Different Maturities, Low-
for-Long Period (January 2016—December 2020)

Note: Maturities: less than one year, one to five years, and over five years. Time
horizon: 12 months. 90 percent confidence intervals & la Driscoll and Kraay (1998)
are reported.

negative interest rate environment. Utilizing a detailed bank-level
data set covering 137 individual banks from 13 euro-area countries
at a monthly frequency for the period from January 2010 to
December 2020, we examine how the pass-through changed when
policy rates turned negative in June 2014 and further after early
2016, when negative rates came to be regarded as persistent due to
the ECB’s revised forward guidance and additional rate cuts.
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Figure 16. Effect of QE Shock on Banks with High
Share of Bond Holdings for the Average Corporate
Lending Rate and Three Different Maturities, Period
of Negative Rates (January 2014-December 2020)

Note: Maturities: less than one year, one to five years, and over five years. Time
horizon: 12 months. 90 percent confidence intervals & la Driscoll and Kraay (1998)
are reported.

We find several noteworthy results. First, the transmission of
short-term policy rates is clearly hampered below zero. Although we
already see some signs of the reversal rate during the 2014—20 period,
the evidence becomes much stronger as negative rates become more
persistent during the low-for-long period. Following further policy
rate cuts, banks started to raise their lending rates. Second, bank
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heterogeneity plays a role. Stronger evidence for the reversal rate
is obtained for banks more exposed to negative policy rates: those
that did not lower their own retail deposit rates below zero, and
those holding more negative interest-bearing central bank deposits
on their balance sheets. Third, loan maturities matter. The inverse
peak effect occurs at different horizons for different maturities, which
may explain the weaker results when looking at the average lend-
ing rates. Moreover, the statistical significance and the absolute size
of the inverse effect increase with the length of the loan. Fourth,
even if the transmission of the short-term policy rate to bank lend-
ing rates is hampered below zero, unconventional monetary policy
measures—especially TLTROs—help mitigate the pass-through by
lowering bank lending rates, especially for loans of longer maturities.

Our analysis helps with understanding why empirical studies so
far have struggled to find common ground for the existence of the
reversal rate. The results confirm what previous literature suggests:
that its existence depends greatly on bank heterogeneity, such that
the reversal rate is more pronounced for banks that are most exposed
to negative rates (those that are reluctant to lower their own retail
deposit rates below zero or those with large amounts of negative
interest-bearing central bank deposits). We also show that differ-
ent loan maturities play an important role, as the inverse effect is
stronger for loans of longer maturities. Furthermore, by employing a
long enough data sample with negative rates, we confirm that nega-
tive rates must first become persistent before we can seek to uncover
evidence of the reversal rate.

Looking to the policy implications of these findings, we pro-
vide evidence that monetary policy rate cuts cease to have the
desired effect on private-sector lending costs when negative rates
become persistent. Without the mitigating effects of additional poli-
cies specifically aimed at lowering bank funding costs, further rate
cuts below zero run the risk of becoming contractionary. Moreover,
although reducing volatility and uncertainty about future interest
rate developments, central bank signaling of a low-for-long environ-
ment could bring the reversal rate forward.
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Appendix

Figure A.1. Representativeness of Our Sample

Note: Euro-area totals: ECB MIR and BSI databases.
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Figure A.2. Results Regarding the Short-Term Rate
Surprise for the Negative Rates Sample (2014-20) When
Only Negative Rate Surprises Are Considered

Note: The results show that rate cut surprises in the below-zero environment
increase lending rates. Note that the figure reports regression coefficients as such
(not multiplied by —1).
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Table A.2. Statistically Significant Peak Effects on
Average Lending Rates of a One-Unit (100 Basis Point)
Surprise in the Shock Proxy of Interest

Subsample/Policy Tool 201020 201420 201620
Conventional MP 1.07) -1.07 -3.43
(h=9) (h=2) (h=7)
QE —0.38 -0.96
(h=0) (h=9)
TLTRO 1.82 0.72 1.41
(h=6) (h=9) (h=9)

Note: Horizon (h) is reported in parentheses.

Table A.2 summarizes our main results by reporting the statis-
tically significant peak effects on average lending rates of a one-unit
(100 basis point) surprise in the shock proxy of interest.
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Figure A.3.

Figure A.3 presents our results regarding average lending rates
after controlling for the leads (t+3) of SPF GDP growth expectation
and loan demand dummy variables.
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Figure A.4.

Figure A.4 presents the results for the average lending rates
after replacing country-specific macro variables with the country and
country-year fixed effects.
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Figure A.5.

Figure A.5 presents the results regarding conventional monetary
policy for the cumulative change of (log) loan amounts from ¢-1 to
t+ h.
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across different expectation formation alternatives. ECB-(RE)BASE
is a model-consistent expectations (MCE), or rational expectations
(RE), version of the ECB-BASE model, which up until the time of
writing operated solely under expectations formed via vector autore-
gression (VAR). The underlying ECB-BASE model developed at
the ECB was introduced by Angelini et al. (2019) as the primary
semi-structural macroeconomic model for the euro area. Today, it
is instrumental in informing ECB monetary policy preparation by
contributing to economic projections, risk and scenario analysis, and
quantitative policy evaluations. The main advantage of such models
lies in the balance between the theoretically founded structure (and
its imposed restrictions) and the empirical validity of captured grad-
ual transmissions. Importantly, expectations also play a critical role
in determining macroeconomic dynamics in this class of models. As
a functional policy analysis tool, the model features a comprehen-
sive description of the euro-area economy, incorporating a detailed
demand breakdown, price and wage developments, forward-looking
asset pricing, financing conditions, and future income projections,
as well as different roles for policy interventions.

The impetus to explore alternative expectation settings arises
from recent supply shocks that have increased energy, production,
and consumer prices. These shocks have heightened macroeconomic
volatility, underscoring the need to understand the role of expec-
tations as long-term anchors. Induced by such developments, the
monetary authorities needed to assess the implications of different
degrees of forward-lookingness on macroeconomic volatility. After a
prolonged period of low interest rates, the central bank’s reaction to
the new environment resulted in many instances in a large hiking
cycle. In this respect, our work in this paper focuses on understand-
ing the consequences of unexpected and anticipated monetary policy
shocks/]

At the same time, central bank forecasting models are under
increasing scrutiny (see Bernanke 2024). Dynamic stochastic general
equilibrium (DSGE) models typically emphasize forward-looking
behavior under the rational expectations paradigm. In contrast,

!The accompanying working paper by Adjemian, Bokan et al. (2024) system-
atically documents the implications of different expectation settings for other
main shocks.
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the majority of semi-structural projection models rely predomi-
nantly on established long-run relationships consistent with data.
For pure forecasting purposes, it is often adequate to consider
expectations based on historical patterns. However, for analytical
purposes, exploring alternative expectation settings that account
for policy shifts, evaluate announced changes, and anticipate news
would be highly beneficial. We contribute to the ECB’s analytical
capabilities by integrating these alternative expectation settings into
the main projection tool. The implementation also allows for hybrid
settings, combining different expectations across various sectors or
blocks of the model simultaneously.

Changing expectations from backward-dependent to forward
rational expectations affects monetary policy transmission. We find
that using the MCE setting leads to a dampened cyclical response
because of stronger income smoothing and more gradual transition
dynamics. These smoothing forces dominate any implications of the
financial sector being forward-looking. We also find that there are
front-loading features on prices, especially on HICP (Harmonised
Index of Consumer Prices) inflation through the exchange rate effect
on imported energy, but less on the GDP deflator. We show that pol-
icy announcements lead to partial anticipation of economic dynam-
ics if credibly understood by the private sector. Additionally, we
show that recent supply shocks imply more macroeconomic volatil-
ity under MCE compared to VAR expectations, highlighting the
need for central banks to understand the degree of anticipation of
supply pressures to achieve their stabilization objectives.

In its primary role as a forecasting and policy analysis tool, the
ECB-BASE model operates under VAR expectations and is esti-
mated accordingly. In this setup, current and past states poten-
tially affect expectations. The VAR provides a reduced-form view
of the full economic environment described by the complete macro
model and can, loosely speaking, be considered as a “limited or
condensed information” expectation formation version. Other forms
of restricted information sets used in the forecasting literature are
adaptive learning approaches (Slobodyan and Wouters 2012; Warne
2023).

A key challenge in swapping expectations in this class of models
is the adjustment costs. These are central for the model to generate
empirically plausible transition dynamics. They are modeled via the
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polynomial adjustment costs (PAC) approach, which is an error-
correction-type specification with an explicit role of forward-looking
expectations. The Dynare computational environment has been
extended to support the reformulation of a VAR-based setup to the
MCE setup.

This paper also relates to the literature on different expectation
formation models, in particular in the context of semi-structural
models as used in central banks. The main reference point is the
work around the FRB/US model (Brayton and Tinsley 1996; Bray-
ton et al. 1997), which served as inspiration in the development of
the underlying ECB-BASE model. In their analytical work, Federal
Reserve staff have also occasionally compared the impulse responses
the model produces under different expectation settings. Brayton,
Laubach, and Reifschneider (2014) show that VAR-based expecta-
tions can imply high inertia that differs from the inertia implied
by the Taylor rule. In this case, the model-consistent expectations
imply a softer price response to a monetary policy rate shock than
under VAR expectations.

Numerous FRB/US simulations with an emphasis on the role
of expectations have been used for monetary policy analysis (e.g.,
Reifschneider and Williams 2000; Chung et al. 2012, among oth-
ers). Kiley and Roberts (2017) evaluate the frequency and potential
costs of Lower Bound incidences, showing that clear commitment
strategies by the central bank to maintain lower interest rates until
it achieves the inflation objective are highly effective under MCE in
the FRB/US model. Bernanke, Kiley, and Roberts (2019) find that
MCE can imply lower output volatility than hybrid expectations
when there is a risk of hitting the Lower Bound, as private-sector
expectations regarding the inflation anchor help alleviate the con-
straint. Tetlow (2022) uses FRB/US to assess the costs of disinfla-
tion, showing that a persistent reduction in inflation can be achieved
under MCE via a credible announcement of shifting the inflation
anchor without sharply decreasing demand. Conversely, VAR expec-
tations require a more aggressive policy adjustment, causing a more
significant decline in demand to achieve the same outcome.

The remainder of our paper is structured as follows. Section 2
lays out the strategy to solve a model under rational expectations. It
describes the role of expectations in ECB-(RE)BASE while broadly
outlining its main features and shows the details necessary to convert
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BASE into a forward-looking expectation model. Section 3 examines
impulse responses to monetary policy shocks, comparing different
expectation modalities, and discusses some key contributing factors.
Section 4 examines the inflation surge across different expectation
settings. Finally, Section 5 concludes.

2. ECB-(RE)BASE

This section discusses the modifications to the ECB-BASE model to
convert it into a model-consistent expectations variant.

Before delving into the model details, it is useful to generally
recall the treatment of expectations in solving dynamic macro mod-
els. Consider the following type of model:

Ee[f (Yes1, Y6, yi—1,€)] = 0, (1)

where y; is a vector of endogenous variables, ¢; is a vector of
structural shocks with E.[e;11] = 0 and E[e;41€; ;] = X. Under
backward expectations, the terms E;[y;11] are replaced by@ VAR
forecasts: y;41 = h'xzy, where z; is a set of explanatory variables
that may include y; and lags thereof. The solution then amounts to
solve for g, in each period given y;_1 and €;. Formally, the following
nonlinear problem arises: o

f(h/l"t» Yty Yt—1, Gt) = 0. (2)

In this case, the paths for the endogenous variables are the
unknown object of interest that we want to solve for. Contrary to
that strategy, under rational expectations, we solve Equation (1)
for an invariant mapping between the endogenous variables and the
state variables. Let this mapping be y; = g(y¢—1,€:). We can then
reformulate Equation (1) as

E¢ [f (9(9(yt—1, 1), €t41), 9(Yt—1, €1), Y1, €)] = 0, (3)

2 Assuming the model exhibits linearity with respect to the forward terms, the
conditional expectation can be accurately transferred under the function f. In
contrast, for nonlinear models, this operation results in an approximation due to
Jensen’s inequality. Semi-structural models are typically linear with respect to
the forward variables.
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which is typically solved by perturbation techniques around the
deterministic steady state. If we consider a first-order approxima-
tion, the solution is a linear reduced-form model: y; = Ay;_1 + Be;.

Let us now recall the basics of the ECB-BASE model. Figure 1
gives a bird’s-eye view of the model structure. The rich structure
of the model enables us to incorporate various mechanisms behind
economic forces and policy channels. More specifically, the wage-
price block is based on a simple auxiliary New Keynesian model
used to estimate the model’s main price and wage Phillips curves
(see Appendix B.4 in Angelini et al. 2019).

The model’s domestic demand structure features private con-
sumption, business and housing investment, and government expen-
ditures. Global forces, captured in the foreign block, affect exports
and imports. Financing conditions, as well as asset prices, influ-
ence borrowing and transmit into the consumption and investment
decisions.

In the wage-price block, reduced-form pricing curves assign an
important role to forward-looking expectationsﬁ Important to notice
is that this auxiliary model is estimated under rational expectations
as a stand-alone system. It is therefore straightforward to revert
to this specification when transitioning from a VAR to an MCE
setupH Given the prominence of the financial block in the model, in
(RE)BASE, we respecify the model’s asset pricing problem and align
it to the formulations standard to the DSGE literatured To do S0,
it is convenient to change the logic of how bond prices and financing
rates are constructed. Furthermore, we also treat the exchange rate
mechanism as a financial feature. Postulating the exchange rate as

3The reduced-form goods price Phillips curve is of the form m; = {(1—d.)(1—
ﬂw)(l - 9077)}71{(1 - 67!')(1 - Bﬂ')(l - @W)fg + 57r]Et7Tt+l + 57r7rt71 + ﬁgmct +
(pﬂ-ﬂ',?“} +€F. m is the core deflator inflation, me; are marginal costs, and 79 is
imported energy price inflation. The medium-term inflation expectations, 7¢, are
imperfectly anchored and are updated based on past inflation realizations. They
follow this rule throughout this paper.

“Given that (RE)BASE and BASE share an identical specification of the
wage-setting structure, we do not restate it here.

5House prices are modeled as in ECB-BASE. They are not per se modeled
as financial asset valuations like the bond prices are, but rather are determined
according to simple empirical relationships based on contemporaneous informa-
tion and on the medium-term inflation anchor. However, the transition dynamics
of house prices to the target value follow the PAC framework.
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Figure 1. Overview of the ECB-BASE Model
and the Center-Stage of Expectations

Note: Each small hexagon represents a specific model “block.” The blocks grav-
itate toward specific long-run anchors, which discipline the model through the
expectation terms. In the case of VAR expectations, a core VAR serves to pin
down the main relationships between inflation, the output gap, and the interest
rate, which is then extended to account for other explanatory forces differing
across model blocks, while at the same time ensuring a certain degree of system-
wide consistency. The large light blue shaded hexagon indicates where these
expectations enter. Furthermore, the main adjustment dynamics governed by
polynomial adjustment costs (PAC) are also subjected to the expectations. The
framed light blue hexagon touches the blocks where PAC play a role. To be pre-
cise, they govern the transition dynamics of private consumption, private business
and residential investment, house prices, property income, and employment.

a forward-looking variable implies a significant departure from the
empirical setup used in the original model.

An interesting specificity of the model is the prominence of mul-
tiple income sources (labor, transfer, and property income) as main
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determinants of consumption. While the underlying theory behind
the relationships entering the VAR expectations and MCE version
of the model is the same, the former requires significant algebraic
manipulation of the equations in order to arrive at a trend-gap rep-
resentation. On the other hand, the MCE version of the model elimi-
nates the need for this trend-gap decomposition. Therefore, in order
to facilitate the exposition of the changes in the model structure ver-
sus the original BASE, we do present the aforementioned changes in
more detail in the following section.

We should also reiterate the significant role played by the expec-
tations in the adjustment process of the model’s main macroeco-
nomic variables. The adjustment to the long-run trend values is a
sluggish transition process arising as a consequence of the various
adjustment costs featured in the model and governed, at least in
part, by the expectations. Figure 1 illustrates the various blocks
featuring expectations and their main formation mechanism. T'wo
light blue shaded hexagonal areas overlapping each other connect the
model blocks where either core VAR expectations and/or PAC-based
formulations enter the model.

In the following, we describe the modifications in the model nec-
essary to swap it into its MCE form. The order of exposition pre-
empts the order in which we want to switch on certain features
sequentially in the simulation exercises presented later.

2.1 Modified Financial Blocks
2.1.1 Bond Prices and the Long-Term Interest Rate

The following assets are modeled with forward-looking expecta-
tion formation: 10-year (long-term) bonds, corporate bonds, and
equities/stocks. The short-term nominal bond price is not explic-
itly modeled. The policymaker steers the value of short-term bonds
by setting a nominal interest rate according to the Taylor rule.
The long-term interest rate in ECB-(RE)BASE is a 10-year
benchmark government bond yield. Computationally, it is conve-
nient to use infinitely-lived consol-style bond pricing equations,
which have a tractable recursive formulation. We follow the approach
of Woodford (2001) such that the long-term bond is modeled as a
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coupon-paying consol [ Coupon payments are expected to occur in
each period, starting from ¢41, and the duration of the bond is
chosen to reflect a 10-year horizon of paymentsE

To price the long-term bond, investors discount expected future
coupon payments and add a term premium, tp, to the one-period-

ahead pricing kernel. The bond price, Q1°Y , is given by the following
recursive forward form:
10Y
10V Qit1
= —+pE . — ) 4
S e head [re=sie=r] W

where 7; is the short-term nominal interest rate, ¢ is the coupon
payment, calibrated to normalize a steady-state bond price, Q10Y,
to 1, and p is the decaying factor of coupon payments, calibrated to
match a Macaulay duration of 40 quarters. ¢p is the term premium
associated with holding a bond for a 10-year period

The long-term interest rate, i;°Y, is then defined as the com-
pounded yield to maturity on the consol,
i1 = ¢/QI 4 p- 1. (5)

Note that the rate of return on bond holding %Y is given by

10y
oy _ ¢+pQy
t = 10Y

t—1

1. (6)

A similar modeling strategy is adopted for the value of corpo-
rate bonds and its rate of return, r&'B. It follows a specification as

5Tn the original ECB-BASE model, in contrast, bond values are not explicitly
modeled. Instead, the risk-free interest rate according to the expectation hypoth-
esis is formed based on a VAR forecast. A term premium is then added to reflect
the duration risk.

"The bond pays a coupon: ¢ at t+1, pc in t+2, pc in t+3, and so on.

8In general, the term premium can be responsive to the cycle in ECB-BASE:
tp, = ct? 4 p“’tpt_1 + APE[OG4+40] + ezp. The expression E;[OG¢+40] stands
for the expected output gap position of the economy in 10 years and is replaced
by a VAR forecast where the future cyclical position is projected based on cur-
rent economic conditions. In order to avoid a convoluted expectation formation
inside the determination of long-term interest rates, the (RE)BASE setting fixes
the term premium to its baseline value, tp = ¢ /(1 — p**). To make comparison
viable, we also fix the term premium in the backward-expectation cases for the
remainder of the paper.
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in Equation (4), except that, in addition to the term premium, a
corporate bond spread above risk-free rates is then added to the
discounting.

2.1.2 Equity Prices

The description of equity prices follows the Dividend Discount
Model. The equity price, PtEQ7 is then equal to the present value
of expected future dividend cash flows that are discounted with an
appropriate risk factorﬁ

csDitk
P’ By Z (1+ ZCOE (7)

where D, are dividend payments and cg is a normalizing constant.
Cost of equity, i¥CF | is constructed as i¢9F = i; + s¢OF with the
equity premium, s; COE  determined as in the original ECB-BASE.

Writing the equity prlce equation forward, it is cast into a form
similar to the bond price equations shown above:

E
Pt—&—? ]

pEQ _ CSDt
(1+4if9F)

Dividend payouts to shareholders, D;, can be approximated by
dividend income received by the household sector, which is endoge-
nously determined in the model’s property income block. The MCE
setting therefore features a forward-looking formation of equity
prices that encompasses rational expectations on future dividend
growth. cg is calibrated to target a baseline dividend yield of 2.85
percent, consistent with the historical average of the MSCI Dividend
Yield indicator.

9In the original ECB-BASE, this equation is cast into a backward-looking
version of the Dividend Discount Model. As in Fuller and Hsia (1984), it assumes
two stages of dividend growth. There is an extraordinary growth phase (charac-
terized by ¢°7) that lasts for 2H years and a stable growth rate phase (g7 that
lasts forever. Future growth of dividends is either projected based on exogenous
information or can follow rules that rely on information from the past. Keeping
the notation of the main text in all other cases, the backward—looking equity price

can be written as P9 = % (1+ gt + H(g? gtLT)).
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Finally, net financial assets held by households, F'W,, are affected
by changes in stock prices and gain from returns earned on long-term
and corporate bonds:

rw,

W, o +wioy (1 + 7)) + wep(1 + )

+we(P?/PES), (9)

where wy, wigy, wep, and wgg are calibrated shares of assets not
subject to revaluation, government debt securities, corporate debt
securities, and equities in total financial assets.

2.1.8 FExchange Rate

The nominal exchange rate is determined via an uncovered interest
rate parity (UIP) condition that clears the interest rate differential
with trading partners. The no-arbitrage condition is that the rate of
return on domestic bonds in the domestic currency must equal the
rate of return on foreign bonds whose payoff is converted into the
domestic currency via the future spot exchange rate:

iV = Z‘%OY’F + By (5041 — 5¢) 5 (10)

where s; is the log of the nominal exchange rate of the domestic
currency over a basket of trade-weighted currencies, i.e., the nomi-
nal effective exchange rate. i;°¥ and zi OY-F are the long-term nom-
inal interest rates in the domestic and foreign markets (the U.S.),
respectively.

In the original model, the nominal exchange rate is governed
by an empirical relationship that tracks the price and real inter-
est rate differentials between the euro area and the foreign mar-
ket. In order to depart from purchasing power parity, and therefore
from a flexible price case, an explicit functional form for the change
of the real exchange rate is assumed™ and constitutes the basis
for the estimation. As a result, an (estimated) scaling of interest

10T BASE, the real exchange rate, defined as q; = s; + pf — ps, is assumed to
follow E¢ (i1 — Ge+1) = 0(q — G)-
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rate changes affects the determination of the exchange rate level in
ECB-BASE[M]

To mimic this setup for the MCE version, we modify the UIP
condition such that the expected change of the nominal exchange
rate is a scaling of the interest rate differential:

EtAsiy1 = Ouip (Z%OY - iioy’F) ; (11)

where the scaling parameter, 6,;,, has been calibrated to match the
medium-term dynamics of the exchange rate response to a mone-
tary policy shock of the economy described by the original estimated
model version.

In all applications that follow, foreign markets are assumed to
be exogenous and therefore do not transmit feedback to the euro-
area economy. Any exchange rate response is triggered by domes-
tic interest rate changes. This makes it possible to condition the
euro-area economy on an unchanged global environment, thus avoid-
ing modeling complexities which would be beyond the scope of this

paper.

2.2 Modified Income

The long-term consumption growth rate, consistent with economic
theory, is derived from utility maximization where households con-
sider their lifetime income stream and the value of financial assets
(housing wealth and financial wealth). The reader is referred to
Angelini et al. (2019) for the full derivation.

The permanent income construct is used to pin down tar-
get consumption, log C;. The empirical specification of the target
consumption equation, which has been estimated in the original
model, is

log Cf = no + nrlog EY;" + nplog EY;"” + nplog W/
+ (1 —nr —np —np)log EY", (12)

1y BASE, the empirical relationship pins down the current period level
of the nominal exchange rate directly (not in expectations). The parame-
ter restrictions employed in the estimation imply s; = p, — pf + 1/(1 —

o) (it — 7t — (™" 7)) + @
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where EY;' denotes the permanent income type i € {T =
transfer, P = property, L = labor}, WP denotes observed finan-
cial and housing wealth, and n; stands for propensities to consume
out of income type i3

Permanent income is formally derived from the expected present

discounted value of future incomes, denoted as J;:

JE=FEe ) (141 +¢0) V. (13)
k=0

Expected permanent income, EY, is defined as
EY, = (1-B)J}, (14)
with 3 representing the discount factor and equal to (1+g)/(147—
T+¢o). T— is the baseline real interest rate, ¢y is a risk-adjustment
factor, and ¢ is the growth rate of potential output.
The expected permanent income of type i can be rewritten in
recursive form{3

EY; = (1= B)Y{ + BE(EY,), (15)

where the one-period-ahead expectation of permanent income,
E.(EY}, ), is evaluated as a rational expectation forward term.

2.8  Reformulating the Adjustment Costs

An essential feature of the ECB-BASE model is the significant role
played by expectations in the adjustment process and therefore the

12We assume that nr 4+ np + np + nz = 1. Furthermore, although aggregate
property wealth can be directly obtained from the data, there are numerous issues
related to its measurement. Because of that, we decided to follow FRB/US and
postulate that the true property wealth is a weighted average of observed finan-
cial and housing wealth and the present value of property income. This results
in financial and housing wealth entering the equation as observed and not as the
present discounted value of its future streams.

13This is different from the original ECB-BASE model where, in order to apply
VAR expectations, permanent income is deconstructed into trend and gap terms.
The long-run trends are set according to the baseline targets they are supposed
to converge to. The gaps to these trends depend on VAR forecasts about the
cyclical position of the economy.
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stickiness of main macroeconomic variables. The sluggish adjust-
ment of variables to a theory-implied target are modeled through
the polynomial adjustment costs (PAC) approach The benefit of
this is that the long-term anchors of the model are consistent with
economic theory, but the transition to the target is consistent with
empirical relationships. The variables shift toward the long-run tar-
gets in an error-correction-type setup. It further captures inertia via
a lag structure as well as providing a role for expectations through
a forward term.

Because in ECB-BASE, main macroeconomic interactions fea-
ture the PAC property, expectations appear in many parts of the
model (recall Figure 1 for an overview). For instance, theory sug-
gests that consumption depends (log-)linearly on permanent incomes
(log Cf in the previous section is the theory-implied consumption
target). However, when the model is applied to the data, there is
a discrepancy between the observed and the theoretical level and
growth rate of consumption. The intertemporal (forward-looking)
optimization that determines the transition is modeled via the PAC
approach

Now, let y; be a generic variable of interest and y; be its theo-
retical counterpart, typically derived from an optimization problem.
Assume that the optimizing agents also seek to minimize a cost
function of transition, denoted by O, with respect to the variable of
interest, y;, while taking the target, y;, as given This cost func-
tion is designed to penalize not only deviations between the actual
value of the variable, y;, and the target value, y;, but also changes
in the variable itself:

Oy =Ei1 YA | (i — viy)* + Db (1= L)Fwess)*| . (16)
i=0 k=1

“For a reference and a more detailed presentation, please see Tinsley (2002).

5In the case of consumption, the PAC lag structure is akin to internal habit
formation in other models. The advantage of the PAC approach, however, is
that it is generic and therefore offers flexibility in modeling any macroeconomic
variable via this approach.

16The optimization problem resembles that of an HP filter, yet the instrument
employed is distinct.
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This cost encompasses the anticipated present value of squared
deviations of the decision variable y; from its target path y;, in
addition to adjustment costs associated with the growth rate and
higher-order derivatives of the decision variable. Expectations are
formed based on the information available up until the end of period
t— 1 The decision rule derived from the minimization of ©; is as
follows:

m—1 00
Ay = ao(yi—1 — y—1) + Z apAy—p +Eiq Zdey:ﬂ'» (17)
k=1 §=0

where the coefficients entering the above decision rule are nonlinear
functions of the adjustment cost parameters, by, and the discount
factor, 8. The change in the decision variable depends on deviations
from the nonstationary optimal target value, its own lagged values,
and the expected infinite discounted sum of future target values.
The PAC approach not only introduces persistence to the variable
of interest but also creates a dependency on the future values of the
target. In contrast to the quadratic cost adjustment optimization
problem obtained by setting the number of lags to m = 1, as used in
Kennan (1979) and Rotemberg (1982), the PAC generalization of the
adjustment cost function permits the inclusion of higher-order (fric-
tions) derivatives by setting m > 2. This will result in a decision rule
incorporating an arbitrary number of lags on the endogenous vari-
able and lead changes in the target variable. Note that it is the lagged
changes that potentially improve the short-term dynamic properties
of the model and its empirical fit.

For ease of exposition, now define auxiliary variable Z;, which
captures the present value forward term in the PAC approach:

Zy =Ty 1 Y diAy;y,. (18)
j=0

"Notice that when considering the PAC framework, the expectations are
formed by using the information available at time ¢ — 1 and not at ¢ as is was the
case in the previous sections. Although it might seem that the issue of including
lagged versus current information when forming expectations in the PAC-based
model blocks might be somewhat inconsistent, there is no clear-cut argument
promoting either. By the fact that all right-hand side variables of Equation (16),
and subsequently of Equation (17), are formed based on the same filtration,
inconsistency is not present (Laubach and Reifschneider 2003).
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Under MCE, the expected path of the target variable can be
directly inferred from the system-wide solution of the model [ This
is contrary to the VAR case. While the VAR, in principle, may
be considered a sufficient statistic representation of the full model,
expectations are still formed with a restricted information set. In cer-
tain applications, such as the analysis of permanent policy change
effects, this may result in persistent expectation errors under the
VAR setup (see, for example, Brayton, Davis, and Tulip 2000).

Now, the solution under MCE requires rewriting the infinite sum
in Equation (18) into a recursive finite-lead representation in terms
of Z; and Ay}, a discount factor, 3, and the polynomial coefficients,
«;, which are recoverable from the estimated coefficients, ai After
some algebraic manipulations, one can derive the MCE representa-
tion of the PAC expectation term:

m—1m—1

Zy = _Z@iﬁizﬂ-i +ao | Ay; — Z Z aj B Ay |- (19)
i=1 k=1 j=k

Note that this setup allows us to retain the estimated parameters,
«, which have been estimated under the VAR expectation assump-
tion. It also allows for convenient switching between VAR expec-
tations and MCE depending on how Z; is determined. Since the
adjustment costs feature in many model blocks, the researcher may
conveniently decide between hybrid expectation setups, where some
sector adjustments can follow VAR-based expectations and others
MCE.

2.4  Dynare’s Computational Environment

for ECB-(RE)BASE

All the model’s simulations and estimates are carried out using
Dynare’s new features. Dynare provides commands to define the

18Under VAR-based expectations in the original model, Z; is expressed as
Zr = 37, djtH 24y = h'x4_1, where coefficient vector h’ is a nonlinear
function of VAR matrix H, discount factor 8 and ax coefficients. x are the VAR
variables which are a subset of the full model variable set. ¢ is a selection vec-
tor that picks variables in x that are considered to be relevant for the imperfect
information set under which the VAR forecast is formed.

OWith apm_1 = am-1, @i = —Aa; fori =2,...,m—2and a1 =ao —a1 — 1.
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backward auxiliary model used to form expectations, var_model and
trend_component_model@ by targeting a set of equations in the
model block. Any expected variable in the model can be computed
using the auxiliary model, provided that the variable to be expected
is part of the auxiliary model and that the expectation operator
is applied directly to the variable2] This is done by defining an
expectation model with the var_expectation_model command. It
refers to a previously defined auxiliary model and allows setting of
the anticipated variable and the expectation horizon. Then, in the
model block we can use the var_expectation keyword, which must
be linked to an expectation model, as a replacement for a forward
variable. We use this approach for all expectations, including those
not related to PAC equations.

Dynare also provides commands related to the target and the
anticipations in the PAC equation. In the simplest situation, where
the target of the PAC equation is a single nonstationary variable,
y* in Equation (17), Dynare automatically identifies the target by
parsing the error-correction term. This is the case for all the ECB-
(RE)BASE PAC equations, but composite targets are also allowed 23
the target is then a linear combination of nonstationary and sta-
tionary variables. The command pac_model defines the model for a
PAC equation. For VAR-based expectations, the PAC model must
be linked to a previously defined auxiliary model. If this reference is
not given, Dynare understands that the expectations must be model-
consistent (MCE), as in Equation (19). This command is also used
to set the discount factor and, if necessary, defines the correction
for growth neutrality. Once the PAC model has been defined, we
can substitute the operator pac_expectation for Z; in the notation
above. Dynare replaces it with an auxiliary variable, whose defini-
tion can be either Equation (19) or the VAR forecast, depending on
whether there is a link to an auxiliary model in the PAC model, and
computes the necessary parameters (parameters aj or vector h).

20Sce the reference manual, Adjemian, Juillard et al. (2024), for a full descrip-
tion of these commands and those introduced below. Note that, except for the
PAC equation, all the estimation routines are undocumented.

21The latter condition differs from what is assumed by default in Dynare, where
the conditional expectation applies to the entire (nonlinear) equation.

*2See the commands pac_target_info and pac_target nonstationary in
Adjemian, Juillard et al. (2024).
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The PAC equations are estimated under VAR-based forecasts.
The estimation of the autoregressive parameters, ar (k =0,...,m),
is not obvious since the vector h in the VAR depends nonlinearly
on the autoregressive parameters. In the literature, this equation
is typically estimated through iterated ordinary least squares (as in
FRB/US). However, Dynare also permits estimation of this equation
using nonlinear least squares (NLS), which is the favored approach
here.

The simulation of the model uses simulation routines specialized
either for backward models if all the expectations are VAR-based, or
relying on the perfect foresight solvers or extended path simulation
routine if some expectations are model-consistent. Note that Dynare
can reduce computation time by exploiting the property that each
equation of the semi-structural model is written as an endogenous
variable equal to an expression.

3. Monetary Policy Transmission across
Alternative Expectations

This section explores how transmission dynamics change by incor-
porating model-consistent expectations in the model economy. We
focus on investigating the propagation of monetary policy shocks, as
they are a major driver of economic variation and are of key interest
for the central bank’s model-based analysis.

All simulations are conducted relative to a baseline. Initially, we
establish the model’s balanced-growth path (BGP) by executing a
sufficiently long simulation of the respective version of the model,
ensuring that the system settles at constant growth rates. Conse-
quently, the growth rates of stationary variables become zero, while
those of nonstationary variables align with their theoretical long-run
growth rates. The initial simulation periods, where the system has
not yet stabilized, are discarded. Thereafter, any further simulations
can be performed around this stable BGP.

3.1 Alternative Ezpectations Settings

In the following analysis, we implement a shock of identical magni-
tude in the model economy while sequentially switching the expecta-
tion settings of various sectors to the MCE version. Table 1 provides



Vol. 22 No. 3 Central Banks’ Projection Models: The Role of MCE 271

"soatnd sdi[iyd = sDd "USVE(HY) JO UOISIOA DI SI 0) PIYDILMS ST [9poul Sy 9y ut uonyenbs
97 JO 9[NI pIems[deq 91 /suore)oadxs YA 9} 1BY} SURIW YILW 9D Yy 'Suolje1dodxe SUIYDIIMS UM POIOPISUOD SOII[RPOW UOIYR)
-00dxe 91} 9qLIOSOP SUWN[0D AY T, ‘[opow Sy oY} ul ajox e Ae[d suorjejoodxe 8I19yMm SYOO[( [9POUW O} SI9JOI UWN[OD ISIY 9YJ, 190N
"A[qROOIJOU SUOIJR[NUILS 9OUSNPUI JOU 9I0JoI0Y} PUR UOIRPUI 9011d JUelInd 0} 300dsor Yjm AJIATJISUSS MO[
Jo aq 09 pejeiqIred st 9] ‘1oded s1y) InoySnoay) peroyoue A[joejrodwil SUTRWSL YUR(] [RIJUSD ) JO 19318} UOIJRPUl WLI)-WINIPOW Y T, 4

SHSSNSNSNSNSNSNNN S

S,

S S S

S5OSO

OVd swoou] Apredorg

OVd SeoLIg osnoy

OVd ruswiordury

OVd MSUISOAU] [RIJUSPISOY
OVd JUSUI)SOAU] SSOUTSTI
DVd uorpdwnsuo)) ployasnoy]
QWIODU] JUSURULIOJ

#8UI}IOG OOLI]

3ur)1eg a8ep

S99y 9S0199U]/SedlId puog
seo1Id A3mbry

d1IN/evey a8ueydxs

HON
m4q

dOIN
awoouy + sDJ
+ [epueury

HON sOd
+ rewueurg

dON
reueur g

suorjeldodxi
HVA

S}o0[g S,[9POJAl @Y} Ul suoljejoedxy Jo o]0y oYL, ‘T

oIqEL




272 International Journal of Central Banking July 2026

an overview of the modalities we consider. Between the pure VAR
expectations setting and the “Full MCE” setting, there exists a spec-
trum of hybrid expectation settings. In the context of examining the
effects of monetary policy, these hybrids may prove useful, as they
reflect the degree to which certain sectors understand policy signals.
For instance, Bernanke, Kiley, and Roberts (2019) use expectation
settings where the private sector is backward-looking, serving as a
stand-in for imperfect credibility of policy shifts. Conversely, simu-
lations under the Full MCE setting, i.e., rational expectations, are
related to full credibility.

First, we consider the scenario where only the financial sector is
forward-looking. As argued by Bernanke, Kiley, and Roberts (2019),
financial markets may be perceived as having greater incentives,
expertise, and resources to comprehend and evaluate the implica-
tions of monetary policy. This setting is particularly relevant when
policy shifts are considered temporary, requiring significant effort
to discern their consequences, while households and nonfinancial
firms may choose to fully invest resources only in the case of more
permanent changes.

Then, we consider the supply side, and therefore the nomi-
nal sphere, as forward-looking. This can be motivated by goods-
producing firms possessing comparatively more means and incen-
tives to understand policy changes than households. In this sequence,
households and therefore consumers are least likely to be forward-
looking. Switching income evaluations to MCE can be thought of
as extending rational expectations to this sector as well. Finally, all
transmission dynamics (PAC) are adjusted to be forward-looking in
the Full MCE setting.

Sectors adhering to VAR expectations form future expectations
based on past regularities. This may serve as a reasonable approx-
imation of the true model during normal times, but the Full MCE
is likely to yield significantly different insights when analyzing shifts
during specific crises or nonlinearities, such as the Lower Bound
period on interest rates (Reifschneider and Roberts 2006).

3.2 Simulations of Policy Shocks

Figure 2 presents impulse response functions for a standard mon-
etary policy shock, sequentially swapping expectations from the
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Figure 2. Monetary Policy Shock (100 Basis
Points)—Switching Expectations in Sectors
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Note: Responses to an unanticipated increase in the short-term nominal interest
rate by 100 basis points. All simulations are conditioned on the term premium and
financing spreads being fixed to their baseline values. The horizontal axis shows
time in quarters. The vertical axis depicts short- and long-term interest rates
as annualized percentage point deviation from the baseline value. GDP deflator
inflation and HICP inflation are shown in percentage point deviation from the
baseline year-on-year growth rate. All other variables are in percent deviation

from their baseline levels.
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VAR-based version to the Full MCE version (see the channels that
are switched on in the overview in Table 1). The economy responds
to an unanticipated shock to the monetary policy rule of the model,
such that the short-term interest rate increases by 100 basis points
upon impact.

The ECB-BASE VAR expectation response is depicted by the
solid blue line. It is important to note that the increase in the
monetary policy rate has expectational features in this backward-
looking setting also. The short-term interest rate is incorporated
into the core VAR of ECB-BASE;, thereby influencing all VAR-based
expectations. Higher short-term interest rates permeate through the
yield curve since the risk-free long-term rate depends on expected
future short-term rates. Alongside an endogenous rise in spreads, this
shift in interest rates elevates borrowing costs for households and
firms, consequently dampening consumption expenditures as well
as business and residential investment. The reduction in aggregate
demand exerts downward pressure on nominal wages and prices via
the Phillips curve mechanism. Additionally, monetary policy tight-
ening leads to an appreciation of the exchange rate, and the resultant
loss in export market shares further exacerbates the contractionary
effect on economic activity.

Next, we switch the financial block of the model to MCE (rep-
resented by the dashed blue line). This results in a more abrupt
repricing in the yield curve, which gradually unwinds, contrary to
the hump-shaped response suggested by VAR-based expectations.
This directly translates into a more moderate reaction in financing
costs, which is a central propagation channel and results in a lesser
decline in investment and consumption expenditures. Moreover, the
revaluation of nominal assets is less negative, thereby exerting less
downward pressure on consumption decisions compared to the VAR-
based expectations case. In line with the dampened demand cycle,
the GDP deflator also exhibits a more subdued response. The deter-
mination of the exchange rate changes with financial MCE causes
the euro to appreciate in a more front-loaded fashion, which directly
impacts HICP inflation. This is due to an exchange rate repric-
ing channel affecting imported energy, which will be discussed in
more detail later. But overall, switching the financial sector to a
forward-looking setting has limited implications on the real side.
This is because a milder pass-through to financing rates under the
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financial MCE specification is offset by a stronger euro appreciation,
triggering a worsening of the trade position.

We proceed by switching the price and wage Phillips curves to
the MCE mode (illustrated by the yellow line). This model ver-
sion is to be understood as an economy where firms are strongly
forward-looking, in addition to the financial sector, but households
are not. The domestic price response is somewhat front-loaded com-
pared to the VAR expectation case, albeit not amplified. Since the
wage setting also becomes more front-loaded, income and, conse-
quently, consumption dynamics experience some changes. Other real
expenditures, however, do not exhibit substantial changes.

Finally, we switch the entire model into Full MCE mode
(depicted by the red line). The transmission of the monetary policy
shock becomes smoother than in the previous settings. A significant
factor is the permanent income perception, which strongly influences
consumption decisions. The household sector now anticipates the
full future repercussions of the cycle. As a result, consumers tend
to “look through” the demand deterioration and its implications
for their lifetime income. Consumption, and thus economic activity
and other expenditures, are smoothed out compared to the more
backward-looking expectation settings. Moreover, with all adjust-
ment dynamics now operating in forward mode, transitions become
more gradual, leading to considerable smoothing of both expenditure
and output.

3.2.1 Permanent Income Smoothing

In the (RE)BASE model, model-consistent expectations do not
amplify the effect of unexpected standard monetary policy shocks
on output. Our next step is to disentangle the influence of income
smoothing from the effect of smoother transition dynamics that are
due to switching PAC expectations. This analysis is particularly
useful as it highlights a unique feature of our model: unlike typi-
cal DSGE model specifications, consumption behavior is not driven
by an Euler equation where the real interest rate directly steers
consumption-saving decisions. Instead, our model focuses on empir-
ical relationships concerning the propensity to consume from various
sources of income and wealth.

To explore the significance of the permanent income channel on
its own, Figure 3 illustrates another model version adding to the
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Figure 3. Monetary Policy Shock (100 Basis Points)—
The Role of Income Smoothing
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previous exercise. We begin with the hybrid setting where the sup-
ply side has been switched to MCE. Then, represented by the green
line, the permanent income perception only is changed to MCE.
This is done without yet considering MCE in the PAC setting. The
permanent income MCE accounts for more than half of the cycli-
cal change in consumption when comparing the hybrid modality to
the Full MCE modality. However, investment is not affected to the
same extent. Since consumption is smoothed, the decreases in output
and prices are lower—proportional to the share of consumption. The
remaining difference compared to the Full MCE is attributed to tran-
sitioning the PAC specifications to a model-consistent expectation
mode.

3.2.2 The Role of the Exchange Rate

The analysis thus far has been conducted by considering a response
of the exchange rate to the interest rate differential between domes-
tic and foreign (U.S.) interest rates. The exchange rate channel is
a crucial aspect of monetary policy transmission and merits sepa-
rate investigation. The deflators for import and export prices are
modeled based on domestic and external cost pressures, along with
considering the role of price competition in international trade. Con-
sequently, the exchange rate directly influences the prices at which
euro-area exports compete in third markets. Additionally, the model
explicitly accounts for the price of oil and gas energy. The euro area is
heavily reliant on energy imports, which are predominantly priced in
U.S. dollars. Therefore, the EUR/USD exchange rate impacts GDP
deflator inflation by affecting the price of the inputs to production.
The model also entails a link of HICP energy inflation to these inter-
national market prices when converted to domestic prices. Therefore,
the model specifically accounts for the prominent role of household
expenditures on petrol and heating.

Figure 4 begins with the VAR expectation case, where the finan-
cial sector is in MCE mode as a backward-looking benchmark ver-
sion. It is plotted against the Full MCE case. There is no feedback
of the global environment to changes in the euro area. An expan-
sionary monetary policy in the euro area subsequently triggers an
appreciation of the euro as domestic interest rates rise and opens
the differential with unchanged foreign markets. The exchange rate
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Figure 4. Monetary Policy Shock (100 Basis Points)—
The Role of the Exchange Rate Channel
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response in the backward-looking version is notably more gradual,
while the Full MCE case displays a more immediate loading with a
stronger mean reversion. This is a known feature in the literature,
where the DSGE approach to specifying a UIP condition on expected
exchange rate changes typically does not lead to enough persistence
to generate a hump-shaped response (Adolfson et al. 2008).

Illustrated by lightly dotted lines, the figure demonstrates alter-
native economic responses under an unchanged exchange rate. This
switches off the loss of export market shares and the deterioration in
net trade. Output therefore declines by less. It also switches off the
endogenous repricing of energy imports quoted in domestic currency.
In the endogenous model, an appreciation results in a real income
gain because energy prices become cheaper. This channel mitigates
the negative impact of production loss due to lower exports but does
not fully compensate for it.

The significance of the exchange rate channel for output
dynamics is slightly stronger under Full MCE. Given that HICP
energy inflation is a significant contributor to total HICP inflation,
the exchange rate influences consumer prices more directly, as
opposed to the more gradual pass-through to producers’ factory
gate prices. Without the exchange rate channel, the differences in
HICP dynamics across expectations are more akin to the dynamics
of GDP deflator inflation. Overall, this channel somewhat obscures
the heterogeneity of the importance of expectation settings for price
developments.

3.2.8 Anticipation of News Shocks

A main capability of our forward-looking expectation model is its
ability to analyze anticipated news shocks. It has been shown that
these news shocks, in addition to surprise shocks, play a quantita-
tively significant role in business cycle fluctuations (Schmitt-Grohé
and Uribe 2012). It has been demonstrated that theoretical models
can be effectively augmented with news shocks to generate impulse
responses that exhibit comovements consistent with empirical data
(Barsky and Sims 2011).

In (RE)BASE, a news shock on the monetary policy rate is imple-
mented as follows. The nominal short-term interest rate reacts as

iy = Priz—1+(1—P1)[i+Bafte] + B3 Am+Ba Ay +€ € 1+ (20)
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The first part of the equation is the model’s Taylor rule, reflect-
ing the interest rate’s response to the inflation gap, 7;, the change
in the inflation rate, Am;, and output growth, Ay;. As the simu-
lations are conducted under perfect foresight, the model economy
resolves under a known path of shocks, €; , ,. It is important to
note that this process is independent of how the private sector
forms expectations. Technically, anticipated news shocks can be sim-
ulated across all different expectation settings. An economy rely-
ing on backward-looking information would not yet respond to a
news shock related to the future. Under rational expectations in
(RE)BASE, however, this information influences the mechanics as
soon as the shock path becomes known, referred to as the date of
announcement.

In the spectrum of credibility discussed above, this can be seen
as two polar cases. If the model’s expectations are fully VAR-based,
then a future policy change cannot be credibly communicated, sur-
prising the economy if it materializes. Conversely, Full MCE implies
full anticipation under perfect foresight, connoting full credibility of
central bank communication.

Figure 5 illustrates the model economy’s responses to an
announced increase in the short-term interest rate, 20 periods ahead.
Under VAR expectations, the contractionary shock is a complete
surprise in period 20. The model’s response function is equivalent to
shifting an unanticipated shock to period 20. Rational expectations
active in the financial block then serve as another benchmark case.
It reflects a scenario where only the financial sector understands
the monetary policy shift while other sectors do not, emulating
an imperfect credibility setup. The long-term interest rate reprices
upon announcement at t = 1, leading to an immediate increase in
firms’ and households’ borrowing costs. Investment and consump-
tion, and thus GDP, begin to decrease even before the actual hike in
the monetary policy rate. Similarly, the value of nominal financial
assets also declines immediately, further weighing on consumption.
Importantly, the exchange rate also reprices at the time of announce-
ment, adding another layer of anticipation. The appreciation fuels
the decrease in output through declining exports, though it also leads
to a rapid decline in HICP energy prices, amplifying the response of
total HICP.
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Figure 5. Monetary Policy Shock (100 Basis
Points)—Anticipated News Shock
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Note: Responses to an announced increase in the short-term nominal interest
rate by 100 basis points, 20 periods in the future, across expectation settings. All
simulations are conditioned on the term premium and financing spreads being
fixed to their baseline values. The horizontal axis shows time in quarters. The
vertical axis depicts short- and long-term interest rates as annualized percent-
age point deviation from the baseline value. GDP deflator inflation and HICP
inflation are shown in percentage point deviation from the baseline year-on-year
growth rate. All other variables are in percent deviation from their baseline levels.

In the Full MCE model, considering a fully credible policy
announcement leads to price and wage dynamics that are some-
what front-loaded compared to the benchmark case. Notably, house-
holds’ evaluation of permanent income becomes much smoother,
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with a significant decrease already during the anticipation phase.
This results in consumption smoothing over the full cycle, with
a stronger decrease up front but more positive dynamics after
the short-term interest rate increase actually becomes apparent at
t = 20.

3.2.4 Forward Guidance

In the previous exercise, the Taylor rule is active throughout, albeit
only moderately leaning against the cyclical downturn during the
anticipation phase. The steady interest rate policy, however, does
not create a forward guidance puzzle in ECB-(RE)BASE. Many
New Keynesian models face the phenomenon of generating explo-
sive economic dynamics at a fixed interest rate for prolonged peri-
ods, an issue that has been of focal attention during times when
the interest rate was at the Zero Lower Bound (see, for example,
Cochrane 2017). Recently, Maliar and Taylor (2024) demonstrated
that the puzzle arises at literally fixed rates as well as for pol-
icy rate rules that are insufficiently responsive to contain future
shocks.

To systematically investigate the role of forward guidance in our
model, we simulate exercises similar to those in Christoffel et al.
(2022). The authors show that without mitigating the puzzle, a con-
tinuous peg of the interest rate for 10 periods creates explosive eco-
nomic behavior in the New Area-Wide model, a medium-scale DSGE
model of the euro area. Figure 6 presents exercises conducted with
(RE)BASE, where the central bank pegs the interest rate to a value
25 basis points below the baseline value for different durations. The
economic dynamics shift proportionally to the length of the peg and
do not become explosive. A major difference from other New Key-
nesian models is the absence of intertemporal reallocation forces
on consumption implied by an Euler equation. Christoffel et al.
(2022) tame the forward guidance puzzle in the DSGE by introduc-
ing additional discounting and conditioning expectations on survey
data. Both factors limit the importance of future stimulus implied by
holding the policy rate fixed for an additional quarter. The parame-
trization of ECB-(RE)BASE, as a strongly data-conditioned forecast
model, already displays relative dynamic stability without further
interventions.
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Figure 6. Forward Guidance—Peg of the Policy Rate
(—25 Basis Points) for Multiple Periods
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Note: Responses to an anticipated and credible peg of the short-term nominal
interest rate by 25 basis points below the baseline value for multiple periods.
Expectations modality: Full MCE. All simulations are conditioned on the term
premium and financing spreads being fixed to their baseline values. The horizon-
tal axis shows time in quarters. The vertical axis depicts short- and long-term
interest rates as annualized percentage point deviation from the baseline value.
GDP deflator inflation and HICP inflation are shown in percentage point devia-
tion from the baseline year-on-year growth rate. All other variables are in percent
deviation from their baseline levels.
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4. Recent Supply Shocks through the
Lens of Alternative Expectations

In this section, we apply the model to a real-world analysis. Recent
supply shocks have exerted extraordinary inflation pressures on the
euro-area economy. The resulting price movements were significant
enough to provoke notable changes in the long-term inflation expec-
tations of the private sector. This situation created a trade-off for
central banks: the desire to “look through” these supply shocks to
avoid exacerbating the cyclical downturn with interest rate hikes,
versus the necessity to reanchor inflation expectations by demon-
strating a firm commitment to combating above-target price pres-
sures as they emerge. In terms of economic model interpretation, it
has been shown that a full forward-looking setting implies an easier
reanchoring of inflation expectations (Beaudry, Carter, and Lahiri
2023). Using (RE)BASE, we aim to explore how different expecta-
tions frameworks might lead to varying assessments of the trade-off
between price stability and output that the central bank faces.

4.1 Scenario Design: Shock Calibrations

We construct a supply-shock scenario that is reminiscent of key char-
acteristics of the recent inflation surge period. The scenario focuses
solely on supply shocks. It is designed as follows: we activate three
types of residuals to create a supply-shock scenario. Their contribu-
tions to the price increases and resulting macroeconomic dynamics
through the model (considering VAR expectations) are documented
in Figure 7.

First, we employ a stylized productivity shock that reduces
potential GDP by approximately 2 percent from the onset of the
COVID-19 pandemic. The shock aims to illustrate a contribution
of the pandemic-induced supply-side pressures on prices. That may
entail production and delivery bottlenecks as well as legacy effects
from the lockdowns and containment policies on capacity. In order
to calibrate this shock, we refer to the findings of Angelini et al.
(2020), who introduced a pandemic module into ECB-BASE in order
to study the interaction of the macroeconomy when individuals are
exposed to, infected by, and recover from (SIR) the COVID-19 virus.
According to this study, around 45 percent of the cumulative output
loss during the pandemic is reflected into potential output. In our
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Figure 7. Construction of a Supply-Shock
Scenario—VAR Expectations
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Note: The pandemic productivity shock is simulated as of 2020:Q1, while the
other shocks are assumed to arise as of 2021:QQ3. HICP, HICP energy, and GDP
deflator inflation are shown in percentage point deviation from the year-on-year
growth in the baseline. The data are shown as the deviation from a 2 percentage
point baseline growth rate. The short-term interest rate is shown as the annual-
ized percentage point deviation from the baseline value. All other variables are
in percent deviation from their baseline level values.

exercise, we illustratively assume a 4 percent decrease in the level of
output persisting even after the pandemic health crisis subsides.
Second, the scenario incorporates energy price shocks. These
shocks are modeled by adjusting the path of imported oil prices
to match the observed increase in HICP energy inflation in the euro
area starting as of 2021:Q1 This profile is matched until the end

238ee Table 2 for an overview of the data targeted in this scenario.
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of our simulation horizon, 2023:Q4. The oil price mechanism in the
model also entails a pass-through to the GDP deflator, capturing the
effects of imported carbon energy sources used as inputs to produc-
tion. Since our scenario targets HICP energy prices, we effectively
capture a general imported energy price increase, which was largely
due to elevated gas prices during this episode. The oil price shock
mainly transmits as a loss of real income and, consequently, as a loss
in purchasing power, leading to decreased consumption, production,
and other expenditures. The central bank adjusts interest rate poli-
cies to stabilize the gap between GDP deflator growth and the target
rate.

While the productivity shock contributes to the inflation surge
scenario to a limited extent, adding the energy price shock would
result in an increase in GDP deflator inflation comparable to what
was observed in actual data. Overall, this initial combination would
account for approximately half of the HICP inflation increase above
the central bank target rate noted from 2021:Q3 to 2023:Q4. To com-
plete the scenario, we introduce a shock that matches the remaining
GDP deflator and HICP inflation deviations in the data through
markup shocks. The markup shocks directly shift the GDP deflator
(changing the residual of the main Phillips curve pricing equation)
and the HICP excluding energy and food inflation. These shocks fur-
ther contribute to price increases, triggering additional losses in real
disposable income and leading to a further decline in consumption.

4.2 Supply Shocks across Expectation Settings

In this section, we keep the sequence of shocks fixed, but resimu-
late the model under backward expectation with the financial sector
being forward-looking and under Full MCE. Figure 8 displays the
main simulations as dashed blue and solid red lines. Each simula-
tion displayed is created by the same combination of shock sequences
constructed above. The interested reader is referred to the working
paper, Adjemian, Bokan et al. (2024), for a systematic documenta-
tion of switching the expectations for each shock separately.

We begin with a backward-expectations setting, where only the
financial sector is forward-looking and forms rational expectations.
We assume an endogenous monetary policy where the nominal
short-term interest rate starts to rise at the first signs of price
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Figure 8. Macroeconomic Dynamics in the Supply-Shock
Scenario across Expectation Modalities

GDP 0 Household consumption 0 Business investment

20ql  21ql 22q1 23ql 20gql 21ql 22q1 23ql

GDP deflator HICP Short-term interest rate
10
6
4 5
2
0 . . : : 0 — . . 0 . . .
20ql 21ql 22ql 23ql 20ql 21ql 22ql 23ql 20ql 21ql 22q1 23ql
Long-term interest rate Nom. financial wealth )Labour income (permanent)
0.5 )
~ - A /1
of - = = S 3
N
_ 2
-0.5
. 1
1 D
20ql 21ql 22ql1 23ql 20ql 21ql 22ql 23ql 20ql 21ql 22q1 23ql
— — — VAR-expectations, financial MCE
Full MCE

---------- Full MCE - early anticipation

Note: Responses to the same sequence of shocks, as constructed in Figure 7,
across alternative expectation settings. In the first two simulations, the energy
and domestic markup shocks are known to the economy as of 2021:Q3. In the
simulations labeled “early anticipation,” the energy and domestic markup shocks
are anticipated as of 2020:Q1 even if they materialize in 2021:Q3. All simulations
are conditioned on the exchange rate, the term premium, and financing spreads
being fixed to their baseline values. The graph depicts short- and long-term inter-
est rates as the annualized percentage point deviation from the baseline value.
GDP deflator inflation and HICP inflation are shown in percentage point devia-
tion from the baseline year-on-year growth rate. All other variables are in percent
deviation from their baseline levels.



Vol. 22 No. 3 Central Banks’ Projection Models: The Role of MCE 289

increases from the pandemic leg of the scenario. The other shocks
regarding energy and domestic price markups unexpectedly impact
the economy as of 2021:Q3. The short-term interest rate then
adjusts accordingly, and spills into the yield curve. Due to anticipa-
tion in the financial sector, the long-term interest rates reflect the
expected repricing of the short-term rate path at the beginning of
the markup shock sequence. The private sector gradually perceives
the real income loss implied by the price increase, causing the
consumption path to adjust correspondingly.

When simulating the inflation surge scenario under Full MCE;,
the markup shocks lead to a significantly larger price increase
because the Phillips curve expectations front-load the nominal impli-
cations. With endogenous monetary policy, this would necessitate a
quicker and more pronounced rise in interest rates. Furthermore,
households anticipate and front-load the perceived real income loss.
Overall, households sharply reduce their consumption under the
Full MCE setting, resulting in a more pronounced decline in GDP
compared to the backward expectations scenario.

Finally, the same inflation surge scenario can also be evaluated
under stronger anticipation assumptions. In the simulations repre-
sented by the dotted lines in Figure 8, we input the same sequence of
shocks as previously constructed into the model but now assume that
the economy fully anticipates the effects as early as Q1:2020. This
illustrates a highly forward-looking extreme case where the pric-
ing pressures are anticipated immediately following the pandemic’s
opening phase. Under backward expectations, there is no signifi-
cant economic difference between anticipation and no anticipation.
However, under Full MCE, the price shock sequences result in a
more gradual inflation increase, with price growth peaking below
the initial scenario’s peak for Full MCE. Households’ decisions are
then influenced more immediately, as they assess the post-pandemic
inflation surge’s implications for their real income early on. The cen-
tral bank would also begin to tighten policy gradually, in foresight
of price pressures building up in the economy.

In summary, these scenario exercises confirm that model-
consistent expectations can significantly alter the cyclical properties
viewed through the lens of the model, with critical implications for
policy assessment. The cases presented are exemplary for some alter-
native economic repercussions that the central bank may distill when
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assessing the implications of supply shocks. To make recommenda-
tions for policy, timing, anticipation, and speed of adjustments to
supply shocks all matter. Our experiments are also consistent with
findings in the literature that, if the monetary authority had had full
knowledge of the economic conditions prevailing from 2021 onward,
optimal strategies might have called for anticipated hiking of inter-
est rates in response to the increase in inflation (see Darracq Paries,
Kornprobst, and Priftis 2024).

5. Conclusion

ECB-(RE)BASE has been developed as part of the semi-structural
model family around ECB-BASE/MC. It is a variant of the euro-area
model ECB-BASE that can be simulated under a model-consistent
expectation setting. Our implementation allows for the integration
of different expectation settings in different parts of the model econ-
omy. A key technical challenge of ECB-(RE)BASE relates to the
treatment of adjustment costs, which determine the sluggishness of
macroeconomic transmissions.

We have shown that the expectation setting can significantly
influence the transmission of monetary policy shocks through the
model economy. The MCE setting leads to a dampening of mon-
etary policy transmission to the real side of the economy because
the modeling of gradual adjustment forces and the prominence of
expected lifetime income dominate any implications of the finan-
cial sector being forward-looking. The MCE setting also leads to a
front-loading of HICP responses due to the exchange rate effect on
imported energy. Policy announcements lead to partial anticipation
of economic dynamics if credibly understood by the private sector.

Additionally, we have illustrated the implications of expec-
tation settings for macroeconomic volatility through an applied
experiment. The markup and negative productivity shocks that
have driven up inflation in recent years result in stronger nominal
amplifications when assessed through a model with model-consistent
expectations compared to a backward-looking setting. Anticipation
of shocks increases the complexity of the inflation-output trade-off
because the speed and persistence of transmission to the real and
to the nominal side may differ substantially.
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This information is crucial for the conduct of monetary policy.
If the private sector is highly forward-looking, the same sequence of
shocks may trigger more pronounced inflation cycles. Consequently,
monetary policy needs to respond proactively to effectively limit
price pressures while minimizing negative impacts on output.
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In the aftermath of the subprime mortgage bubble, the Fed-
eral Reserve implemented large-scale asset purchase (LSAP)
programs that aimed to increase bank liquidity and lending.
The excess liquidity created by quantitative easing (QE), in
turn, may have stimulated bank risk-taking in search of higher
profits. Using comprehensive data on balance sheets, risk meas-
ures, and daily market returns in the U.S., we investigate the
link between QE, bank risk-taking, profitability, and systemic
risk. We find heterogeneous effects across different rounds of
QE. In particular, during the third round of QE, banks that
were more exposed to unconventional monetary policy through
mortgage-backed securities (MBS) purchases increased their
risk-taking behavior and profitability. However, these banks
also reduced their contribution to systemic risk, indicating
that the implementation of QE had an overall stabilizing effect
on the banking sector. These results highlight the different
distributional effects of QE.

JEL Codes: E52, E58, G21.

Introduction

How does quantitative easing (QE) affect individual banks and over-
all financial stability? Our paper seeks to examine various dimen-
sions of this question. Central banks have traditionally employed
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short-term interest rates to stabilize inflation and economic fluctu-
ations. The period preceding the Global Financial Crisis (GFC) of
2007-08 featured low monetary policy rates that led to a deterio-
ration of bank lending standards and subsequent increases in risk-
taking (Dell’Ariccia, Laeven, and Marquez 2014; Bernanke et al.
2020). The persistently low real interest rate environment fueled a
boom in asset prices and securitized credit that led financial institu-
tions to take on increasing risk and leverage, thereby extending loans
to borrowers with minimum or no credit history (Altunbas, Gam-
bacorta, and Marques-Ibanez 2010; Paligorova and Santos 2017).
Hence, banks are considered to have played a significant role in the
buildup and spread of systemic risk (Nijskens and Wagner 2011).
The Financial Stability Board defines systemic risk as “a risk of dis-
ruption to financial services that is caused by an impairment of all
or parts of the financial system and has the potential to have seri-
ous negative consequences for the real economy” (Financial Stability
Board 2009).

The Federal Reserve (Fed) responded to the zero lower bound
and subsequent worsening of the economic crisis by embarking on
large-scale asset purchase programs, often referred to as QE, with
the intention of providing additional monetary stimulus, restoring
stability, and reducing systemic risk. The introduction of such uncon-
ventional policy measures rekindled debate on the impact of mone-
tary policy on risk-taking, performance, and stability of the banking
sector. Empirical evidence suggests that QE can have both benefits
and costs with varying effects on economic outcomes[] On the one
hand, QE can induce banks to increase their appetite for risk by
extending loans to borrowers with bad credit history or no credit
history at all (i.e., risky borrowers). Alternatively, QE may reduce
bank risk by increasing bank lending that boosts investment and
economic growth. This strengthens banks’ resistance to exogenous
shocks. Thus, the net effect of QE on banking-sector stability is not

"While quantitative easing has shown to boost lending and liquidity in the
banking sector (Rodnyansky and Darmouni 2017; Chakraborty, Goldstein, and
Mackinlay 2020; Luck and Zimmermann 2020), this can also come at the cost of
increased risk-taking by banks (Kandrac and Schlusche 2021; Kurtzman, Luck,
and Zimmermann 2022).
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obvious and depends on whether the benefits of QE outweigh its
costs.

The key question that we ask is: What is the impact of QE on
individual bank risk-taking, bank profitability, and systemic risk?
Although recent empirical studies examine the effects of monetary
policy on individual bank riskE we are aware of relatively few that
address systemic risk. So far the literature is split on the role of
bailouts in either increasing or decreasing systemic risk. Evidence
suggests that bailouts can reduce systemic risk either through a
higher charter value effect] (Cordella and Yeyati 2003) or through
a reduction in undiversifiable contagion risk across banks (Diamond
and Rajan 2005; Dell’Ariccia and Ratnovski 2013; Choi 2014). Oth-
ers predict that bailouts can increase systemic risk by exacerbating
moral hazard problems and creating strategic complementarities
among banks, which encourage coordinated risk-taking behavior
(Acharya and Yorulmazer 2007a, 2007b; Diamond and Rajan 2009a;
Farhi and Tirole 2012). Berger, Roman, and Sedunov (2017) employ
the U.S. Troubled Assets Relief Program (TARP) as an event study
and provide discussion on the topic. To this end, our study is one of
the first to provide a distributional perspective on the implications
of QE and its effect on systemic risk. Our analysis moreover explores
potential asymmetries in the effects of different rounds of QE by
the Fed. We focus in particular on purchases of mortgage-backed
securities (MBS) since this was the primary asset tool employed.
The idea is that such purchases should directly improve the risk
profile and liquidity of banks’ overall assets. According to the
Federal Open Market Committee (FOMC), based on FRB/US
model simulations, purchases of agency MBS were more likely to
provide greater economic stimulus than purchases of long-term
Treasuries of comparable size (Gagnon and Holscher 2008). The
former, therefore, were expected to be of central importance

2See Altunbas, Gambacorta, and Marques-Ibanez (2010), Delis and Kouretas
(2011), Dell’Ariccia, Laeven, and Marquez (2014), and Bikker and Vervliet (2018).

3A bank’s charter value is an indicator of the bank’s incentive to take risk or
private cost of failure. See Keeley (1990).

“In unreported additional checks, we find that purchases of Treasuries by the
Fed did not have the same strong impact on risks and profitability in the banking
sector as MBS purchases. Indeed, Krishnamurthy and Vissing-Jorgensen (2011)
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We study the heterogeneous impact of QE on bank risk-taking,
profitability, and systemic risk using a sample of U.S. bank hold-
ing companies over the 2006:Q1-2014:Q4 period. We first assess
the impact of QE on bank risk-taking by employing time-varying
Z-scores, a classic balance sheet measure of firm riskiness. Second,
we explore whether banks increase their risk appetite to lend more
during various QE episodes in search of higher profits. Finally, we
examine the effects of QE on systemic risk within the U.S. financial
sector. Section 3 discusses the three variables of interest in detail.

To identify the effects of QE, we closely follow the empiri-
cal strategy of Rodnyansky and Darmouni (2017) and Luck and
Zimmermann (2020). We exploit the cross-sectional variation across
holdings of MBS for commercial banks in our sample. The iden-
tification rests on the idea that banks with higher MBS holdings
benefit more from the Fed’s asset purchases of securities We adopt
a fixed-effects identification strategy that relies on the interaction of
cross-sectional variation among banks in their MBS holdings and
the corresponding QE time dummies. We employ several defini-
tions based on the ratio of MBS-to-total-assets prior to QE in order
to classify banks into treated and control groups, respectively, and
investigate the differential effects of the policy across banks.

Our baseline statistics offer preliminary insight into the inter-
relations of the three variables of interest. We then run separate
regressions for risk-taking, profitability, and systemic risk, and find
that banks with higher MBS holdings increased risk-taking during
the third round of QE (QE3) relative to banks that were unaffected
by large-scale asset purchasesq This is consistent with the previ-
ous literature where Gambacorta (2009), Altunbas, Gambacorta,

conclude that focusing primarily on Treasuries as a policy target is inappropri-
ate, as QE functions through various channels that affect specific asset classes
differently.

5There are several reasons why banks that held more mortgage-backed secu-
rities benefited more from the large-scale asset programs. First, during the three
waves of QE, the Fed focused on easing the deterioration in the MBS market by
lowering yields and increasing the prices of banks’ current asset holdings, thereby
improving the balance sheets of banks that held higher shares of mortgage-backed
securities. Second, banks with more MBS sold to the Fed saw a higher increase
in reserves, which should have shifted their loan supply (Kandrac and Schlusche
2021).

5We note that risk-taking is not necessarily undesirable, unlike risk-shifting.
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and Marques-Ibanez (2010), Delis and Kouretas (2011), and more
recently Kandrac and Schlusche (2021) find a negative relation
between monetary policy (conventional and unconventional) and
bank risk-taking, thus confirming the existence of the bank risk-
taking channel.

Furthermore, we show that the same banks enjoyed higher prof-
its during QE3 and suggest a possible connection between increased
bank risk-taking and profit maximization. Finally, we document the
effects of QE on systemic risk and financial stability. Our evidence
suggests that banks with relatively more MBS to total assets reduce
their contributions to systemic risk after the implementation of QE3.
This implies that asset purchase programs were supportive in the
recovery of the banking sector after the GFC. Our results are con-
sistent with Berger, Roman, and Sedunov (2017), who investigate
the impact of bailouts on banks’ contribution to overall financial
stability. With our findings, we suggest a mechanism of monetary
policy transmission where banks reduce their contribution to sys-
temic risk as a result of high risk-taking and subsequent increases in
profits. Our empirical findings are robust to alternative methodolo-
gies, including a system of equations approach, and other robustness
tests.

The remainder of the paper is organized as follows. Section 2
describes our theoretical framework, followed by Section 3, which
discusses the data and identification strategy. Section 4 presents our
results, while Section 5 concludes.

2. Literature Overview

In this section, we review the theoretical implications of mone-
tary expansion for (i) bank risk-taking, (ii) bank profitability, and
(iii) systemic risk.

2.1 Bank Risk-Taking

The effect of monetary policy on banks’ risk-taking behavior is of
special interest, as excessive risk-taking by commercial banks is
considered to be one of the factors that led to the outbreak of the
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GFC[] Borio and Zhu (2012) refer to the “risk-taking channel” of
monetary policy as prolonged periods of low interest rates that can
alter the risk perceptions and risk tolerance of financial institutions.
The channel operates on the basis of valuations, incomes, and cash
flows, where an expansionary monetary policy drives up the value of
real and financial collateral and increases bank capacity to extend
risky loans.

The empirical literature on the risk-taking channel has been
widely studied by examining key policy rates. Several studies, includ-
ing those of Dell’Ariccia and Ratnovski (2013), Ioannidou, Ongena,
and Peydré (2014), Jiménez et al. (2014), and Paligorova and
Santos (2017), show that banks loosen lending standards and
increase credit supply by extending loans to risky borrowers dur-
ing monetary expansions. The literature adopts several measures
for risk-taking ranging from internal ratings on borrowers’ repay-
ment capacity, default probabilities, time to default (Ioannidou,
Ongena, and Peydr6 2014), and change in expected default frequency
(Gambacorta 2009) to Z-scores (Laeven and Levine 2009; Schaeck
and Cihgk 2010; Beck, De Jonghe, and Schepens 2013). Recent work
on the topic is concerned with the impact of LSAPs on the risk-
taking behavior of commercial banks. In their empirical analyses,
Kandrac and Schlusche (2021) and Kurtzman, Luck, and Zimmer-
mann (2022) use microdata (bank and loan level) and find that var-
ious QE programs led to higher total loan growth and an increase
in the share of riskier loans within banks’ portfolios.

There are several reasons why QE may have promoted risk-
taking. As a response to QE and excess reserves in balance sheets,
banks may choose to maintain their profit margins and incomes by
searching for yield in lending (Borio and Zhu 2012; Jiménez et al.
2014; Kandrac and Schlusche 2021). Since the main motive of QE
was to directly lower long-term interest rates and thus stimulate
the economy, lower yields incentivize banks to accelerate risk-taking
activity (Rajan 2006). The various QE policies might have induced

"Studies such as those of Acharya and Richardson (2009) and Diamond and
Rajan (2009b) assert that very long periods of low interest rates, accompanied by
an abundance of global liquidity, would have led financial companies to behave
in a riskier way. This was indeed a contributing factor in the development of the
Global Financial Crisis.
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financial market participants to reallocate portfolios toward riskier
and more profitable projects, thereby leading to excessive risk-taking
(Abbate and Thaler 2019). Finally, monetary policy can affect bank
risk-taking through leverage decisions. Dell’Ariccia, Laeven, and
Marquez (2014) present a theoretical model in which a reduction
in the risk-free interest rate reduces the cost of holding required
reserves, thus leading to higher leverage and increased risk-taking
by banks. However, directly after the GFC, it is conceivable that
banks may have used the initial stages of QE (e.g., first round)
to improve or stabilize their own balance sheet risk profiles by not
engaging in risky lending/investment, with a view to restoring con-
fidence in their operations. Asymmetric effects on bank risk-taking
across different QE rounds may also be expected if yields are dif-
ferentially affected across these phases. Krishnamurthy and Vissing-
Jorgensen (2011, 2014), for instance, demonstrate that the second
round of QE had very weak effects on yields compared to those of the
third round. The authors also illustrate that MBS yields were more
strongly affected than Treasury yields by QE, suggesting that Fed
purchases of MBS had more potent effects on banks than Treasury
purchases. They contend that purchases of the former are crucial in
attenuating corporate credit risk.

As the Fed buys assets from banks through QE, it increases
assets (securities) on its balance sheet, concurrently crediting banks’
reserve accounts. By providing liquidity in the banking sector, QE
made it easier and cheaper for banks with relatively high MBS to
extend loans to nonfinancial firms and households, thereby inducing
banks to increase their risk-taking capacity.

2.2 Bank Profitability

While risk-taking behavior is an intended consequence of unconven-
tional monetary policy, reach for yield is a form of risk-taking, a way
to achieve higher profits and performance. An expansionary mone-
tary policy induces banks to increase their holdings of risky assets in
order to “reach for yield” (Rajan 2006; Borio and Zhu 2012). Reach-
ing for yield means that banks maximize the yield spread without
paying adequate regard to risk—by obtaining a higher return on
their asset holdings, by paying a lower return to their creditors, or
by engaging in both practices. In other words, it can be defined as
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the agents’ propensity to buy riskier assets in order to achieve higher
yields and profits

Interest in the relation between monetary policy and bank prof-
itability has gained momentum since the GFC. Accommodative
monetary policy creates bank liquidity and lowers the cost of debt,
thereby increasing bank capital, lowering loan loss provisioning, and
increasing profitability (Bernanke and Gertler 1995; Bernanke 2007;
Freixas, Martin, and Skeie 2011). At the same time, periods of mon-
etary expansion can have negative effects on bank profits. Addi-
tional monetary stimulus when interest rates are already too low
can squeeze banks’ net interest (profit) margins, in turn diminish-
ing their net worth and credit supply. Persistently low interest rates
may place chronic downward pressure on profitability that eventu-
ally more than offsets banks’ initial capital gains and likewise hin-
ders the credit supply. Importantly, there exists a “reversal interest
rate” at which accommodative monetary policy can become contrac-
tionary for lending (Abadi, Brunnermeier, and Koby 2023). Inertia
at low interest rate levels can thus hamper the monetary policy
transmission mechanism (Alessandri and Nelson 2015; Brunnermeier
and Koby 2016; Borio, Gambacorta, and Hofmann 2017). In order
to improve net interest margins when interest rates are too low for
too long, banks might reduce their funding rates to compensate for
low lending rates. The net effect of monetary policy measures on
bank profitability, therefore, is not obvious and remains an empirical
question.

This paper further investigates the impact of QE on bank prof-
itability and, hence, the soundness of the banking sector. Keeley
(1990) shows that risk-taking incentives should be lower in more
profitable firms, as they stand to lose more shareholder value if
downside risks are realized. However, more recently, significant risk-
taking in profitable institutions seems to contradict the traditional
predictions of corporate finance models (Martynova 2015). In an
unconventional monetary policy environment, banks may increase
their risk-taking and influence asset valuations in search for higher
profits.

8Exploring the drivers of relative finance wages, Velic (2025) finds that finan-
cial deregulation also contributed to higher profitability and relative skilled wages
in the financial sector, especially in the lead-up to the GFC.
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2.3  Systemic Risk

The literature on unconventional monetary policy thus far focuses
on the effects of QE on interest rates (Krishnamurthy and Vissing-
Jorgensen 2011), bank lending (Rodnyansky and Darmouni 2017;
Luck and Zimmermann 2020), risk-taking (Kandrac and Schlusche
2021), and bank liquidity (Kapoor and Peia 2021), with little
attempt to investigate the impact of QE on systemic risk. This paper
explores the distributional effects of QE by investigating the impact
on systemic risk. In particular, we study if QE led financial institu-
tions to increase their risk-taking and profitability, thus providing
a cushion to absorb losses and reduce the likelihood of financial
distress and bank failure.

Prior to the crisis, Basel regulations and capital ratios were pop-
ular tools to measure a bank’s risk. However, since the GFC, use of
market-based measures of systemic risk has become more prevalent.
For instance, Huang, Zhou, and Zhu (2012) uncover the concept of
“distress insurance premium” using credit default swaps and equity
returns. Similarly, Adrian and Brunnermeier (2011) construct the
“CoVaR” that captures the contribution of an institution to the
overall systemic risk of the system. Allen, Bali, and Tang (2012)
extend the concept of value at risk (VaR) by constructing CATFIN,
which links systemic risk to VaR of the financial system. Acharya,
Engle, and Richardson (2012) propose the marginal expected short-
fall (MES) that depends solely on market-based information and
estimates individual bank reactions to the entire stock market when
aggregate returns are low. Furthermore, Acharya et al. (2017) esti-
mate systemic expected shortfall (SES), which merges both market
and balance sheet information to measure a bank’s propensity to
be undercapitalized under stress conditions. We employ SES for our
analysis. Details on the construction of the measure are provided in
the next section.

3. Data and Methodology

Our data come from the quarterly Consolidated Financial State-
ments for Bank Holding Companies (BHCs) in the United States,
which are available from the Federal Reserve Bank of Chicago. All
BHCs are subject to regulation by the Federal Reserve Board of
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Governors under the Bank Holding Company Act of 1956 and Reg-
ulation Y. Our data cover the period 2006:Q1 to 2014:Q4 and include
information on the financial condition of the BHCs such as balance
sheet items, off-balance-sheet exposures, statistics on different types
of loans, et We omit observations with missing values for total
assets. This leaves us with a final sample of 1,438 unique BHCs and
31,467 BHC-quarter observations.

We match these data with market data obtained from the Cen-
ter for Research in Security Prices (CRSP), which provides U.S.
stock data for all publicly listed institutions (including financial
firms) with end-of-day and month information on all primary list-
ings (NYSE, NYSE MKT, NASDAQ) along with basic market
indices. The data include multiple company identifiers—including
PERMNO, PERMCO, and GVKEY—that are used to match with
bank-level data. Each BHC’s identifier was matched with the CRSP
permanent company identifier (PERMCO) using the CRSP-FRB
Link provided by the Federal Reserve Bank of New York ' In order
to fully utilize the two data sets, we employ fuzzy matching for all
companies that did not have a PERMCO available[l] Our merged
data comprise information on daily returns for 743 unique bank
holding companies, with 11,738 BHC-quarter observations in the
sample

To estimate the impact of QE on risk-taking and systemic risk,
several key measures are constructed separately from estimated

9The reporting forms have changed a number of times over the sample period,

causing changes to some variables available in the raw data over time. Where
reporting changes have affected variables of interest, we have manually traced
these changes through the reporting form and merged data as appropriate.

0According to the Federal Reserve Bank of New York, the CRSP and
BHC data, when merged using PERMCOs, will yield 1,430 unique BHCs from
June 30, 1986 to December 31, 2017. Available at https://www.newyorkfed
.org/research/banking research/datasets.html.

" These companies were matched based on their names, with a threshold level
of 0.95. The matching was further cross-checked by employing different thresh-
old levels (between 0.95 and 1) in order to ascertain the quality of the matching
method.

2The matched data are used in analyzing the impact of QE on systemic risk
contribution by financial firms. Thus, we end up with 288 BHCs and approxi-
mately 5,100 BHC-quarter observations after the construction of systemic risk
measures.
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regressions. First, we compute Z-scores as a measure of bank risk-
taking by following Schaeck and Cihak (2010) and Beck, De Jonghe,
and Schepens (2013). The Z-score is a classic balance sheet measure
of bank riskiness, conceived from the concept of a bank’s proba-
bility of default. It is often used to capture either the stability of
the banking sector (Lee and Hsieh 2014) or the inverse probability
of insolvency of a bank (Williams 2016). The Z-score is formally
expressed as

iy = ROAZ’; ;rAEAZ’ta (1)
Ot

where ROA, ; is the return on assets for bank ¢ at time ¢ (bank prof-
itability), E'A; ¢ is the ratio of bank i’s equity to total assets at time ¢
(capitalization), and UftOA is the time-varying variability of returns
on assets. A lower Z-score indicates higher bank risk-taking and vice
versa. As Z-score data are highly skewed, we employ the natural log-
arithm of the measure. For brevity, we refer to the natural logarithm
of the Z-score as “Z-score” throughout the study. Figure 1 plots the
components of the average Z-score over time. Based on gross corre-
lations, the Z-score is most strongly related to the ratio of equity to
assets. Second, we examine net interest income and return on assets
as measures of profitability, with the latter measure featuring in our
robustness checks.

Third, we employ the systemic expected shortfall (SES) measure
proposed by Acharya et al. (2017) for systemic risk. SES captures
the contribution of individual banks to systemic risk in the banking
sector. The measure employs both market and balance sheet infor-
mation and gauges a bank’s propensity to be undercapitalized under
stress conditions. Therefore, marginal expected shortfall (MES) and
a financial firm’s leverage are two significant components in the con-
struction of SES[H We calculate MES by taking average returns for
a firm on days when the market as a whole is in the tail of its loss
distribution:

MES,;; = E[R,|R]" < C. (2)

13MES depends solely on market-based information and estimates an individual
bank’s reaction to the entire stock market when aggregate returns are low.
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Figure 1. Components of Z-score

Next, leverage is defined as the quasi-market value of assets to
market value of equity and is estimated by the standard approxima-
tion approach using book liabilities and market equity:

(BookAssets; ; — BookEquity; ;) + Market Equity;
MarketEquity; ; ’
(3)

LVGi’t =

where MarketEquity; ; is the number of shares outstanding times
the average price of a share for a given quarter, and BookAssets; ;
and BookEquity;; are bank characteristics that are available at a
quarterly frequency from balance sheet data. Using MES;; and
LV G4, Acharya et al. (2017) regress the percentage stock returns
of U.S. institutions on the given components prior to the crisis and
employ an SES;; definition of the following form:

SES;, = aMES;; +bLVG,,. (4)
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We adopt a similar formula and take values of coefficient esti-
mates @ and b from Acharya et al. (2017) SES;: measures the
extent to which a bank is undercapitalized in an event in which the
entire financial system is under distress. Thus, increases in SES; +
indicate increases in banks’ expected losses during crisis.

In order to identify the effects of QE on bank risk-taking, prof-
itability, and systemic risk, we employ the fixed-effects estimation
methodology and divide our sample into treatment and control
groups based on the ratio of MBS-to-total-assets prior to the intro-
duction of QE, i.e., 2007:Q4 Our identification strategy follows
Rodnyansky and Darmouni (2017) and exploits cross-sectional varia-
tion in MBS holdings across banks. The identification strategy relies
on the assumption that banks with higher proportions of MBS to
total assets were more affected by the asset purchases. This is cor-
roborated by the fact that banks with more MBS sold to the Fed
saw a higher increase in reserves, which should have shifted their
loan supplies (Kandrac and Schlusche 2021).

We measure a bank’s exposure to QE by the ratio of MBS to total
assets['d We define treatment group banks as those in the top 25
percent (top quartile) of the MBS-to-total-assets distribution, while
control group banks are in the bottom 25 percent (bottom quartile)
of the distribution. Figure 2 shows the evolution of the MBS to total
assets of treated and control banks separately, indicating that MBS
holdings of treated banks (solid line) start to decline immediately
after the implementation of QE, while control banks (dashed line)
see an increase. We use several other definitions of treatment and
control groups based on deciles (top and bottom 10 percent) and the
continuous ratio (full sample) of MBS to total assets in 2007:Q4.

14 Additionally, we examine our own estimates of coefficients a and b in unre-
ported robustness checks. The results are similar qualitatively. M ES and LVG
tend to exhibit an inverse contemporaneous relation with SES.

15The choice of time period 2007:Q4 minimizes endogeneity since this is more
than six months before QE1. The MBS threshold is defined in a particular quar-
ter so that we are able to track the effects for the same set of banks over time.
Implementing the treatment definition in alternative quarters just before each of
the other two QE episodes yields similar results qualitatively.

1We also employ the MBS-to-securities ratio as an alternative measure of a
bank’s exposure to QE. The results are consistent with the main results since
the ratios of MBS to assets and MBS to securities are highly correlated in the
sample.
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Figure 2. MBS to Total Assets for
Treated and Control Banks

Note: The figure maps the evolution of the ratio of MBS to assets for treated and
control banks. Treated banks are banks in the top quartile (top 25 percent) of
the MBS-to-total-assets ratio in 2007:Q4, while control banks are in the bottom
quartile (bottom 25 percent) of the distribution. Shaded areas highlight the three
episodes of QE.

We employ a fixed-effects identification strategy that relies on the
interaction of cross-sectional variation among banks in their MBS
holdings and the corresponding QE time dummies. Our regression
model is given by

Yit = a; + Bt + piy + NQE: + v2Treat; + 6'Treat;
X QF; + 5/Xi,t—1 + €t (5)

Y; + denotes the dependent variable and is the measure of individ-
ual bank risk-taking, profitability, or contribution to systemic risk
across our three specifications. Treat; is an indicator variable and
takes the value of 1 if a bank belongs to the treatment group and
0 otherwise. QE; = [QE1;, QE2;,QFE3,] is a vector of time dum-
mies corresponding to the introduction of each QE episode, where
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the dummy takes the value of 1 during the episode and 0 other-
wise. QE1 corresponds to the period 2008:Q4 (November)-2010:Q2
(June), QE2 to 2010:Q4 (November)-2011:Q2 (June), and QE3 to
2012:Q3 (September)-2014:Q3 (October). Treat; x QE; is an inter-
action term between a bank’s treatment status and time dummies
corresponding to each QE episode. The vector 8 captures our coeffi-
cients of interest, namely the differential impact of each round of QE
on the dependent variable in the treated as compared to the control
group

Vector X;;_; includes a series of bank-level controls that cap-
ture differences in the scale and financial position of banks that
might affect their activities. Specifically, we control for bank size
(natural logarithm of total assets), liquidity ratio (ratio of cash to
total deposits), tier 1 capital ratio to account for the extent to which
a bank absorbs potential losses, leverage ratio, and deposit ratio. All
control variables are included as lagged terms, and a description of
the construction of the same is presented in Table A.1 in Appen-
dix A. Including interactions between controls and the treatment
variables does not alter results significantly.

The regression also includes bank fixed effects (a;) to control for
fixed differences among banks, and quarterly time fixed effects (5;)
to control for residual intertemporal differences in common shocks
that affect all banks['§ Examples of shocks affecting all banks dur-
ing the sample period are the Dodd-Frank Act and Basel Accords
(including stress-testing). In addition, we employ state fixed effects
(pit) to control for location fixed effects for BHCs as well as any
state-specific regulatory policies that might affect banking functions.

While the null hypothesis of cross-sectional independence can
be rejected in tests for all regression model residuals, we report in
table notes that average and average absolute cross-sectional corre-
lations are quite small, thus making the assumption of independence
appropriate in practice (Galstyan and Velic 2017; Pesaran 2021). The
summary statistics for our data set and the key variables employed
in the study can be seen in Table 1.

"The individual effects of the treatment variable are absorbed by fixed effects
in regressions.

8Statistically significant time dummies are included in the regression, and
there are no multicollinearity issues in the specification.
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Table 2. Pearson Gross Correlations

Variable Z-score NII SES
Z-score 1.0000

NII —0.0599*** 1.0000

SES —0.1593*** 0.0119 1.0000

Note: The variables Z-score and net interest income (NII) are expressed in nat-
ural logarithms, while SES is defined as the change in systemic expected short-
fall. *¥** ** and * represent significance at 1 percent, 5 percent, and 10 percent,
respectively.

4. Results

4.1 Baseline Correlations

We present pairwise (Pearson) gross correlations between bank risk-
taking, profitability, and systemic risk in Table 2. Although relatively
weak, we report a negative correlation between the Z-score and net
interest income, indicating that a lower Z-score (higher bank risk-
taking) is associated with higher net interest income (profitability).
Similarly, we observe a negative gross relation between the Z-score
and systemic risk, while bank profitability and systemic risk display
an insignificant positive correlation.

Table 3 presents partial correlations between the three aforemen-
tioned dependent variables. The partial correlation between risk-
taking and profitability in column 1 is consistent with the corre-
sponding gross correlation in Table 2. However, once we take into
account control factors, the coefficient between systemic risk and
bank risk-taking turns positive, as shown in column 3 of Table 3,
indicating that higher risk-taking (lower Z-score) is associated with
lower systemic risk. Finally, the same table reports that higher bank
profitability is now associated with lower systemic risk (column 2).
The results suggest that gross relations can obscure the picture of
interlinkages. The findings in the subsequent sections help us to build
on these correlations and establish a distinct channel that high-
lights the distributional effects of QE on risk-taking, profitability,
and systemic risk.
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Table 3. Baseline Partial Correlations
Z-score SES
(1) (2) (3)

Net Interest Income -0.091* —-0.052%*

(0.050) (0.027)
Z-score 0.023**

(0.009)

Size 0.082 0.055** 0.003

(0.050) (0.028) (0.006)
Liquidity S1BBARRE | (.316%% 0.466%**

(0.091) (0.058) (0.081)
Tier 1 Capital Ratio 0.023%** 0.005** 0.001

(0.005) (0.003) (0.004)
Leverage Ratio 0.065%** —0.018%** —0.022%%*

(0.007) (0.004) (0.006)
Observations 4,461 4,981 4,473
R-squared 0.919 0.204 0.198
Bank Fixed Effects Yes Yes Yes
Year-Quarter Fixed Effects Yes Yes Yes
State Fixed Effects Yes Yes Yes

Note: The dependent variable in column 1 is the logarithm of Z-score, while in
columns 2 and 3 it is the systemic expected shortfall. The null hypothesis of cross-
sectional independence in Pesaran’s (2021) test can be rejected for regression residuals
at conventional significance levels. However, the average and average absolute cross-
sectional correlations are relatively low, standing approximately at 0.1 and 0.3 for
risk-taking (Z-scores) and approximately 0.04 and 0.2 (columns 2 and 3) for sys-
temic risk (SES). According to Pesaran (2021), in finite samples, the assumption
of cross-sectional independence is appropriate when cross-sectional correlations are
low. Constant terms included but not reported. Robust standard errors in parenthe-
ses. *¥* ** and * represent significance at 1 percent, 5 percent, and 10 percent,
respectively.

4.2 Benchmark QF Regressions
4.2.1 Bank Risk-Taking

Table 4 presents the main regression results for the impact of QE on
individual bank risk-taking. Corresponding to different definitions
of the treatment variable, columns 2, 4, and 6 present results using
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the main specification model that includes control variables. Mean-
while, columns 1, 3, and 5 exclude all bank controls. The regression
employs the Z-score as the dependent variable, which indicates the
inverse probability of insolvency. A lower Z-score represents higher
risk-taking by banks.

The results suggest that banks with larger MBS holdings increase
their relative risk-taking capacity during the third round of QE
(QE3). This is indicated by the negative and statistically signifi-
cant coefficient on the interaction term between treated banks and
QE3 across most specifications. In particular, banks in the top quar-
tile and decile, respectively, of the MBS-to-total-assets ratio show an
increase in risk-taking by 4.8 percent (column 2) and 12.5 percent
(column 4), respectively. Additionally, we employ the treatment sta-
tus of banks based on the continuous measure of MBS to total assets.
It can be inferred from the results shown in column 6 that banks with
higher MBS to assets increased their risk-taking by approximately
26.3 percent

Our results complement the findings of Luck and Zimmermann
(2020) that show higher loan supply by the treated banks during
QES3, a possible channel for increased riskiness as shown in Kurtz-
man, Luck, and Zimmermann (2022) Our results are also con-
sistent with the previous literature on the impact of conventional
monetary policy on bank risk-taking, including Gambacorta (2009),
Altunbas, Gambacorta, and Marques-Ibanez (2010), and Delis and
Kouretas (2011) among others, that confirms the presence of a risk-
taking channel during episodes of expansionary monetary policy.

Table 4 further indicates statistically insignificant effects for bank
risk-taking during QE1. The direction of the coefficients and their
economic significance is opposite to the evidence obtained for QE3
Ignoring statistical significance, the results overall suggest that bank

9More accurate effects can be obtained from (e — 1) x 100.

20 Although Kurtzman, Luck, and Zimmermann (2022) highlight the negative
relation between QE and bank lending standards, which measures the quality of
loans rather than quantity, their findings address the fact that banks increase
their risk-taking due to both lower lending standards and greater availability of
credit.

21Gince Z-score is a measure of bank stability, note that a positive coefficient
on the interaction term would imply high stability and low risk-taking by treated
banks during QE1.
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risk-taking decreased in the initial phases of QE. Taking statistical
significance into account, the interpretation is that banks refrained
from additional risk-taking despite an increase in liquidity, implying
a decrease in relative risk-taking when compared to the amount of
liquidity available. Our understanding of this result is based on the
study of Kapoor and Peia (2021), which yields no evidence of loan
growth during QE1. Since studies such as that of Kurtzman, Luck,
and Zimmermann (2022) associate riskiness with bank lending, an
increase in riskiness during QE1 was an unlikely result. Moreover,
the QE3 program was larger in scale as compared to QE1, imply-
ing that banks, as a response to the economic crisis of 2007-08
used the QE program in the first round to reduce their riskiness
By the time QE3 was implemented, banks were better prepared to
increase their appetite for risk through higher lending. Our results
reveal that it was only after QE3, as opposed to QE1, that banks’
portfolios reflected this pattern. This is consistent with Luck and
Zimmermann (2020), who investigate the employment effects of dis-
parate QE rounds and find a substantial difference between treated
and control banks after QE3 only.

The regression controls for time-variant bank characteristics
include bank size, tier 1 capital ratio, liquidity, leverage ratio, and
loans-to-asset ratio. The overall findings are relatively robust across
all specifications. We note that the time-invariant heterogeneity
between treated and control groups is addressed via bank fixed
effects, while the demand-side conditions that affect borrower riski-
ness are controlled by employing year-quarter and state fixed effects.

4.2.2  Bank Profitability

The results in Table 5 investigate the impact of QE on bank prof-
itability, measured by the logarithm of net interest income which
reflects the capability of a bank to generate profits from its asset
management functionsP3 As before, the main variables of interest

22This is somewhat implied by the statistically insignificant positive coefficients
on the interaction terms in columns 1-2 and 5-6 for QEL.

23We lose only nine observations by taking the logarithm of net interest income,
which is a minuscule amount given that we have over 30,000 observations in the
sample. Using the non-log variable yields similar results qualitatively.
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are the interaction terms between the QE time dummies and banks’
treatment status.

Our results overall suggest that treated banks generated larger
profits during all episodes of QE. Specifically, in our sample of QE3,
banks above the 75th percentile of the MBS-to-total-assets distribu-
tion increase their net interest income by about 3.8 percent (column
2) relative to banks below the 25th percentile of the MBS distribu-
tion. The results hold for different treatment definitions, i.e., based
on the 10th and 90th percentiles of the MBS holdings (columns 3
and 4) and the continuous measure (columns 5 and 6). Our find-
ings are consistent with the previous literature, including Flannery
(1981), Bourke (1989), and Saunders and Schumacher (2000), that
provides evidence of a positive association between monetary policy
and bank profitability.

4.2.8  Systemic Risk

Our main empirical specification uses the Acharya et al. (2017) sys-
temic expected shortfall index (SES) for bank i in year-quarter ¢
relative to year-quarter ¢—1 as the dependent variable. The results
are presented in Table 6. Again, we employ three treatment variables
that classify banks based on quartiles, deciles, and the continuous
measure of MBS to total assets.

Our main variable of interest, the interaction term QE3; xT'reat;,
is negative and statistically significant across all definitions of the
treatment variable, suggesting that banks with large MBS-to-total-
assets holdings reduced their contribution to systemic risk during the
third round of quantitative easing. The findings imply that QE had a
positive effect on banking-sector stability. Our results are consistent
with those of Berger, Roman, and Sedunov (2017), who report a pos-
itive impact of QE on the financial sector after the implementation
of TARP.

Together, the results in Tables 4, 5, and 6 suggest that banks car-
rying higher MBS-to-total-assets ratios were characterized by higher
levels of risk-taking and corresponding profitability in QE3, with evi-
dence of higher profits in QE1 and QE2 as well. Finally, since the
QE programs were largely unanticipated, especially the third round,
banks that held more MBS had a prompt recovery and reduced their
contribution to systemic risk.
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4.8  Systems Approach

We also estimate our three specifications as a system of pooled
equations via the seemingly unrelated regressions (SUR) model
that employs the feasible generalized least squares (FGLS) esti-
mator. A second system is estimated using the general method of
moments (GMM) estimator. The system approach is adopted in
order to account for potential cross-equation correlations in residu-
als and improve efﬁciency Possible endogeneity issues are further
addressed via lags of variables as instruments in the GMM case. As
is evident from Tables 7 and 8, the system estimates are consistent
with the individual regression estimates in Tables 4-6.

4.4 Too Big to Fail and Systemic Risk

Following the GFC, the authorities attempted to prevent the failure
of a few systemically important financial institutions (SIFIs) in order
to avoid the risks posed to the overall financial system and broader
economy. Failure of SIFIs, although uncommon, can have negative
consequences for the entire financial system. These entities are often
referred to as “too big to fail” (TBTF) due to their interconnected,
sufficiently large, complex operations.

In the face of systemic failure, large financial institutions such
as TBTFs accept government support, more commonly in the form
of bailouts, that assists them in the recovery process (Cetorelli and
Traina 2018). Accordingly, we focus on the impact of QE on sys-
temic risk contributions by TBTF banks. This analysis draws moti-
vation from the growing need to identify and monitor TBTFSs, so
that timely steps can be taken in order to avert events of economic
distress associated with the failure of these systemically important
banks.

We follow Zhou (2010) and identify the TBTF banks in
our datald To investigate the impact of QE on systemic risk

24We analyze frameworks with control factors that differ across equations.

25We are able to label 16 banks as TBTF. TBTF banks must satisfy the follow-
ing selection criteria: (i) the financial institutions should be classified as “banks,”
(ii) they should be traded on the NYSE, and (iii) they should be active from the
beginning of 1987 until 2009.
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Table 7. The Impact of QE on Bank Risk-Taking,
Profitability, and Systemic Risk:
Seemingly Unrelated Regressions

Z-score NII SES
(1) (2) (3)
QFE1; x TreatiQ —0.044 0.084 -0.324
(0.122) (0.067) (0.616)
QE2; x Treatg"2 0.003 0.069 -0.056
(0.198) (0.109) (0.051)
QE3, x Treat? ~0.529%** 0.159%* ~1.56%*
(0.140) (0.077) (0.706)
Observations 1,928 1,928 1,928
R-squared 0.816 0.830 0.107
QE; Yes Yes Yes
Treatment Variable Yes Yes Yes

Note: Pooled regressions employed. The dependent variable in column 1 is the log-
arithm of Z-score, in column 2 is the logarithm of net interest income (NII), and in
column 3 is the systemic expected shortfall (SES). Treatf2 takes the value 1 for banks
in the top quartile (top 25 percent) of the MBS-to-total-assets distribution, while 0 for
banks in the bottom quartile (bottom 25 percent) of the distribution. QE1:, QE2;,
and QFE3; are dummy variables corresponding to the respective QE waves, where the
dummy takes the value 1 during the QE episode and 0 otherwise. Control variables
include bank size, liquidity, tier 1 capital ratio, deposit ratio, and leverage ratio.
All control variables are taken as lagged. Including interactions between controls
and the treatment variables does not alter results significantly. The null hypothesis
of cross-sectional independence in Pesaran’s (2021) test can be rejected for regres-
sion residuals at conventional significance levels. However, the average and average
absolute cross-sectional correlations are relatively low, standing approximately at 0.06
and 0.06 for Z-scores; 0.04 and 0.05 for NII; and 0.03 and 0.05 for SES. According
to Pesaran (2021), in finite samples, the assumption of cross-sectional independence
is appropriate when cross-sectional correlations are low. Constant terms included
but not reported. Robust standard errors in parentheses. *** ** and * represent
significance at 1 percent, 5 percent, and 10 percent, respectively.

contributions by TBTF banks, we estimate the following regression
model:

Yie=ca;+ B+ pit + NQE: +wTBTF; + 0'TBTF;
XQE;+0"X; -1+ €y, (6)
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Table 8. The Impact of QE on Bank Risk-Taking,
Profitability, and Systemic Risk: System GMM

Z-score NII SES
(1) (2) (3)
QE1, x Treat? -0.097 0.171%* ~0.067*
(0.122) (0.083) (0.039)
QE2, x Treat? -0.037 0.256%* —0.160%*
(0.133) (0.118) (0.065)
QE3; x Treati2 -0.273* 0.567*** —0.816%**
(0.142) (0.191) (0.276)
Observations 1,691 1,691 1,691
QFE; Yes Yes Yes
Treatment Variable Yes Yes Yes

Note: Pooled regressions employed. The dependent variable in column 1 is the log-
arithm of Z-score, in column 2 is the logarithm of net interest income (NII), and in
column 3 is the systemic expected shortfall (SES). Treat? takes the value 1 for banks
in the top quartile (top 25 percent) of the MBS-to-total-assets distribution, while 0 for
banks in the bottom quartile (bottom 25 percent) of the distribution. QE1:, QE24,
and QFE3; are dummy variables corresponding to the respective QE waves, where the
dummy takes the value 1 during the QE episode and 0 otherwise. Control variables
include bank size, liquidity, tier 1 capital ratio, deposit ratio, and leverage ratio.
All control variables are taken as lagged. Including interactions between controls
and the treatment variables does not alter results significantly. The null hypothesis
of cross-sectional independence in Pesaran’s (2021) test can be rejected for regres-
sion residuals at conventional significance levels. However, the average and average
absolute cross-sectional correlations are relatively low, standing approximately at 0.00
and 0.00 for Z-scores; 0.05 and 0.06 for NII; and 0.00 and 0.00 for SES. According
to Pesaran (2021), in finite samples, the assumption of cross-sectional independence
is appropriate when cross-sectional correlations are low. Constant terms included
but not reported. Robust standard errors in parentheses. *** ** and * represent
significance at 1 percent, 5 percent, and 10 percent, respectively.

where T' BT F; is a dummy variable that takes the value of 1 if a bank
is identified as “too big to fail” and 0 otherwise. All other variables
carry the same interpretation as in Equation (5) and the results are

presented in Table 9.

TBTF banks are prone to moral hazard. If TBTF firms believe
that the government will protect them during periods of distress,
they have less incentive to monitor their financial operations (Dam
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Table 9. The Impact of QE on Systemic
Risk for Too-Big-to-Fail Banks

Systemic Expected Shortfall
(1) (2)
QFE1; x TBTF; -0.008 —0.006
(0.015) (0.014)
QFE2; x TBTF; —0.080%* —0.081%*
(0.043) (0.045)
QFE3; x TBTF; —-0.138** —0.147**
(0.061) (0.064)
Observations 4,548 4,355
R-squared 0.235 0.220
Number of Banks 277 246
QE; Yes Yes
Bank-Level Controls No Yes
Year-Quarter Fixed Effects Yes Yes
Bank Fixed Effects Yes Yes
State Fixed Effects Yes Yes

Note: The dependent variable is the growth rate of SES. TBT'F; is a dummy that
takes the value 1 for banks that are identified as systemically important financial
institutions (SIFIs), or too big to fail (TBTF), by the Financial Stability Board
and 0 otherwise. QE1:, QE2¢, and QFE3; are dummy variables corresponding to the
respective QE waves, where the dummy takes the value 1 during the QE episode
and 0 otherwise. Control variables include bank size, liquidity, tier 1 capital ratio,
deposit ratio, and leverage ratio. All control variables are taken as lagged. Including
interactions between controls and the treatment variables does not alter results signif-
icantly. The null hypothesis of cross-sectional independence in Pesaran’s (2021) test
can be rejected for regression residuals at conventional significance levels. However,
the average and average absolute cross-sectional correlations are relatively low, stand-
ing approximately at 0.04 and 0.2. According to Pesaran (2021), in finite samples,
the assumption of cross-sectional independence is appropriate when cross-sectional
correlations are low. Constant terms included but not reported. Robust standard
errors in parentheses. *** ** and * represent significance at 1 percent, 5 percent,
and 10 percent, respectively.

and Koetter 2012). With regards to the effectiveness of QE in reduc-
ing the contribution of TBTF banks to systemic risk, our results
show that the policy had stabilizing effects. Moreover, the coeffi-
cient on the interaction term QE3; x TBTF; is —0.147 (column 2),
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Figure 3. Robustness Test: Treatment
Variable Based on Median

Note: The figure shows coefficient estimates where dependent variables are the
logarithm of Z-score, the logarithm of net interest income, and the change in
systemic expected shortfall. The regression uses an alternative treatment defin-
ition, with the dummy now equal to 1 if banks have an above-the-median ratio
of MBS to total assets in 2007:Q4, and 0 if the ratio is below the median. Con-
trol variables include bank size, liquidity, tier 1 capital ratio, deposit ratio, and
leverage ratio. All control variables are taken as lagged. The estimation includes
bank fixed effects, year-quarter fixed effects, state effects, and lagged values of
bank-level controls.

which is similar to the size of the effect obtained for the full sample
of banks as discussed in the previous sections.

4.5 Other Robustness Checks

We perform a series of further robustness checks on our main results.
First, we introduce a new treatment variable based on the median
ratio of MBS holdings to total assets. This dummy variable takes
the value of 1 if a bank is in the top half of the distribution of
MBS to total assets in 2007:Q4 and 0 if it lies in the bottom half
of the distribution. Figure 3 shows a plot of estimated coefficients 6
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from Equation (5). Similar to the findings observed so far, it con-
firms that treated banks had significantly increased their capacity
of risk-taking and profitability, and decreased their contribution to
systemic risk during QE3.

Second, we use a bank’s MBS exposure relative to securities,
changing the specification to

MBS
Yii=a;+ B +Pi,t+’Y{QEt+72< )

Securities

+ 6’ (MBS> X QF; + 06X 11+ €4 (7)
Securities ) ;

This measure has been employed in earlier studies, including
that of Kurtzman, Luck, and Zimmermann (2022), and captures
the treatment status of banks in relation to only the total securities,
thus reducing any noise in the treatment specification when com-
pared to the use of total assets in the denominator of the ratio. The
results are presented in Table 10 and are qualitatively similar to the
ones obtained in our main specifications. We still find stronger sup-
port for a differential increase in risk-taking and profitability, and a
simultaneous decrease in systemic risk during QE3.

Third, we employ alternative measures of our dependent vari-
ables. We capture bank riskiness with the ratio of risk assets to
total assets, while we use return on assets as a proxy for bank prof-
itability. Systemic risk is captured by SRISK, which measures the
amount of capital a bank would require for the maintenance of a
given capital-asset ratio during periods of distress. SRISK is a func-
tion of bank size, which is captured by equity, leverage, and long-run
MES. Following Brownlees and Engle (2017), SRISK is defined as

SRISK;; = E¢[CapitalShortfall; +11|Crisis]
= Ei[k(Debt; 111 + Equity; +1) — Equity; 1+1|Crisis]
= kDebt; s — (1 — k)(1 — LRMES, ;)Equity; ¢,
(8)
where Debt;; is the book value of debt, Equity;: is the market

value of equity, and k is the prudential capital fraction, i.e., level
of book equity relative to assets, and is taken as 8 percent in line
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with Brownlees and Engle (2017) Finally, LRMES, ; is the long-
run MES for bank ¢ at time ¢, which is the average of returns on
bank equity in the crisis period. Acharya, Engle, and Richardson
(2012) approximate LRMES, ; as 1 — exp{—18 x MES;;}. Table
11 shows that the coefficient on the interaction term between QE3
and the treatment variable remains significant and of the expected
sign across dependent variables.

5. Conclusions

Bank risk-taking has gained much attention in recent times, as it is
widely viewed as one of the outlets of unconventional monetary pol-
icy. The risk-taking channel also explains the reasons for the severity
of the Global Financial Crisis. While individual risk-taking has been
discussed in the literature, the impact on systemic risk is still less
explored. Our paper explores the distributional effects of QE by
examining whether banks that benefited more from the Fed’s three
rounds of QE also lowered their contribution to systemic risk.

We investigate whether QE-exposed banks increased their risk-
taking capacity in order to achieve higher incomes and maximize
profits. Since high incomes reflect the capability of a bank to gen-
erate higher profits from its asset management functions, we expect
higher-income banks to be more stable. Furthermore, profitable
banks have the necessary cushion to absorb losses, which reduces
the probability of financial distress or failure.

Our results suggest that banks were encouraged to increase their
risk-taking capacity and profitability due to the excess liquidity cre-
ated by loose monetary policy. At the same time, banks reduced their
contribution to systemic risk, suggesting that the implementation of
QE had an overall positive effect on banking-sector stability. This is
an important finding, as it shows that QE not only encouraged banks
to take on higher risk, which led to increased availability of credit
and liquidity, but also assisted in pulling the banking system out

26The capital shortfall can be interpreted as the negative of working capital,
i.e., the institution has a capital surplus when the capital shortfall is negative
and suffers distress when capital shortfall is positive. Equation (8) assumes that
debt cannot be renegotiated in the case of a crisis or systemic event.
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Table 11. Varying Measures of Dependent Variable

Risk/TA ROA SRISK
(1) (2) (3)
QE1; x Treat? —0.005%%** 0.001 %% 0.174
(0.002) (0.000) (0.346)
QE2; x Treat? 0.010%** 0.001%** —0.782
(0.002) (0.000) (0.550)
QE3; x Treat? 0.013*** 0.001*** —0.684*
(0.002) (0.000) (0.405)
Observations 11,040 10,585 1,940
R-squared 0.758 0.654 0.903
Bank-Level Controls Yes Yes Yes
Bank Fixed Effects Yes Yes Yes
Year-Quarter Fixed Effects Yes Yes Yes
State Fixed Effects Yes Yes Yes

Note: The dependent variable in column 1 is risk assets scaled by total assets, in col-
umn 2 is the return on assets, and in column 3 is SRISK scaled by bank equity. Treat?
takes the value 1 for banks in the top quartile (top 25 percent) of the MBS-to-total-assets
distribution, while 0 for banks in the bottom quartile (bottom 25 percent) of the distrib-
ution. QFE1:, QE2¢, and QE3; are dummy variables corresponding to the respective QE
waves, where the dummy takes the value 1 during the QE episode and 0 otherwise. Control
variables include bank size, liquidity, tier 1 capital ratio, and leverage ratio. All control
variables are taken as lagged. Including interactions between controls and the treatment
variables does not alter results significantly. The null hypothesis of cross-sectional inde-
pendence in Pesaran’s (2021) test can be rejected for regression residuals at conventional
significance levels. However, the average and average absolute cross-sectional correlations
are relatively low, standing approximately at 0.07 and 0.07 for risk assets to total assets;
0.09 and 0.09 for ROA; and 0.04 and 0.05 for SRISK. According to Pesaran (2021), in
finite samples, the assumption of cross-sectional independence is appropriate when cross-
sectional correlations are low. Constant terms included but not reported. Robust standard
errors in parentheses. ¥** ** and * represent significance at 1 percent, 5 percent, and 10
percent, respectively.

of recession. Overall, our paper illustrates implications for individ-
ual banks and the financial system when assessing the distributional
impact of QE.

We contribute to the literature by providing one of the first
studies to investigate the impact of quantitative easing on the
contribution of banks to systemic risk. Moreover, we investigate
a potential mechanism that explains how QE encouraged banks
to take up more risk in search of higher profits, thus making the
banking sector more stable.
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A central bank digital currency (CBDC) is a form of digi-
tal money that is denominated in the national unit of account,
constitutes a direct liability of the central bank, and can be
distinguished from other central bank liabilities. We examine
the financial stability risks and benefits of issuing a CBDC
under different design options. Our analysis is based on lessons
derived from historical case studies as well as on an analyti-
cal framework that allows us to characterize the mechanisms
through which a CBDC can affect financial stability. We fur-
ther discuss various policy tools that can be employed to mit-
igate financial stability risks.
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1. Introduction

A central bank digital currency (CBDC) is a form of digital money
that is denominated in the national unit of account, constitutes a
direct liability of the central bank, and can be distinguished from
other central bank liabilities[] This paper examines the financial
stability implications of a CBDC under different design options and
discusses policy tools that can be employed to mitigate financial

*The views expressed in this paper are those of the authors and do not nec-
essarily represent those of the Federal Reserve Board or anyone in the Federal
Reserve System. We thank Michael Kiley, Beth Klee, Andreas Lehnert, Daniel
Sanches, Chiara Scotti, and Skander Van den Heuvel for useful comments and
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'Most central banks already provide digital liabilities in the form of reserve
balances, which are mainly accessible to banks. Common definitions of CBDC
do not attempt to determine on which dimensions CBDC could or should vary
from other digital central bank monies. There are many potential design and
policy choice variations. See, for example, Committee on Payments and Market
Infrastructure (2018) at https://www.bis.org/cpmi/publ/d174.pdf.
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stability risks, abstracting from any other issues not related to
financial stability. Because a CBDC could in concept be held or
transferred by any party such as institutional or retail market
participants, we focus our analysis on a general-purpose CBDC,
though some of the channels we discuss may be more relevant for
specific wholesale or retail use-cases.

We examine three broad ways in which a CBDC may affect finan-
cial stabilityE First, a CBDC may increase the financial sector’s
vulnerability to destabilizing runs. By offering a safer asset, relative
to private liabilities of the financial sector, a CBDC may present an
attractive option for depositors and investors to fly to during times
of stress. Moreover, a CBDC may be more attractive than other
forms of government debt that are also safe but are more price sen-
sitive during times of market stress or less useful as a direct means
of payment ] Therefore, because of CBDC’s relative safety and con-
venience, some nonbank institutions, such as money funds, might
suffer larger or more frequent runs in the presence of it. Policy tools,
such as CBDC remuneration and quantity limits on CBDC holdings,
have the potential to mitigate such run risks, complementing tradi-
tional central bank tools for emergency liquidity assistance. Tiered
remuneration—whereby remuneration decreases as CBDC holdings
increase and can be adjusted during times of stress—could be com-
bined with a hard quantity limit on individual counterparty hold-
ings. The holding limit could be chosen to prevent severe runs to
CBDC, while payments in CBDC continue to be possible. The cali-
bration of holding limits is an important but difficult task. Given the
uncertainty about the demand for a CBDC, setting holding limits
may involve a process of trial and error.

Second, a CBDC may weaken financial stability by reducing the
ability of banks to extend credit during times of stress, which could
result in a more widespread credit crunch. We study a stress sce-
nario in which the presence of a CBDC causes a withdrawal of

2This paper focuses on financial stability risks from a CBDC during times of
stress rather than on the potential effect of a CBDC on bank deposits and credit
provision during normal times.

3Vissing-Jorgensen (2021) documents that the 10-year Treasury yield
increased by 64 basis points from March 9 to March 18, 2020, making 10-
year Treasury securities a particularly unattractive investment option during the
market turmoil at the onset of the COVID-19 pandemic.
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deposits from banks, forcing banks to use less desirable funding
sources despite not necessarily precipitating a crisis. Using various
estimates from the literature, we find that funding costs and, in
turn, the rates charged to borrowers, may increase by 50 to 250
basis points in stress times. We roughly estimate that such higher
borrowing rates may result in a decrease of about 1 to 5 percent in
commercial and industrial (C&I) lending. Furthermore, the fear of
deposit losses to CBDC in times of stress may make banks less willing
to provide ex ante liquidity insurance to firms in the form of credit
lines. Kashyap, Rajan, and Stein (2002) and Piazzesi and Schnei-
der (2022) highlight the complementarity between deposit-taking
and the extension of credit lines to firms, accruing from the fact
that deposit withdrawals may not perfectly correlate with credit-
line drawdowns. This imperfect correlation allows bank to economize
on the holdings of liquid assets required to insure against the risk
of outflows. To the extent that CBDC increases this correlation in
times of stress, the provision of liquidity insurance to firms would
decrease, further amplifying the adverse effects of a credit crunch.

Third, to the extent a CBDC is made more broadly available than
other digital central bank liabilities, it could make the financial sys-
tem more stable by providing a perfectly safe asset to a wider set of
financial firms than those that currently make use of central bank
liabilities, such as nonbanks or foreign institutions, which might use
it to enhance their liquidity management. Beyond its effect on the
traditional financial system, a CBDC could improve financial sta-
bility in the digital asset ecosystem. Stablecoins with direct access
to a digital central bank liability would be better able to prevent or
manage runs.

Our analysis proceeds as follows. Section 2 presents case stud-
ies that share similar financial stability concerns as the ones raised
for CBDC. Section 3 discusses specific mechanisms that have been
highlighted in economic research through which a CBDC may affect
financial stability. Section 4 analyzes the various tools to mitigate
financial stability risks introduced by a CBDC and their implemen-
tation challengesﬁ

“See Carapella and Flemming (2020), Infante et al. (2022, 2024), and Ahnert
et al. (2024) for detailed literature reviews.
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2. Lessons from Case Studies

Because a CBDC offers a safe asset to run to in times of crisis, a
key financial stability concern about its introduction is that it may
increase the vulnerability of institutions and markets that depend on
short-term, runnable debt. Flight-to-safety concerns are not unique
to CBDC and have been raised in several examples both in the U.S.
and abroad. We review these cases to infer lessons that are relevant
for thinking about any destabilizing effects of a flight to CBDC in
times of crisis.

First, we review similar concerns introduced by potential requests
for accounts at the Federal Reserve by state-chartered narrow bank-
ing institutions, planning to pass through part of the interest rates
they would earn on their reserve holdings to their depositors. Sec-
ond, we examine the similarities between a flight to CBDC and a
flight to ON RRP (the Federal Reserve’s overnight reverse repur-
chase facility), as an example of a central bank liability available to
eligible nondepository institutions, and consider whether such facil-
ity has contributed to the run on prime money market funds (MMF')
during the COVID-19 crisis in March 2020 Third, we analyze the
recent episodes of traditional bank runs, including the run on Greek
banks during the European sovereign debt crisis and banking stress
of March 2023.

2.1 Pass-Through Investment Entities

Pass-through investment entities (PTIEs), a type of “narrow bank,”
were contemplated in a 2019 request for comment by the Federal
Reserve Board (Board). The request for comment explained that
such institutions potentially could seek to be granted master
accounts at the Federal Reserve and to be eligible for receiving
interest on reserves balances (IORB). Their business model would
be to invest a significant fraction, or all, of their total deposits in
reserve balances with the Federal Reserve in order to pass through
the interest they earn on reserve balances to their depositors. The

5The ON RRP is a supplementary monetary policy tool that supports inter-
est rate control by providing a floor in overnight money market rates to eligible
investors.
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Board’s previous consideration of potential PTIEs provides the most
direct comparison with the flight-to-safety concerns introduced by a
CBDC.

If established and deemed eligible institutions, PTIEs would
be businesses operating on narrow profit margins and, because
their investments would be in perfectly safe assets, they potentially
could be exempted from prudential regulation and paying insurance
deposit premiums. As a result, there would be no restrictions, in
principle, on PTIEs’ size. To mitigate the potential risks arising
from the attractiveness of a nearly unlimited safe asset in times of
stress, among other reasons, the Board issued an Advanced Notice of
Proposed Rulemaking (ANPR) to request public comment whether
it should propose changes to Regulation D, such as on how to define
PTIEs and on potentially paying them a lower remuneration rate
than IORB (including possibly zero) or tiered rates for different
levels of balances held by PTIEsH

2.1.1 Lessons for CBDC

No PTIEs have been established so far, but we can still draw impor-
tant lessons for CBDC. The appeal of PTIEs during times of stress
would accrue both from the safety of their assets and the poten-
tial interest paid to their depositors. Paying a lower or zero rate of
interest on reserve holdings of PTIEs—potentially above a certain
holding threshold as contemplated by the ANPR—would lower the
interest that PTIEs could offer depositors and potentially mitigate
the incentives to run to PTIEs in times of stress. The proposal to
amend Regulation D shares similar characteristics to tiered CBDC
remuneration to mitigate a flight to CBDC, a policy tool we explore
later.

2.2 ON RRP, Bank Deposits, and MMFs

Another arrangement that is comparable to CBDC for its property
of being a potential safe haven during crisis times is the overnight

5The ANPR was published in Federal Register Vol. 84, No. 48 on Tuesday,
March 12, 2019 (Federal Register :: Regulation D: Reserve Requirements of
Depository Institutions). The Board had not determined whether any or all
potential PTIEs might be eligible institutions.


https://www.federalregister.gov/documents/2019/03/12/2019-04348/regulation-d-reserve-requirements-of-depository-institutions
https://www.federalregister.gov/documents/2019/03/12/2019-04348/regulation-d-reserve-requirements-of-depository-institutions
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reverse repurchase (ON RRP) facility. The Federal Reserve intro-
duced the ON RRP in 2014 to support its control of short-term inter-
est rates by allowing eligible nonbank participants in the short-term
funding markets to earn interest on repurchase agreements (repos)
with the Federal Reserve. The set of such eligible counterparties
is broad and includes money market funds (MMFs), primary deal-
ers, and government-sponsored enterprises (GSEs). Although the
ON RRP is a monetary policy tool, its potential for destabilizing
effects was highlighted early onll In theory, there are two chan-
nels through which access to the ON RRP could potentially affect
financial stability.

The first channel operates through bank depositors who may
run on their banks and move funds into government MMF's during
a flight-to-safety episodeﬁ Large institutional entities have funds
that they choose to keep in their banks or to invest in short-term
instruments, balancing their needs for immediate liquidity, credit
risk management, and potential returns. In times of stress, the
incentive to move bank account balances that are above deposit
insurance thresholds to secured investments increases. Government
MMFs could receive many of these investments. Without access to
ON RRP, government MMFs would invest these additional funds
into government assets, such as Treasury securities, which would
put downward pressure on their yields, mitigating the incentive to
run. This may incentivize MMFs to take actions to limit additional
inflows when the Treasury yield falls significantly. With access to an
elastic ON RRP, instead, MMF's could absorb more liquidity with-
out suppressing short-term rates. As a result, access to ON RRP
could exacerbate potential runs from banks to MMF's.

The second channel operates through nonbank institutions, such
as MMFs, that may substitute away from lending to financial or non-
financial firms toward the ON RRP. MMFs are large cash lenders
in repo markets, substantial buyers of commercial paper, and other-
wise lend in short-term funding markets. A migration of such funds

"See, for example, Frost et al. (2015).

8Government MMFs are defined as MMFs that invest 99.5 percent or more
of their total assets in very liquid investments, namely, cash, government securi-
ties, and/or repurchase agreements that are collateralized fully with government
securities.
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to ON RRP could amplify a crisis by reducing multiple sources of
short-term funding for financial and nonfinancial firms. The financial
stability risks of both channels are higher under full allotment, that
is, if the facility is uncapped on aggregate, or if a cap is sufficiently
largeﬁ To mitigate these risks, the ON RRP imposes individual caps,
while the size of the System Open Market Account (SOMA) portfo-
lio also imposes an implicit aggregate limit. For example, the initial
limit on the amount each counterparty could invest was initially set
to $30 billion, was raised to $80 billion in March 2021, and then
raised to $160 billion in September 2021[19

Stress events since the introduction of ON RRP are instructive
for deriving potential lessons for a CBDC. We focus on the events
at the outbreak of the COVID-19 pandemic when prime, in par-
ticular, MMFs experienced runs (see Li et al. 2021). As shown in
Figure 1, the ON RRP take-up spiked in March—April 2020. How-
ever, flows to the ON RRP during that stress episode were limited
overall, and take-up quickly normalized to levels close to zero. At
the same time, deposits, including uninsured ones, increased at a
fast rate[] Similarly, there is limited evidence that the ON RRP
contributed to the banking stress of March of 2023. While some
regional and small banks suffered a contraction in their deposit base,
ON RRP take-up declined in the first week following the onset of the
crisis. These episodes indicate that there is little evidence to date
for the first channel described above, through which ON RRP can
have destabilizing effects [

9A full allotment facility is limited by the overall size of the Federal Reserve’s
balance sheet. In the highly unlikely event that the ON RRP demand exceeds
the amount of available securities, awards will be made at the rate at which this
size limit was achieved (the stop-out rate), with all propositions below this rate
awarded in full and all propositions equal to this rate awarded on a pro rata
basis. See https://www.newyorkfed.org/markets/rrp_faq.

OTnitially the facility also had an exogenously set aggregate limit of $300 bil-
lion, which was removed in December 2015. Before its removal, the aggregate cap
was reached once in September 2014.

"The increase in ON RRP take-up that started occurring in March 2021 is not
related to flight-to-safety episodes and, thus, not relevant for financial stability.

12See Logan (2021) for a similar conclusion. We should note, however, that the
March 2020 episode was primarily a liquidity event that found banks with strong
capital and liquidity position. Movement from bank deposits to ON RRP amid
stress driven by concerns about bank credit quality might look different.


https://www.newyorkfed.org/markets/rrp faq
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Figure 1. ON RRP and Deposit Flows

Source: Federal Reserve Economic Data (FRED) and Call Reports.
Note: Data on deposits are at a quarterly frequency. The ON RRP data are
daily and the last observation is November 6, 2023.

The second channel briefly emerged during the COVID episode
but was not quantitatively strong nor persistent. As shown in the left
panel of Figure 2, prime MMF's’ holdings of certificate of deposits
(CDs) and commercial paper (CP) fell while ON RRP take-up briefly
increased along with Treasury holdings. Quickly, ON RRP take-
up returned to previous levels while Treasury growth continued.
The right panel of Figure 2 shows a similar pattern for government
MMFs.

One possible explanation why the second channel, described
above, was relatively weak was because there were liquid and safe
alternatives, namely Treasury bills, yielding higher rates. While the
ON RRP rate and the yield on four-week Treasury bills fell after the
COVID-19 shock, Treasury-bill yields traded relatively higher than
the ON RRP rate, and Treasuries could absorb the extra demand for
safety (Figure 3). It is conceivable that the second channel could have
been stronger if Treasury bills would have been more price inelas-
tic during this period, pushing Treasury yields down, potentially to
negative territory, and making ON RRP more attractive.

The ON RRP may have facilitated a modest portion of the out-
flows from prime MMF's and inflows toward government MMF's, but
other factors may also have facilitated the reallocation from prime
to government MMFs. In particular, relatively low switching costs
for investors to move their funds out of prime MMF to other vehi-
cles have been found to be important factors for run intensity

13See Cipriani and La Spada (2020).
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Figure 3. ON RRP and Treasury Yields

Source: FRED.

Moreover, fund families with relatively higher specialization in gov-
ernment MMF's saw greater outflows from their prime MMFs into
their government funds, both for institutional and retail investors.

2.2.1 Lessons for CBDC

There are at least three lessons helpful for thinking about financial
stability risks from a CBDC. First, addressing the source of funding
risks at the institutional level may be effective at mitigating financial
stability concerns from a flight to safety. Prime MMF's experienced
runs at the outbreak of the COVID-19 pandemic, but strong capital
and liquidity positions of banks were likely the reasons why confi-
dence in large banks was never seriously shaken and large uninsured
depositors did not move their funds from large banks to govern-
ment MMFs with access to the ON RRP. While the stress episode
of March 2023 does suggest that some smaller and less creditwor-
thy banks are subject to depositor runs, the role of the ON RRP in
attracting them was also limited [

Second, the rate of remuneration on a CBDC during crisis would
be crucial. As discussed above, ON RRP take-up likely was limited

14The Federal Reserve issued an after-action report on bank and super-
vision shortcomings following the failure of Silicon Valley Bank. See
https://www.federalreserve.gov/publications/files /svb-review-20230428.pdf.
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during the pandemic because the ON RRP rate was set to zero,
making it less attractive relative to other safe alternatives. Because
a CBDC may offer benefits to holders that are not provided by other
money market instruments or ON RRP balances, the remuneration
rate on a CBDC may need to be considerably lower than in normal
times to discourage a flight to safety during a crisis. Holding limits
on CBDC may also be useful.

Third, as suggested by the experience of prime MMFs during
March 2020, low switching costs may facilitate run episodes on banks
and other institutions investing in money market instruments. One
distinct difference between a CBDC and the ON RRP is that the
former could serve as a settlement asset. The potential features of
CBDC or its supporting infrastructure that could make it attrac-
tive, such as enabling fast payments, facilitating interoperability, or
provision of wider access to digital central bank money, could dra-
matically reduce the switching costs from both deposits and money
market instruments and lead to much faster runs

2.8 Recent Episodes of Traditional Bank Runs

Recently, there have been limited cases of traditional banking pan-
ics with system-wide implications. T'wo salient examples are the run
on the Greek banking system during the European sovereign debt
crisis and the banking stress in March 2023 in the United States.
These episodes provide good examples of how a run may material-
ize at a slow pace—with high switching costs from bank deposits to
other alternative stores of value, including physical currency—or in
a matter of a days when switching costs are low and depositors are
connected to one another. The first example suggests that imposing
switching costs from deposits to a CBDC may slow the pace of a
run, but it cannot eliminate runs altogether. The second example

15In the long run, low switching costs could reduce a bank’s moral hazard, as
the fear of a run could discipline the bank, urging it to adapt its business model
appropriately (Calomiris and Kahn 1991). That said, the overall effect of low
switching costs could lead to faster runs, as evidenced by the stress episode in
March 2023 discussed in the next subsection. In addition, the reduction of switch-
ing costs can be interpreted as an improvement in interoperability—a potentially
desired feature of CBDC—which can become a contagion channel in times of
stress.
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Figure 4. Cash and Deposit Holdings during Greek Crisis

Source: Bank of Greece, European Central Bank, [https://www.bankof]
lgreece.gr/en /statistics/monetary-and-banking-statistics/monetary-aggregates|

suggests that reduced switching costs and fast convertibility offered
by a CBDC may have the potential to further exacerbate runs.

The Greek case materialized amid concerns over sovereign debt
sustainability and the hypothetical exit of Greece from the euro
zone. Deposits at Greek banks fell by just over 30 percent from
2010 to 2012 and by a further 25 percent from 2014 to 2016. In this
instance, the deposit runoff was slow moving. Most Greek residents
had to rely on domestic banks or physical banknotes to store their
liquid wealth and to make and receive payments, while only larger
firms and wealthier individuals already had or could easily establish
bank accounts in other countries[1 Figure 4 plots the withdrawal
of deposits along with the spikes in cash holdings in Greece during
this period. Note that after the imposition of capital controls in June
2015, demand deposits started mechanically increasing and available
cash started mechanically falling.

Interest paid on deposits may have been a reason why retail
depositors kept their money at Greek banks. Another factor for the
slow exodus of deposits from banks was likely the switching costs
associated with withdrawing deposits to hold physical currency. In
fact, storing cash in a safe deposit box at a bank requires a separate
process and could have been expensive for small depositors, while
it also entails “shoe-leather” costs every time a depositor wants to

63ee, for example, Artavanis et al. (2019).


https://www.bankofgreece.gr/en/statistics/monetary-and-banking-statistics/monetary-aggregates
https://www.bankofgreece.gr/en/statistics/monetary-and-banking-statistics/monetary-aggregates
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access the stored cash[L1 Moreover, individuals who withdrew larger
amounts of cash were a common target of house robberies and indi-
vidual assaults/§ An additional switching cost from bank deposits to
cash was the length of time needed to obtain physical currency from
a bank. Depositors had to call their banks several days in advance
so that the bank could bring in the required cash.

The more recent case of the banking stress of March 2023 shows
a dramatically different environment, which resulted in deposit runs
that were extraordinarily fast and large. Rose (2023) documents that
the runs on Silicon Valley Bank and Signature Bank materialized in
a matter of one or two days. In contrast to the Greek stress, con-
fidence in other U.S. banks remained strong, and thus depositors
willingly transferred deposits to other banks, which they were able
to do quickly. Sectoral or other connections between bank depositors
facilitated the particularly rapid and coordinated withdrawal. While
the concentration of uninsured depositors was a particularly salient
issue during this bank run episode, it underscores how the availabil-
ity of a safe store of value with seamless and immediate convertibility
can quickly destabilize affected banks. The introduction of a CBDC
might similarly accelerate runs through any removal of payments
frictions its transfer system entails and, perhaps more uniquely,
through provision of a safe alternative that is not dependent on
continued confidence in the wider banking sector.

2.8.1 Lessons for CBDC

While the parallels with the potential effects of a CBDC are imper-
fect, the Greek and March 2023 episodes illustrate how switching
costs can affect run dynamics. In both cases, conditions prompted a
desire to run from banks that were deemed illiquid or in danger of
being insolvent. In the case of Greek banks, depositors that faced low
switching costs to readily available alternatives left affected banks

"Historical data on the rental cost of safe deposit boxes are not readily
available. The National Bank of Greece is currently offering them at the range
of 100 to 500 euros. See https://www.nbg.gr/-/jssmedia/Files/Timologio/
web_portal_english_timologio_loipwn_ergasiwn.pdf?rev=a4a380{f93f84cbbae69f0c
f70a6bf69&hash=A5262D11D5AF9449D45861 FEOCDFF3D6.

18 https://www.reuters.com/article/lifestyle/greek-burglars-cash-in-as-savers-
flee-banks-idUSBRE84N10D/.


https://www.nbg.gr/-/jssmedia/Files/Timologio/web portal english timologio loipwn ergasiwn.pdf?rev=a4a380ff93f84cbbae69f0cf70a6bf69&hash=A5262D11D5AF9449D45861FE0CDFF3D6
https://www.reuters.com/article/lifestyle/greek-burglars-cash-in-as-saversflee-banks-idUSBRE84N10D/
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quickly. Individuals who faced higher switching costs still migrated
from deposits to those other alternatives, but more slowly. Slower
runs can give policymakers sufficient time to act to prevent undesir-
able outcomes. The case of March 2023 is a cautionary tale of how
low switching costs and ease of convertibility can exacerbate incen-
tives to run, and how bank runs can materialize from one day to the
next. A CBDC has the potential to substantially reduce switching
costs and withdrawal times compared to redeeming in physical cur-
rency. As a result, runs on uninsured or very large deposits at banks
or other financial institutions may materialize in a very short time,
leaving little scope for policy intervention.

3. Mechanisms

In this section, we analyze the mechanisms through which a CBDC
can affect financial stability, focusing on the following three broad
topics:

(i) How would a CBDC affect the run dynamics on financial
institutions?

(ii) How would a CBDC affect the credit provision by banks in
times of crisis?

(iii) How would a CBDC help address financial stability risks from
stablecoins?

While investigating these questions, we discuss both the negative
and positive implications of a CBDC for financial stability. We dis-
cuss separately the positive effects of CDBC on stablecoins, because
the digital nature of a CBDC could bring additional benefits for
them.

The design choices for a CBDC matter for its properties as
a safe-haven asset in times of crisis. As mentioned, we consider
a CBDC that could be, in principle, widely transferable, be held
by any institutional or retail market participant, and be interest-
bearing Throughout our analysis we focus on intermediated

9 Access restrictions, holding or transaction limits, and the level of a CBDC
remuneration are important policy tools—rather than rigid design choices. Such
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CBDC that is offered through wallets provided by institutions or
segregated accounts at custodial institutions 29

3.1 How Would a CBDC Affect the Run Dynamics on
Traditional Financial Institutions?

Financial institutions that fund illiquid assets with liabilities
redeemable on demand at par are said to engage in liquidity trans-
formation and are exposed to the risk of runs. To analyze the effect
of a CBDC on this type of run risk, we consider a stylized model
with the following elements:

e Financial institutions are funded by runnable liabilities.

e The runnable liabilities can have money-like attributes and
provide payment services besides their role as a store of value.

e These financial institutions hold both safe/liquid and
risky /illiquid assets.

e Concerns about losses on the risky/illiquid assets can result
in self-fulfilling runs whereby holders of runnable liabilities
withdraw their funds out of fear that others will do the same.

The model description and analytical results we derive can be
found in the appendix. The model is a modified version of the bank
run model in Goldstein and Pauzner (2005) 2]

tools can mitigate potential effects of a CBDC on financial stability and will be
examined in Section 4.

20Tn our analysis a CBDC is a liability of the central bank that is distrib-
uted/allocated /transferred to the public with the help of institutions rather than
via direct individual accounts at the central banks.

2! Ahnert et al. (2023) also study the effect of a CBDC on bank run risk using
a similar bank run model. They examine how banks may respond to higher
CBDC remuneration by increasing deposit rates, which yields ambiguous effects,
as banks are able to mitigate run incentives for low-enough levels of CBDC remu-
neration. This mechanism is absent in our model because all bank revenues are
distributed to deposits, as in Goldstein and Pauzner (2005), and there is no
room for the bank to adjust its profits and deposit rate to mitigate run incen-
tives. Indeed, Ahnert et al. (2023) show that the ambiguity stems from banks’
market power in the deposit market, and under perfect competition CBDC remu-
neration unambiguously increases run risk. Complementary to them, our model
focuses on the role of liquidity transformation and payment services of deposits
on run risk as in Kashyap, Tsomocos, and Vardoulakis (2024), which are elements
absent in Ahnert et al. (2023) and which matter, as we show, for the implication
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We examine various channels through which a CBDC can affect
run risk at financial institutions that engage in liquidity transfor-
mation. Note that not all channels are equally important for every
institution, and we provide examples of institutions for which each
channel is relevant.

3.1.1 Channel 1: A CBDC Provides an Attractive
Option for Flight to Safety

The level of run risk at financial institutions depends on the degree
of liquidity transformation, as measured by the asset share of liquid
assets, and on the availability and desirability of an outside option
to run to. For example, large uninsured depositors or investors at
prime MMFs may redeem their deposits or shares, respectively, and
place them in government MMF's, while small retail depositors could
also choose to redeem their bank deposits in currency. A CBDC may
offer a more attractive alternative, which could intensify the risk of
runs at financial institutions.

The attractiveness of a CBDC as a safe haven accrues not only
from the safety inherent in central bank liabilities but also from other
important characteristics, such as the payment services offered by
a CBDC, the low cost of switching to and from a CBDC, and the
interest rate that the central bank may choose to pay on CBDC
holdings. For example, large uninsured depositors may find it more
convenient to hold CBDC during a crisis compared to transferring
their deposits to an alternative bank or investing funds in govern-
ment MMFs, given that switching costs to CBDC could be smaller
and that the CBDC could be used directly for transactions. Both
benefits can be considerable. The few available studies on the subject
suggest that switching costs for moving one’s deposits to another
bank are not negligible; a CBDC could effectively reduce such
costs Moreover, the incremental benefit of using a CBDC in

of remunerated CBDC on run risk. See also Schilling, Ferndndez-Villaverde, and
Uhlig (2024) for a nominal bank run model to examine the trade-off introduced
by CBDC between bank runs and price stability.

22Shy (2002) uses Finnish banking data with a simple calibration method. The
estimated switching costs for moving one’s deposits into another bank account
for between 0 percent and 11 percent of the average balance a depositor main-
tains with the bank. Stenbacka and Takalo (2019) also use the same method with
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transactions could be approximated by the difference between three-
month Treasury bills and deposit rates, which may represent the
relative convenience yield of the latter. This benefit depends on the
level of rates, and in recent years has been around 80 basis points
On top of these characteristics, an attractive CBDC remuneration
can further increase the flight-to-CBDC incentives.

We can group these distinct incremental benefits—reduced
switching costs, convenience from use in transactions, interest paid
on CBDC—together in an aggregate incremental benefit and use the
aforementioned model to show how run incentives increase as the
CBDC becomes a more desirable outside option. We consider three
stylized financial institutions: (i) an institution with high liquid-
ity transformation, (ii) an institution with low liquidity transforma-
tion, and (iii) an institution with low liquidity transformation and
liabilities that can be used as means of payment.

There are a couple of interesting takeaways from this analysis,
the details of which can be found in the appendix. First, not sur-
prisingly, run risk is increasing in the attractiveness of the CBDC
as an outside option. Second, the incremental increase in run risk is
higher for institutions with higher liquidity transformation because
these firms hold fewer assets that are liquid in all stress events com-
pared to their runnable liabilities. Third, the destabilizing effect of a
CBDC is much smaller for institutions with liabilities that are useful
as means of payment. Taken together, our analysis suggests that the
run risk of bank-like institutions with low liquidity transformation
is expected to be small. However, the introduction of a CBDC may
increase run risk at fragile arrangements, such as prime MMFsP4

more recent Finnish deposit market data. Their estimated switching costs are
approximately 50 percent higher than those of Shy (2002). Kim, Kilger, and Vale
(2003) use Norwegian banking industry data and estimate the magnitude and
significance of switching costs. The point estimate of the average switching cost
is 4.1 percent, about one-third of the market average interest rate on loans.

#3See Van den Heuvel (2019).

24As noted previously, competitive pressures from CBDC could discipline
banks, urging them to adapt their business model appropriately (for example,
Chiu et al. 2023). We are abstracting away from such a consideration in our
analysis that could weaken the first-order effect we highlight. Nevertheless, we
also abstract away from factors that could strengthen our results, such as the
fact that CBDC could enhance interoperability, amplifying contagion channels in
times of stress and exacerbating the run dynamics we highlight.
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3.1.2 Channel 2: CBDC Could Affect Institutions’

Reliance on Wholesale Funding

A CBDC may alter the composition of the liabilities of financial
institutions in normal times, affecting both banks and nonbanks.

The introduction of a CBDC may result in a shift in bank liabili-
ties from stable insured bank deposits to other funding sources which
may be less stable, should depositors find it more convenient to hold
CBDC [ Banks are subject to liquidity requirements such as the
liquidity coverage ratio (LCR), which broadly requires that a bank’s
high-quality liquid assets (HQLA) are higher than the appropriately
weighted runnable liabilities within a 30-day horizon. An increase in
nondeposit liabilities may require additional HQLA—depending on
existing buffers over the LCR minimum requirement—which would
decrease bank profitability and increase the cost of intermediation.
But the effect on banks’ run risk may be muted, especially if the com-
position of HQLA is tilted to short-term liquid instruments such as
reserves 29

Nonbanks may find it more expensive to raise secured wholesale
funding should investors find that CBDC offers a more attractive
safe investment, inducing nonbanks to turn to other, potentially
more fragile, sources of wholesale funding. The implications of this
shift may not be prohibitively high during normal times. Yet, it can
have an adverse effect on financial stability if institutions enter a
crisis with a higher share of runnable liabilities.

A contrarian argument suggests that the introduction of a
CBDC, especially if remunerated, has the potential to satiate the
demand for safe assets and suppress convenience yields of private

25 For example, Whited, Wu, and Xiao (2022) show that banks can replace a
large fraction of deposits with wholesale funding, making banks’ funding costs
more sensitive to changes in short-term rates.

26We should note that the LCR weights for short-term liabilities were cali-
brated according to runoff rates absent a CBDC. The weights capture the hair-
cuts applied to various short-term liabilities that enter the calculation of the
LCR, determining the amount of HQLA needed to support a dollar of runnable
liabilities. Should a CBDC render some short-term liabilities more prone to runs,
adjustments to LCR calibration may be needed to neutralize the effect of a com-
positional change in institutions’ liabilities on run risk and, thus, on financial
stability.
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short-term liabilities. As a result, incentives for financial and non-
financial firms’ potentially excessive reliance on short-term funding
could be eliminated, enhancing financial stability. See Carlson et al.
(2016) and Greenwood, Hanson, and Stein (2016) for a non-CBDC-
specific exposition of this argument. We should note that the ability
of the central bank to satiate the demand for safe assets depends
on how it sterilizes the issuance of a CBDC. If CBDC issuance is
accompanied by purchases of Treasury bills by the central bank, or
by just replacing banks’ reserves, then the net effect on the supply of
publicly issued safe asset would be small, potentially close to zero 7

3.1.8 Channel 83: CBDC Could Enhance Liquidity
Management at Institutions

Although banks and certain nonbanks have access to central bank
liabilities, such as reserves or the ON RRP, many other financial
institutions do not. These institutions nonetheless may have large
and variable dollar payment needs to manage for which they must
rely on other institutions. A CBDC could widen access to a risk-free
store of value and settlement asset and could enhance the ability of
some financial institutions to manage their liquidity. If such widened
access included foreign institutions and/or close interlinking with
other central banks, CBDC could be a catalyst for cross-border and
cross-currency liquidity risk management benefits. This potential
benefit, however, does not appear unique to CBDC, but rather is
a function of access to digital central bank liabilities and payment
services more generally. Similarly, any negative trade-offs attributed
to expansion of allowable access would also be equally relevant to a
CBDC.

Using the same model described earlier, we can reevaluate the
effect of the introduction of a CBDC on run risk, considering that
some of the CBDC benefits, such as remuneration and payment ser-
vices, accrue to financial institutions holding it as a liquid asset
in their portfolios. The risk of runs may continue to increase with
CBDC benefits, but it could be lower than it would have been if the
institution did not hold CBDC, especially for institutions with a low

2"This underscores the importance of how the central bank recycles CBDC
inflows back to the economy. See Infante et al. (2024) for a detailed discussion.
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degree of liquidity transformation, because the institution’s liquid-
ity position also improves through the benefits offered by CBDC. In
certain cases, the benefits offered by a CBDC may even dominate
the adverse effect on run incentives, and run risk may be lower com-
pared to the case in which an institution does not derive additional
benefits from holding CBDC among its liquid assets.

3.1.4 Channel 4: CBDC Could Provide Policymakers
with Valuable Information during a Run

CBDC could provide policymakers with valuable information that
can be used to ameliorate undesirable outcomes stemming from a
flight to safety. One potential example is related to the ability of the
central bank to monitor the flow of funds into CBDC in real time.
Setting aside the nontrivial operational challenges, such monitoring
could allow policymakers to identify and resolve weak banks sooner,
potentially increasing depositor confidence and making depositors
less prone to running on the banks 3

3.2 How Would a CBDC Affect Credit
Provision by Banks in Crisis?

As discussed earlier, a permanent shift of funds from deposits to
CBDC may require banks to rely on riskier or more expensive whole-
sale funding markets to a greater extent than they currently do.
A greater reliance on wholesale funding relative to deposits could
increase the cost of funds to banks[d In turn, banks may increase
their lending rates, affecting credit availability across the economy
As a result, the introduction of a CBDC might restrict banks’ ability
to extend credit, resulting in either a reduction in overall credit or
in disintermediation of the banking sector P Such concerns may be

28G3ee Keister and Monnet (2022).

2Wholesale funding that is secured by HQLA is not necessarily a more costly
source of funding for banks than deposits, as that depends on their relative
convenience yields and the perceived safety of deposits, if uninsured.

30See Keister and Sanches (2022).

31The analysis below assumes that banks pass through the increase in funding
costs to borrowers in times of stress. However, Chiu et al. (2023) show that if
banks have market power in the deposit market, a CBDC can enhance compe-
tition, expanding intermediation. We should note that their results may apply
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more significant in a stress event when a reduction in bank credit
can result in a credit crunch exacerbating the stress.

Banks that experience a deposit loss to CBDC have a set of
options to substitute for lost funding. They could resort to the dis-
count window or turn to secured or unsecured wholesale funding
markets. Banks could also decide to raise long-term debt or retain
more of their earnings to boost their equity, even though doing
so might be costly or impossible during times of stresd3d Figure 5
shows the incremental pecuniary cost of borrowing from the discount
window or wholesale funding markets over short-term safe rates—
left and right panel, respectively, over the past two decades. Both
costs are not negligible, and we will consider them under different
scenarios

Consider a severe stress event that finds banks well capitalized
and with adequate liquidity. As already mentioned above, we do not
consider cases in which banks are the source of the stress because the
resulting drop in credit extension could be then better attributed to
insufficient banking capital rather than to a CBDC. Moreover, credit
extension may fall because of higher risk premia reflecting the lower
growth prospects. What we are interested in is the incremental effect
of a deposit flight to CBDC on credit extension. Thus, our estimates

better to normal times rather than times of stress, which is the focus of our
paper. We are solely focusing on the changes to financial stability and not taking
a stance on whether the equilibrium allocation will be more efficient, as Chiu
et al. (2023) show, or the other way around, as Whited, Wu, and Xiao (2022)
show. Even if a CBDC can enhance allocative efficiency in the banking system,
it may not be the best solution to deal with the issue of allocative inefficiency.

32However, banks may not have earnings or be in a position to raise fresh
equity, as was the case during the 2007-09 financial crisis. In such circumstances,
banks may need to deleverage, which significantly reduces credit supply. We do
not examine this case, because the cause of deleveraging would arguably not be a
CBDC but rather solvency concerns at banks, which is an important but separate
issue.

33Central banks could decide to set the rate on their lending facilities equal
to prevailing deposit rates and allow private banks to replenish the shortfall
of deposits with central bank lending, leaving private bank lending rates unaf-
fected. This type of policy is similar to the equivalence result of Brunnermeier and
Niepelt (2019), which characterizes how banks can borrow from the central bank
to facilitate a swap between private and public money, while leaving prices and
equilibrium allocations unchanged. However, there may be significant institu-
tional restrictions—inspired, in part, by the Bagehot principle—that may limit
central banks’ ability to lend freely at prevailing deposit rates.
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Figure 5. Borrowing Costs in Stress Times
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should not be regarded as capturing the total effect on credit exten-
sion during times of stress, but rather the incremental effect due to
the introduction of a CBDC. We consider three possible scenarios.

(i) In the first scenario, banks borrow from the discount win-
dow at an extra cost of about 50 basis points, which is the
conditional mean during crisis periods in the last two decades.

(ii) In the second scenario, banks make up for their lost deposits
with various types of wholesale funding, with an average addi-
tional cost of about 100 basis points

(iii) In the third scenario, banks replace lost deposit funding with
unsecured wholesale funding, reaching an additional cost of
funding of about 250 basis points, which is the upper end of
the historical realization during the 2007-09 financial crisis.

Table 1 reports the incremental effect of banks’ increased cost
of funding on the volume of bank lending due to a flight to CBDC
in times of stress. Our focus is on the effect of a marginal loss of
deposits to CBDC, which banks substitute with costlier funding.
That is, if banks had to make up for a dollar of deposits directed
to lending in times of stress with more expensive funding source,
then they would borrow less and extend less credit to be able to
charge a higher lending rate, compensating for the higher funding
costs. Implicitly, we assume that banks would extend new credit in
times of stress first using deposits, then using the discount window
or wholesale funding. These cases span our scenarios. The situation
might be different in the steady state whereby some lending would
be supported by equity; thus, the effect of a marginal loss of deposits
on credit supply would have to be weighted by their share in total
funding sources.

We assume that banks would pass through the extra cost to bor-
rowers rather than absorbing part or all of it, which would directly
reduce their profitability. As such, the estimates for the decline in

34This estimate is based on Bassett and Rappoport (2022), who compute a
comprehensive cost of short-term wholesale funding—as defined in the U.S. imple-
mentation of the capital surcharge for globally systemically important banks—
which includes (i) secured funding transactions, (ii) unsecured wholesale funding,
(iii) covered asset exchanges, (iv) short positions, and (v) brokered deposits.
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Table 1. Decrease in Lending during Stress Times

% Change in Lending for
Deposits’ Flight to CBDC
Scenario Scenario Scenario
Type of Credit (i) (ii) (iii)
Mortgage Credit -1.25% -2.50% —6.25%
Semi-elasticity of Demand
about 2.5
(De Fusco and Paciorek
2017)
C&I Loans -1.00% -2.00% —5.00%
Semi-elasticity of Demand
about 2
(Bassett et al. 2014)
Consumer Credit -2.60% -5.20% -13.00%
Semi-elasticity of Demand
about 5.2
(Gross and Souleles 2002)

credit provision reported in Table 1 could be regarded as a lower
bound.

We examine the effects on different types of loans using estimates
for the semi-elasticity of loan demand to interest rates from the liter-
ature P9 Scenario (ii) or a scenario between (i) and (iii) are arguably
the most likely ones, implying, for example, a decline in C&I loan
provision between 2 and 5 percent in times of stress 9

Well-capitalized banks can be a source of stability by providing
liquidity to struggling firms through the provision of lines of credit

35The semi-elasticity of loan demand to interest rates captures the percentage
decline in loan demand for a 1 percentage point increase in interest rates; these
elasticities are not exclusively derived for crisis periods.

36The effect of deposit substitution on credit provision should be considerably
lower in normal times. Considering an average TED spread of 30 basis points
during normal times—spanning from 2010 to 2019—and a maximum deposits
runoff rate of 40 percent, we obtain an increase in the average cost of funds of 12
basis points, which implies a decline of 0.30, 0.24, and 0.62 percent in mortgage
credit, C&I loans, and consumer credit, respectively.

3714, Strahan, and Zhang (2020).
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However, adverse effects on their willingness to provide such credit
during a stress event, owing to higher funding costs from introducing
a CBDC, could amplify a stress event. The combination of a poten-
tial flight to CBDC by depositors with a higher reliance on riskier
wholesale funding may render the provision of credit lines unprof-
itable ex ante, resulting in lower liquidity insurance and instability
during a crisis BY

3.3 How Would a CBDC Affect Financial
Stability Risks from Stablecoins?

Despite the original introduction as alternatives to national cur-
rencies, cryptocurrencies like Bitcoin have exhibited extreme price
volatility measured in dollars. This volatility has made them less
appealing as a medium of exchange or store of value. Stablecoins
emerged to serve as a relatively stable store of value within the
crypto space, offer lower-cost entry and exit points to crypto mar-
kets, and are the main collateral asset for leveraged positions in the
digital asset ecosystem Total issuance of stablecoin continues to
grow. However, stablecoins have experienced runs, either because of
their structure or because of doubts about their backing

A widely accessible CBDC might help to mitigate the instability
introduced by stablecoins, as it could supplant stablecoins that are
relatively risky or improve the quality of some stablecoins’ reserve
assets[*!] If stablecoins were backed one-to-one by a CBDC, they
would not be as susceptible to runs, though CBDC would not mit-
igate issues arising from legal, custodial, or operational concerns [
Stablecoin issuers might then compete on technical innovation rather
than on relative perceived capacity to redeem. The introduction of a
CBDC to which stablecoin issuers had large-scale access thus could
encourage the development of private stablecoins. Potentially, stable-
coins arrangements may prefer CBDCs to other alternatives such as

38See, also, Piazzesi and Schneider (2022).

39Gorton et al. (2026).

10See Azar et al. (2022) for a review of financial stability risks in the digital
asset ecosystem, including stablecoins.

“!See, among others, Gorton and Zhang (2023).

42Consistent with earlier discussion of firm liquidity risk management, access
to a CBDC granting a master account at the Federal Reserve or giving access to
the ON RRP could all have similar implications for stablecoin stability.
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Treasury bills or other central bank liabilities as safe reserve assets.
If the design of a CBDC offered greater interoperability within the
digital asset ecosystem than these alternatives, it could reduce trans-
action costs when moving between digital and traditional financial
platforms and allow for more efficient settlement of digital transac-
tions. In addition, depending on design choices related to informa-
tion management, CBDC transaction records could be made publicly
observable in real time, improving transparency of those stablecoins

reserves

4. Policy Tools to Address Financial
Stability Concerns of CBDC

A variety of tools may be available to address the financial stability
concerns associated with a potential disruptive flight to CBDC in
times of stress. All the tools proposed by academics and policymak-
ers alike attempt to limit the desirability of CBDC by reducing its
appeal or availability as a store of value. We focus on two broad
categories: (i) price tools, under which the central bank controls
the remuneration on a CBDC, and (ii) quantity tools of various
types, including tools limiting the balances of CBDC that holders
are allowed to maintain in their wallets/accounts.

Remuneration and programmability are two design choices that
can facilitate the use to tools to mitigate financial stability risks for
a CBDC. Designing a CBDC to be remunerated enables the adop-
tion of price tools to discourage a flight to safety in times of stress.
Designing a CBDC to be programmable may provide built-in rules
that constrain its use[ A programmable CBDC potentially can
overcome implementation hurdles associated with certain quantity
tools as well as enable a novel category of tools. Table 2 summarizes
the set of tools we examine, highlighting the effect of each tool on
financial stability as well as possible undesirable side effects.

438ee Chiu and Monnet (2024) for a rigorous analysis of the interaction between
CBDC and stablecoins, together with tokenized bank deposits, with respect to
customer protection, financial stability, and illicit activities.

44Two natural components of the definition of programmable money are a dig-
ital form of money and a mechanism for specifying the automated behavior of
that money through a computer program. See Lee (2021) for more details on
programmable money.
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We study the ability of each potential tool to mitigate harmful
runs on financial institutions during times of crisis. We highlight
the possibility of calibrating these tools differently during normal
times and crisis times to avoid restricting CBDC demand during
normal times. No tool is individually superior to others, and each
tool introduces trade-offs with respect to its costs, benefits, and ease
of implementation. Finally, we discuss other tools that central banks
could deploy to safeguard financial stability from a flight to CBDC.

4.1 Price Tools Relevant for Interest-Bearing CBDC

The first category of tools addresses the financial stability concerns
of a flight to CBDC by directly targeting the interest rate of a
CBDC. We refer to such tools as price tools, which can be made
state-contingent to more efficiently target flight to CBDC concerns
in times of stress, while preserving the attractiveness of CBDC in
normal times.

The simplest form of such tools is a single-tiered remuneration
scheme, where the interest rate on CBDC holdings is the same irre-
spective of the amount of CBDC. According to this scheme, the
interest rate on CBDC holdings needs to be sufficiently low to make a
CBDC relatively unappealing and to discourage a potential flight to
safety in times of stress. Importantly, a CBDC would provide trans-
action services and other benefits, in addition to interest payments.
As a result, dissuading a run to a CBDC may require a negative
interest rate, potentially very low in some cases, highlighting how a
CBDC design that did not include interest payments—that is, a 0
percent interest rate on CBDC holdings—may not be sufficient to
limit run risks. Significant or rapid rate changes, particularly into
negative territory, may also discourage use of a CBDC as a medium
of exchange, which may further deter a flight to CBDC but may
worsen welfare if CBDC payments are valuable in times of stress.

A more elaborate price tool is a two-tiered remuneration scheme,
where CBDC holdings below a threshold, or in the first tier, are
remunerated at a higher interest rate than those above the thresh-
old, or in the second tier ] The interest rate differential between

45See Bindseil, Panetta, and Terol (2021). Note that this remuneration scheme
could be designed with multiple tiers.



Vol. 22 No. 3 Financial Stability Implications of CBDC 365

larger and smaller CBDC holdings aims to discourage large hold-
ings of CBDC as a store of value in times of market stress while
minimizing effects on its role as medium of exchange. In times of
severe stress, sizable negative rates may be required to prevent a
flight to CBDC, regardless of tiering For moderate stress scenar-
ios, however, two-tiered remuneration might reduce the likelihood of
a flight to CBDC. This type of tiered renumeration would mimic the
price elasticity of the demand for other safe-haven assets. Hence, all
else equal, the likelihood of a run on financial institutions induced
by a flight to CBDC is lower.

When implementing a two-tiered remuneration scheme for a
CBDC, selecting the threshold separating the first from the sec-
ond tier might be challenging. In fact, the choice of threshold by the
central bank requires significant investment in gathering information
about the interest rate elasticities of the different entities and indi-
viduals holding CBDC. Institutional investors and retail depositors
may have different needs for transactions; thus a universal threshold
might be inadequate to deter runs for both types of investors while
allowing them to use CBDC for transactions. Moreover, the potential
financial stability benefits of CBDC described above—for example,
those related to improving the safety of the stablecoin industry—
would be constrained by the imposition of such universal threshold.
In these cases, a version of a tiered remuneration scheme based on
voluntary remuneration targets (VRTSs) can provide a solution F1

45Tt is worthwhile to note that for depositors who can hold cash, a natural
constraint on the remuneration rate for the second tier is given by the remuner-
ation rate of their outside option, such as cash. Thus, lowering the remuneration
rate on the second tier would be ineffective at discouraging the run if depositors
want to run to cash and there are no other limits on their ability to do so. The
introduction of a CBDC, however, is not relevant for this type of run, which could
occur even in absence of a CBDC. Moreover, note that cash may only be a viable
outside option for low-enough deposit balances.

4TA VRT is a form of tiered remuneration where CBDC holders communicate
to the central bank a target for their desired CBDC holdings and must pay a
penalty should they miss it. Because holdings below the target are remunerated
at the higher rate on the first tier while those above the target are remunerated
at the lower rate on the second tier, CBDC users have an incentive to choose
a nonzero target. At the same time, the penalty for missing the target incen-
tivizes users to set a target equal to their expected holdings. See Baughman and
Carapella (2020, 2023).
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Finally, it should be noted that even the simplest form of CBDC
remuneration poses significant challenges for policy implementation.
Accurate estimates of the elasticity of CBDC demand to its remuner-
ation will depend on its uses, which, in turn, are intrinsically linked
to its design features and to the evolution of the broader payment
landscape.

4.2 Quantity Tools Relevant for Interest-Bearing
and Noninterest-Bearing CBDC's

The second category of tools to address a flight to CBDC place scale
restrictions on activities that users can undertake with a CBDC. We
refer to such tools as quantity tools.

4.2.1 Access Limits

Who may access CBDC is a key question that likely would be deter-
mined by the intended purpose of the CBDC along with other legal
considerations not examined in this paper. Access policy choices
would also directly shape who has an option to run into CBDC
in stress. To the extent that withdrawals by specific entities are
more likely to trigger a run on banks or other financial institu-
tions, prohibiting those entities from holding CBDC would reduce
the risk of runs. For example, prohibiting institutional investors from
holding CBDC would result in a reduced risk of banks and MMF's
experiencing runs from large institutional deposits/investment.

4.2.2  Transaction Size Limits

Transaction size limits would constrain how much CBDC can be
sent in a single payment. Such limits are common features of pay-
ment systems. In principle, there could be multiple, differentiated
CBDC payment systems, as is the case for balances in Reserve
Bank accounts, where transactions occur using multiple small- and
large-value payment systems depending on the needs of the send-
ing and receiving banks As in existing payment systems, a key

48For example, the Fedwire Funds Service has a transaction size limit of just
below $10 billion and the default transaction limit for the FedNow Service is
$100,000 with the option to adjust up or down with a current ceiling of $500,000.
Both Fedwire and FedNow are real-time gross settlement payment systems, but
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rationale for potentially limiting the size of individual transactions
using CBDC is to prevent or detect and to lessen the consequences
of accidental or fraudulent transfers, or of cyberattacks An addi-
tional perspective on transaction size limits is that they can be in
practice equivalent to access limits, yet less distortionary. If desired,
reasonably small transaction size limits could allow individuals and
commercial entities to use CBDC efficiently for a variety of consumer
and commercial purposes while substantially reducing CBDC’s use-
fulness for financial institutions’ broader financial-sector activities.
Hence, financial institutions might be discouraged from holding large
quantities of CBDC due to the inconvenience of using it in large
amounts. Such a transaction size limit would be less distortionary
than an access limit, as it would still be possible for financial insti-
tutions to hold, send, and receive CBDC making smaller payments:
use would not be prevented, but simply impractical for large, finan-
cial market purposes. Nonetheless, transaction size limits would not
affect the usefulness of CBDC as a store of value in times of stress
and, thus, would likely not be useful to deter widespread runs in
times of severe stress.

4.2.8 Holding Limits

Holding limits would restrict the amount of CBDC that individuals
or entities can hold or tradePY Similar to ON RRP caps discussed
earlier, holding limits could be individual or aggregate.

Aggregate limits would cap the stock of CBDC outstanding and
could control the aggregate outflows from the financial system during
times of crisis, thus mitigating the financial stability concerns from
runs on financial institutions. They may, however, create incentives
for preemptive runs, as investors may fear that the aggregate limit
is reached quickly and that they will not be able to fly to CBDC
once the crisis is imminent. For example, an individual depositor

they differ in transaction size limits and other design features to better serve dif-
ferent primary use cases and their respective risk management needs. Similarly,
the Reserve Banks also own and operate the National Settlement Service and
ACH payments systems, which offer alternative settlement methods to meet user
needs.

“For example, see Duffie and Younger (2019) and Rubenfeld (2019).

"0See, for example, Bindseil (2020).
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may want to withdraw their deposits due to fears that the aggre-
gate limit might be met through redemptions of other depositors,
leaving them unable to obtain CBDC unless they withdraw first. By
contrast, individual limits, placed at the level of wallet or physical
individual /entity, could address run incentives more directly than
aggregate limits, as they could be targeted to the typical size of
activities of a given wallet/entity. Moreover, individual limits do not
link individual run incentives to the probability that others might
withdraw CBDC in sufficiently large amounts to meet the aggre-
gate limit. Hence, individual limits would not induce incentives for
coordination]

One approach to limit the desirability of CBDC as a safe haven
without damaging its role in facilitating transactions would be to
carefully calibrate individual holding limits. Such calibration poses
challenges similar to the choice of remuneration thresholds for tiered
remuneration. Given uncertain demand for CBDC beyond its role as
a safe haven, setting holding limits may involve a process of trial and
error. For example, the choice of holding limits for financial insti-
tutions could be informed by the experience of setting individual
limits for other central bank facilities available to nonbanks, such as
the ON RRP facility. Similarly, the choice of holding limits for retail
depositors could be set below the deposit insurance limit for bank
deposits to minimize the role of CBDC as a safe haven.

We should note that quantity limits could be combined with
tiered remuneration to further improve outcomes in times of stress.
As an example, suppose that the individual holding limit was suf-
ficiently large and above the remuneration threshold separating the
two remunerated tiers. CBDC holdings in the higher-remunerated
tier could be unremunerated, while those in the lower-remunerated
tier could be charged a penalty rate and those above the hold-
ing limit would not be allowed. This approach would allow users

51See Huang and Keister (2024) for an analysis of preemptive runs on MMFs
and its application to the outflows experienced by MMFs in March 2020. Con-
sistently with our argument, Huang and Keister (2024) find that investors may
have an incentive to run preemptively when redemption fees on MMF shares are
imposed only once redemption demand is unusually high. To be effective in pre-
venting runs, the fee could apply even when redemptions are in the normal range,
despite the cost in terms of welfare from the reduction in the liquidity-provision
role of the fund.
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who would like to transact with CBDC to do so up to the holding
limit, though at a cost when balances rose to the level of the lower-
remunerated tier. Such costs would discourage transfers into CBDC
above the lower-remunerated threshold and deter widespread runs,
while allowing the CBDC to facilitate payments

4.2.4  Convertibility Limits

Convertibility limits at the account holder level are restrictions that
could be imposed on flows out of financial institutions and into
CBDCs. Most simply, they would be constructed as a velocity limit,
constraining how much can be converted from one type of money
to another in a given period of time. A cap on cash withdrawals
from ATMs is an example of an existing convertibility limit. The
potential drawback of convertibility limits is that they may lead to
preemptive, slowly unfolding runs as investors may attempt to move
funds out of their financial institutions within their convertibility
limit. Hence, while convertibility limits might be effective at slowing
down the pace of sudden, unanticipated flight-to-CBDC episodes,
they may amplify runs triggered by noisy signals about the limit
being met, thus contributing to a more prolonged surge in requests
of withdrawals.

4.3 Implementation Hurdles and CBDC' Programmability

Most of the aforementioned tools, especially quantity limits, share
concerns common to the effective implementation of monetary and
fiscal policies, but also raise some novel challenges.

The first is an inherent time-inconsistency problem of all policies
that require commitment by policymakers to carry them through.
For example, the central bank may have an incentive to increase
CBDC quantity limits in the event of a developing run, in order to

52Effectively, the higher-remunerated tier would be equivalent to an exemption
threshold from negative remuneration rates on CBDC. This approach leverages
the idea that quantity limits are economically equivalent to tiered remuneration,
as the threshold separating the first remuneration tier from the second identi-
fies the quantity of allowed balances held in an individual account or wallet,
thus remunerated at a possibly zero net interest rate, while balances above the
threshold are remunerated at a —100 percent rate, thus they are not allowed.
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avoid damaging the transaction role of CBDC or disfavoring depos-
itors without alternate options to store their wealth safely[ If the
central bank lacks commitment or credibility to implement certain
tools when opposing incentives are present, then investors may antic-
ipate the policy change and their motives to run will be less affected
by the quantity limit

Second, a potential drawback of some quantity tools is encourag-
ing the creation of secondary markets for CBDC, which might result
in different prices quoted for CBDC and other central bank liabil-
ities. If the central bank cannot ensure one-to-one convertibility of
CBDC into other forms of central bank money, the parity among all
forms of central bank money would depend on arbitrage, potentially
leading to price dislocations in times of stress. Consider the case
of two market participants who would like to hold CBDC but one
of them has already reached the holding limit. They could bypass
the holding limit by creating another digital asset—for example, a
wrapped cBDCFA A wrapped CBDC would be a new token, issued
by a smart contract that retains custody of the actual CBDC until
the wrapped CBDC is returned. Wrapped CBDC can then be traded
in decentralized exchanges or in liquidity pools, where its role as a
store of value would be as good as that of actual CBDCPY The rea-
son is as follows. If wrapped CBDC was traded below the price at
which actual CBDC is traded, then any market participant—not fac-
ing a binding holding limit—could purchase it, then return it to the
smart contract to unlock the stored CBDC, thus realizing a profit
equal to the difference in prices between the wrapped and actual

53In this case the policy or the tool is defined to be time inconsistent (Kydland
and Prescott 1977).

54 For an application to suspension of convertibility to prevent bank runs, see
Ennis and Keister (2009).

53Wrapped tokens are a way to use cryptocurrencies on blockchains other than
the blockchain on which they were originally built, thus proposing a solution to
the problem of blockchain interoperability. Wrapped tokens are backed one-to-one
by their underlying asset, which is stored in a digital vault.

56In this scenario, we implicitly assume that wrapped CBDC could be minted
in distributed ledgers using smart contracts, as wrapped cryptocurrencies are
currently minted, and that CBDC also could be traded on distributed ledgers or
against tokenized assets that can themselves be traded on distributed ledgers and
held in smart contracts. The central bank may find these arrangements desirable
to enhance interoperability or to provide an alternative to private stablecoins.
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CBDCs. Note that the actual CBDC is never owned by the market
participant with a binding quantity limit. Rather, this market par-
ticipant will hold a wrapped CBDC and hence there is no violation
of individual quantity limits in terms of actual CBDCP]

More generally, all quantity tools could be potentially circum-
vented by designing securities to be issued and traded outside the
purview of policymakers to mimic the forbidden CBDC trade. The
issuance and trade of such securities may not be prevented unless
policymakers have detailed information about the public’s transac-
tion behaviors and payment flowsPd As a result, a secondary market
for CBDC may arise, which might lessen the effectiveness of the
quantity tools. Moreover, tools may be difficult to implement ade-
quately. This is particularly true for quantity tools, as they would
require a lot of information about the identity and the activity of
CBDC users.

A CBDC designed with programmable features may introduce
ways to potentially overcome some of these hurdles. For example,
the problem of time inconsistency can be addressed by program-
ming individual limits in CBDC together with costs embedded in
the CBDC. While the introduction of such costs would not directly
force commitment onto the central bank and policymakers, it would
reduce the severity of their time-inconsistency problem by reducing
the benefits of bypassing the limits P9

5TNote that the degree to which counterparty or other additional risks are
entailed in this transaction will depend on its specific implementation.

%81t is worthwhile to highlight that the solution to the problem of regulatory
arbitrage requires the tools developed by the literature on (dynamic) mechanism
design with hidden trades/actions. Despite the fact that this class of problems
are hard to solve, policymakers should be aware that proper design of quantity
tools should account for the possibility of hidden actions on the side of the agents.

59The literature has suggested additional features for CBDC programmability
such as being eligible only for certain transactions during times of crisis—for
example, purchases of groceries, medical bills, and similar goods or services—
which would effectively make the CBDC useless to be transferred anywhere else
and, therefore, to be hoarded. While not citing CBDC explicitly, see Andolfatto
(2020) for an application to market freezes. Notice that this notion of program-
mability could be enabled within several layers of the CBDC architecture, such
as the platform, coin/token, contract, and wallet level, all of which would be
characterized by different trade-offs. See Lee (2021).
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4.4 Fx Post Tools to Preserve Financial Stability

The tools described so far can be characterized as ex ante tools
aimed to promote financial stability by discouraging activities that
can endanger it ahead of any stress event. It is also worthwhile to
highlight a wide set of ex post tools aimed to preserve financial
stability once stress hits. Rather than being specific to the flight-
to-safety concern arising from the introduction of CBDC, such tools
belong to policymakers’ machinery to respond to any financial crisis
regardless of the event that triggers it. Central bank lending is an
example of such a tool; in the event of a run that causes banks to
be illiquid, access to the central bank lending provides ready access
to funding and can therefore help avoid potential insolvency of an
individual bank. In general, all the tools traditionally adopted by
central banks for crisis response would be available after the intro-
duction of a CBDC. The economic mechanisms by which such tools
would operate are similar to the mechanisms by which they act in
a world without a CBDC. The scope of such tools, however, might
be broader, as the introduction of a CBDC could bring along a new
set of assets and operations that were not technologically feasible
before.

Appendix

We consider a simple bank run model akin to Goldstein and Pauzner
(2005) extended to account for both liquid and illiquid asset hold-
ings and payment services offered by deposits similar to Kashyap,
Tsomocos, and Vardoulakis (2024).

Consider an economy with three time periods, t = 0,1,2, one
bank, and a continuum of representative, risk-neutral, depositors of
mass one. There is no time discount. The bank is fully funded with
deposits D, normalized to one, while competition and free entry
drive bank profits to zero such that all bank revenues are distrib-
uted to depositors similar to Goldstein-Pauzner. The bank invests
the deposits in a portfolio of risky and safe assets. The risky asset
requires one unit of investment at ¢ = 0 and yields a payoff R > 1
with probability 6 ~ U[0, 1] at ¢t = 2, and zero otherwise. Following
Goldstein-Pauzner, the risky asset may also be illiquid, such that it
yields ¢ < 1 if liquidated early at t = 1 for realization of § < 6 < 1,



Vol. 22 No. 3 Financial Stability Implications of CBDC 373

while it yields R if liquidated early for realization of 6 > 969 The
safe asset also requires an investment of one at ¢ = 0, but it is both
safe and liquid, such that it delivers a payoff of one at t = 2 and
can also be liquidated for one at ¢ = 1. Denote by £ the share of the
safe asset in the bank’s asset portfolio, which determines the degree
of liquidity transformation. We will not derive ¢ endogenously but
rather perform comparative statics on it to examine how run risk
from a CBDC differs across banks with different levels of liquidity
transformation ] Deposits carry a convenience yield from payment
services at t = 2 equal to V', which depositors only reap if the bank
survives.

Depositors receive at t = 1 a private noisy signal about the real-
ization of # given by x; = 0 + ¢;, with ¢; i U[—e¢, €]. Given the private
signal, each individual depositor decides whether to keep or with-
draw their deposits in a manner that we detail below. If depositors
withdraw early, they forfeit any claim on future bank revenues and
just receive the face value of their deposits. If the individual depos-
itor manages to withdraw their deposits successfully, then they can
invest the proceeds in a CBDC that promises to repay R > 1 with
certainty at ¢t = 2 plus a convenience yield equal to V. If they keep
their deposits at the bank, they receive the total payoff from bank
investments distributed pro rata among remaining depositors, plus
the convenience yield only when the bank is solvent.

Denote by A € [0,1] the portion of depositors that withdraw
early. Depending on the level of A\, the number of illiquid assets the
bank may need to liquidate could drive it to insolvency at ¢ = 2 or
may even result in the bank running out of liquidity to serve all early
withdrawals at ¢ = 1. We derive these two thresholds for A below.
For the remainder of the analysis, we focus on the case 6 < 07

609 is an exogenously assumed threshold that defines the region of fundamen-
tals (0 > 0) where individual depositors never choose to withdraw irrespective of
their beliefs about others’ action. For § < @ individual actions may depend on
beliefs about the actions of others.

511t would be interesting to introduce bank heterogeneity on different dimen-
sions that could result in different equilibrium ¢ and study how the introduction
of CBDC changes these equilibrium levels. We leave this for future work, and
focus on the partial equilibrium effects of a CBDC.

62§s mentioned, if the payoff to the risky technology is R, which happens when
0 > 6, no depositor withdraws and A = 0 in equilibrium.
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The available liquidity that the bank has at ¢t = 1 after serving
withdrawals is given by

L) =€ —0)+6— A (A.1)

which implies that the bank runs out of liquidity for A >
A = &(1 — 0) + £, in which case withdrawing depositors receive
their deposits only with some probability according to sequential
servicing.

For A < X the bank has enough liquidity to serve early with-
drawals, but doing so may result in lower revenues at ¢ = 2. Given
that the illiquid assets are liquidated at a discount, we assume that
the bank will first use the liquid assets to serve early withdrawals.
But after A > £ it will also liquidate a portion of the illiquid assets
equal to y = [A — 7 /[(1 — £)¢] < 1. The depositors that choose
not to withdraw receive pro rata the bank revenues, but only enjoy
the convenience yields if their deposits are repaid in full (recall that
all bank revenues accrue to depositors). With probability 1 — 6, the
remaining illiquid assets are worth zero at ¢ = 2, and depositors do
not enjoy a convenience yield. With probability 8, remaining depos-
itors enjoy the convenience yields only if the pro rata distributed
payoff they receive is higher than one, i.e.,

R(L—O)(1 —y)+ [0 = AN*

>1 A2
—4) >, (A2)
or equivalently if A < \, where
< 1—¢)— l
A= ER( =&+ R. (A.3)

R—-¢

Then, given 6, the payoff differential for an individual deposi-
tor between not withdrawing and withdrawing at ¢ = 1 to invest in
CBDC is given by

pRU-O0=w) 4 [N" 4 gy (R4 ) if 0<A< A
V(B 0)= 0ROIE L R (R V)i A<A<)
— 008 (R4 V) if X< A<

—~
>
~

N—
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Define by § = (R+V —¢)/(R(1—£)+V) the solution to v(8,0) = 0
such that an individual depositor withdraws, i.e., v(6,0) < 0, for
0 < 0 even if no other depositors withdrew.

Given the private signal, an individual depositor will update their
posterior about €, which will be uniform in [z; — €,2; + €] and
compute the expected payoff differential

T;+€
A(z;) = / v (6, )\)Z—f. (A.5)

If 2; > 0 + €, the individual depositor can conclude that
6 > 0 and will not withdraw, independent of their belief about
AA(z;) > 0). Similarly, if z; < 6 — ¢, the individual depositor
can conclude that § < @ and will withdraw, independent of their
belief about A (A(z;) < 0). These are the upper and lower domi-
nance regions for 6, where the individual action is independent of
the beliefs about the actions of others.

For intermediate x; € [ — €,0 + ¢), the sign of A(z;) depends
on the beliefs about A. To pin down these beliefs, we focus on a
threshold strategy that all depositors follow. We show that there
exists a unique signal threshold z*, such that every investor with-
draws if their private signal x; < z* and does not withdraw if
x; > x*. Given this threshold, an individual depositor can form well-
defined beliefs about the total number of withdrawals, denoted by
Ab(0,x*), and given by the probability that other depositors receive
a private signal below z*. If § > x* + ¢, all depositors get signals
x; > ¥, none withdraw, and A\°(0,z*) = 0. If § < z* — ¢, all
depositors get signals z; < x*, all withdraw, and A?(,z*) = 1.
If 2 —e¢ < 6 < z* + ¢, some depositors get signals x; > z¥,
while others get signals x; < x*; thus, under the threshold strat-
egy, \(0,2*) = Pr(z; < %) = (z* — 0 + ¢€)/(2¢). The following
equation summarizes these beliefs:

1 if 0 <a*—e
N@,z*) =L (¥ —04+¢€)/(2) ifaz*—e<h<z*+e. (A6)
0 if > a* +e€
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Using (A.6), an individual depositor can compute the expected
payoff differential using their posterior about 6, given her signal z;
and an assumed value for z*:

* vithe b * da
Az, x ):/ v(0,\°(0,z ))2—€ (A7)
Unlike in (A.5), beliefs in (A.7) are uniquely determined pinning
down A(z;, z*).

A depositor does not withdraw (A(z;,z*) > 0) if z; > 2* and
withdraws (A(x;,2*) < 0) if 2; < z*. By continuity, the deposi-
tor that receives the threshold signal x* is indifferent between not
withdrawing and withdrawing, i.e.,

¥ +e
Awwﬂ:/ w00, 2 (A8)

*_e 2e

A threshold strategy implies thresholds for fundamentals 65 and
05 such that the depositors enjoy the convenience yield at ¢t = 2 for
¢ > 05 and the bank has enough liquidity at ¢ = 1 for 6 > 05 given
signal threshold z* and withdrawals A\?(, z*). These thresholds are
determined by A = AP(05,z*) and X = A°(5, z*). Using these, (A.8)
can be expanded to

05 _ _
Mﬁwﬂ:—/ CHU=08 5 5y D

o AP0, 2%) 2¢
x*+e _ _ b *\1+
[ R o)
05 1—Xo(0,x*) 1 — AP0, 2*)
x*+e
—(R+V)}d0+/ QV@ =0. (A.9)
2¢ 0« 2¢

As is typical in the global games literature, we focus on the lim-
iting case where noise ¢ — 0, which allows us to derive a common
threshold for fundamentals, 6*, such that runs occur for realizations
0 < 0*. Expressing (A.9) in terms of #* and changing variables from
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0 to A, such that as 6 decreases from z* + € to z* — ¢, A uniformly
increases from 0 to 1, we ge@

A :/OA 0" VdX + /0A [G*R(l _15_)&1 Y [£1_—Ai+ — (R4 V)| dA

_/IMA_E)S(R—FV)CD\:O. (A.10)
A

A* is continuous in #* because all integrands are continuous and
the discontinuity in v occurs only at one discrete point, A. From the
existence of the upper and lower dominance regions and the continu-
ity of A*, there exists a 6* such that A* = 0 using the intermediate
value theorem. Moreover, dA*/df* > 0, so §*, which implies that
the probability that a run occurs is unique and given by

JNR+VydA+ [ EOZD8 (R4 gy — [ A gy

[N RO=D0=0) gy 4 Ay

0 =

(A.11)

We now examine how a higher CBDC remuneration (or in the
CBDC convenience yield), i.e., an increase in R (or V), affects run
risk for different levels of liquidity transformation and payment ser-
vices. From (A.11) we get that

dor [da+ 3 BUS08 )
dit A RAO(20) gy 4 (27

> 0, (A.12)

which is also equal to df* /dV . Equation (A.12) implies that increas-
ing CBDC remuneration (or CBDC convenience) increases run risk
irrespective of the degree of liquidity transformation and payment
services of deposit. Intuitively, if the central bank supplies a superior
means to store funds (or transact), then the risk of depositors with-
drawing is higher, independent of the amount of liquidity that the

53See Goldstein and Pauzner (2005), Infante and Vardoulakis (2021), and
Kashyap, Tsomocos, and Vardoulakis (2024) for detailed mathematical steps
getting from (A.9) to (A.10).
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bank holds. However, the rate at which the run probability would
increase with CBDC remuneration depends on the amount of liquid
funds the bank holds. To understand this more precisely, we compute
the following cross derivative:

&0 55
dRdf fox R(l—é_)(l y)d)\_‘_fj‘ Vd\

o [ v -
dR X R(1—£)(1—
2 ) v

(A.13)

where d\/dl = R(1—¢)/(R—£) > 0 from (A.3) and df* /dR > 0 from
(A.12) (similarly for d?6*/(dVdl)). The cross derivative in (A.13)
cannot be signed unambiguously due to opposing effects. On the
one hand, higher ¢ reduces the need to inefficiently liquidate the
risky asset as long as the number of withdrawals is less than what
the bank can serve. On the other hand, a more liquid asset mix
increases the probability of getting repaid conditional on the bank
exhausting liquidity to serve all withdrawals, and, hence, increases
the incentive to run. This trade-off is typical in bank run models with
one-sided strategic complementarities akin to Goldstein and Pauzner
(2005), and we perform numerical analysis to gauge the sign of the
cross derivative. Table A.1 reports the change in the probability of a
run as R increases for different levels of £. The left panel corresponds
to lower £ and the right panel to higher £. For both calibrations,
d%0* /(dRdl) is negative moving across the columns, implying that
lower liquidity transformation (higher ¢) is associated with a relative
smaller increase in run risk as R increases. This result is intuitive
but, as said, we can not preclude the possibility that the opposite
holds under some alternative parameterizations.

To analyze whether V amplifies or mitigates the increase in
run risk induced by higher CBDC remuneration, we compute the
following cross derivative:

20 2 ax do
RAV (X RO-0)(1— x R
dRdV fO (1 12& y)d/\+f0 Vd\ dR

< 0. (A.14)
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This result is intuitive. Depositors forfeit the convenience yield when
they withdraw their deposits for CBDC, which essentially reduces
run risk all else being equal@

Finally, we consider how CBDC remuneration affects run risk if
institutions are also allowed to invest ¢ in CBDC earning R (but not

V). Adjusting (A.11) we get that

5y 1 0R+(1—¢ 1= RV
B e e e L
dR S RA=DA=0) gy 4 (A yan
X Re dA
fm E(A—N) dX + EV

Jo P00y v

N)*

(A.15)

where 6* is the run probability when institutions can also earn
the CBDC remuneration. Adjusting (A.3) we also get d\/dR =
(R/(R — &) > 0. Compared to (A.12), (A.15) has two extra neg-
ative terms, mitigating the effect of higher R on run risk, and one
extra positive term, accruing from the one-sided complementarity
property discussed earlier. Table A.2 shows the run risk for various
¢ and remuneration rates on CBDC. Comparing Table A.2 and Table
A.1 shows that for sufficiently high ¢, run risk is lower when insti-
tutions are allowed to hold CBDC and earn its remuneration rate
(see, for example, ¢ = 0.2, R = 1.03, and ¢ = 0.9). Hence, higher
remuneration rates on CBDC mitigate run risk. For lower ¢, the
adverse effect of more liquidity in run incentives, described earlier,
dominates and run risk may be higher (see, for example, ¢ = 0.05,

R =1.03, and £ = 0.7).

54Qur assumption that payment services are enjoyed by depositors only if they
are repaid at ¢ = 2 in their entirety is important for this result.
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