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Abstract

We analyze the impact of introducing a central bank-issued digital currency
(CBDC) on the operational framework of monetary policy and the macroeconomy
as a whole. To this end, we develop a New Keynesian model with heterogeneous
banks, a frictional interbank market, a central bank with deposit and lending facil-
ities, and household preferences for diLerent liquid assets. The model is calibrated
to replicate the main monetary and financial aggregates in the euro area. Our anal-
ysis predicts that CBDC adoption implies a roughly equivalent reduction in banks’
deposit funding. However, this ‘deposit crunch’ has a rather small e [edt on bank
lending to the real economy, and hence on aggregate investment and GDP. This
result reflects the parallel impact of CBDC on the central bank’s operational frame-
work. For relatively moderate CBDC adoption levels, the reduction in deposits is
absorbed by an almost one-to-one fall in reserves at the central bank, implying a
transition from a ‘floor’ system —with ample reserves— to a ‘corridor’ one. For larger
CBCD adoption, the loss of bank deposits is compensated by increased recourse to
central bank credit, as the corridor system gives way to a ‘ceiling’ one with scarce
reserves.
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1 Introduction

The potential introduction of a central bank digital currency (CBDC) has gained increas-
ing attention in recent years among policymakers and academics. In March 2022, US
President Biden’s Executive Order on Ensuring Responsible Development of Digital As-
sets placed “the highest urgency on research and development efforts into the potential
design and deployment options of a United States CBDC”. Similarly, in October 2023
the European Central Bank (ECB) announced the start of the preparation phase of its
‘digital euro’ project, aimed at laying foundations for a potential euro-area CBDC.

While the academic literature has thoroughly analyzed the potential implications of
CBDC for financial stability and monetary policy transmission, much less attention has
been devoted to its impact on monetary policy implementation and how this is likely to
shape the macroeconomic effects of CBDC.! Nowadays, most central banks in advanced
economies operate a “floor system” in which banks’ demand for liquidity is satiated with
an ample supply of central bank reserves (“excess reserves”), and interbank market rates
are effectively controlled by the interest rate on overnight deposits at the central bank.?
The introduction of a CBDC has the potential to affect the operational framework of
monetary policy and the conditions in interbank markets if it brings about a sufficiently
large decrease in excess reserves due to the reduction in bank deposits. This, in turn, may
have important macroeconomic implications, both in the long run and in the transitional
CBDC adoption phase.

This paper analyzes the implications of the introduction of CBDC for the operational
framework of monetary policy and for the macroeconomy as a whole. To this end, we
introduce CBDC in a tractable New Keynesian model with heterogeneous banks, a fric-
tional interbank market, and central bank standing (deposit and lending) facilities. Our

model features banks that differ in the investment opportunities they face, which moti-

1See Infante et al. (2022) for a broad revision of the literature on the macroeconomic implications of
CBDC.

2For instance, the interest rate on reserve balances (IORB) in the case of the US Federal Reserve, or
the deposit facility rate (DFR) in the case of the ECB.



vates the existence of an interbank market. Banks with good investment opportunities
seek to borrow in the interbank market so as to finance their lending to firms —which use
these funds to invest in productive capital—, while those with bad investment opportuni-
ties seek to lend in the same market. The interbank market is characterized by search
and matching frictions. Every period, lending and borrowing banks search for each other
and, upon matching, trade interbank loans, with the central bank’s deposit and lending
facilities as the outside options. As a result, the equilibrium interbank rate falls inside the
interest rate corridor formed by the deposit and lending facility rates. Its actual position
within this corridor is determined by the tightness of the interbank market, i.e. by the
ratio between demand and supply of interbank funds. Search frictions imply that part of
lending banks’ liquidity fails to be placed in the interbank market and ends up as reserves
in the central bank’s deposit facility, whereas part of borrowing banks’ funding needs fail
to be covered by the interbank market and is satisfied instead by the lending facility.

Demand for CBDC comes from households’ preference for holding liquid assets, which
in our case are cash, bank deposits, and CBDC. Following recent research, such as Drech-
sler, Savov, and Schnabl (2017), Di Tella and Kurlat (2021), or Wang (2020), we assume
imperfect substitutability between these different assets, which allows for their coexis-
tence despite their potentially different remuneration. Cash and CBDC are issued by the
central bank, thus adding to banks’ reserve deposits as central bank liabilities. On the
asset side, in addition to its lending facility credit, the central bank also holds government
bonds.

We calibrate our model to the euro area. We replicate the balance sheet of the Eu-
rosystem and of the consolidated commercial banking sector. The core of our analysis is
on the long-run effects of introducing non-remunerated CBDC. In particular, we perform
a comparative statics exercise in which we vary households’ preferences for CBDC, effec-
tively comparing steady states with a different equilibrium demand for this currency. Our
analysis predicts that households’ demand for non-CBDC liquidity (bank deposits plus

cash) falls essentially one-for-one with CBDC demand, but the bulk of the adjustment



(about three quarters) falls on bank deposits. Therefore, relatively large levels of CBDC
adoption come hand in hand with a ‘deposit crunch’ on the banking sector. However,
the latter does not imply a ‘credit crunch’: even large reductions in deposit funding have
rather small effects on bank lending to firms, and therefore on productive investment and
GDP. For instance, a level of CBDC adoption equivalent to 14% of GDP reduces bank
deposits by 11% of GDP, but this lowers bank lending by less than 0.6% and GDP by
barely 0.25%.

At the core of the above result lies the impact that CBDC has in parallel on the central
bank’s monetary policy operational framework. Our initial (no CBDC) steady state is
consistent with the ‘floor system’ currently implemented by the ECB and many other
central banks in advanced economies, characterized by an ample supply of central bank
reserves and interbank rates pushed against the remuneration of reserve deposits. For
long-run levels of CBDC adoption below 3% of GDP, the reduction in bank deposits is
essentially absorbed by an almost one-for-one fall in reserve balances at the central bank.
This allows the banking sector to preserve most of its lending to the real economy despite
the ‘deposit crunch’ For that range of CBDC demand, the floor system is preserved.
As CBDC adoption goes beyond that level, some banks start borrowing from the central
bank lending facility and the floor system is replaced by a ‘corridor system’, characterized
by a low level of central bank reserves, and interbank market rates around the midpoint
of the interest rate corridor. For CBDC adoption levels exceeding 10% of GDP, there are
no reserves left to absorb the contraction in bank deposits. Instead, banks replace the lost
deposits —and thus continue to preserve most of their lending to firms— by increasing their
recourse to the central bank’s credit facility. At those levels of CBDC demand, the corridor
system gives way to a ‘ceiling’ system, characterized by scarce (in fact, zero) reserves and
interbank rates pushed against the lending facility rate. The endogenous response of the
central bank, by lowering its policy rate corridor when excess reserves start to become
scarce and the recourse to its lending facility increases, guarantees that banks are able to

substitute their deposit funding with central bank credit without affecting their overall



funding costs.

While small compared to the impact on the banking sector, the effect of CBDC on
real outcomes is nonetheless far from negligible. In other words, CBDC is not neutral in
the sense of Brunnermeier and Niepelt (2019). In our model, the non-neutrality of CBDC
is a consequence of the lower average return on households’ optimal liquidity basket due
to the larger share of (non-remunerated) CBDC, which entails a reduction in households’
savings. The reduction in households’ savings leads to a decline in investment and physical
capital, which reduces output and consumption, and increases real interest rates. These
effects are larger the larger the CBDC take-up is.

Our baseline analysis lets the monetary policy operational framework adjust endoge-
nously to different degrees of CBDC adoption. In practice, some major central banks, like
the US Federal Reserve, have already announced their intention to continue operating a

3 Therefore, we also analyze scenarios in which the central bank preserves

floor system.
the pre-CBDC floor system in the long run. In our model, the central bank may adopt
different policies aimed at maintaining the floor system by increasing the amount of re-
serves.? These include (i) an expansion of government bonds purchases, and (ii) targeted
lending operations (TLOs) aimed at supplying subsidized funds to the banking sector.
Targeted lending operations are characterized by an interest rate, and an allowance which
links the maximum amount of borrowing to the size of each bank’s loan portfolio.
Brunnermeier and Niepelt (2019) analyze the equivalence between public and private
money, in the sense that the introduction of CBDC has no macroeconomic impact as
the loss in deposits by commercial banks can be compensated by direct lending from the
central bank. This result does not hold in our model when CBDC is not remunerated, as

discussed above, because the introduction of CBDC changes the return on the household’s

optimal liquidity basket. However, if CBDC is remunerated at an interest rate that does

3In its March 20, 2019, announcement on “Balance Sheet Normalization Principles and Plans”, the
Federal Reserve announced its intention to continue to implement monetary policy in a regime with *“an
ample supply of reserves”.

4We do not discuss the rationale that central banks may have to preserve the operations of a floor
system, as it goes beyond the scope of the paper.



not alter households’ aggregate savings decisions, the equivalence result can be recovered
in a floor or a ceiling system. Interestingly, the equivalence result does not hold if the
reduction in excess reserves is such that the monetary framework shifts to a corridor
system., In this case, those banks that fail to find a match in the interbank market are
forced to resort to the central bank facilities, where borrowing is more expensive (since
the lending facility rate is above the interbank market rate) and deposits offer a lower
remuneration (since the deposit facility rate is below the interbank rate). This hurts the
profitability of banks and distorts their lending decisions, though the overal impact is
quantitatively small.

Finally, we turn to the study of the transitional dynamics. We start with a situation
without CBDC and consider the transitions to a steady state with a positive demand
for CBDC that forces the central bank to abandon the floor system. This scenario is
characterized by a steady decline in aggregate output, for the reasons explained above,
which leads to a temporary fall in inflation. Interestingly, this induces a temporary surge
in the demand for cash: despite the desire to partially substitute cash and deposits by
CBDC, households find it optimal to temporarily increase their cash holdings in order to
profit from the increase in nreal returns in a deflationary environment.

Related literature. To the best of our knowledge, this is the first paper to analyze
quantitatively the implications of CBDC for the operational framework of monetary policy
and how this shapes the macroeconomic impact of CBDC. There have been, however,
early studies, such as Infante et al. (2022), Meaning et al. (2021), or Malloy et al. (2022),
discussing some of the issues raised by us about the effects of CBDC on interbank rates.

A related strand of the literature focuses on the consequences of CBDC design for
monetary policy and macroeconomic outcomes. Bordo and Levin (2017) argue that an
interest-bearing CBDC replacing physical cash could remove the constraints imposed by
the effective lower bound on monetary policy rates. Niepelt (forthcoming) studies a two-
tiered monetary system with central bank reserves and analyzes the impact of a CBDC on

the implicit subsidies for banks derived from liquidity provision. Burlon et al. (forthcom-



ing) characterize the optimal level of CBDC in circulation and explore the welfare effects
of different rules for its remuneration. Barrdear and Kumhof (2022) and Jiang and Zhu
(2021) also assess the role of CBDC remuneration rules as a monetary policy tool. Assen-
macher et al. (2021, 2022) introduce a CBDC in a New Monetarist model and analyze its
remuneration, as well as collateral haircuts and quantity constraints. Lamersdorf et al.
(2023) also develop a New Monetarist model with banks’ demand for reserves as in Poole
(1968), and analyze the role of CBDC design features such as remuneration and holding
limits on monetary policy implementation. Fraschini et al. (2021) study the links between
CBDC and quantitative easing policies in a stylized two-period equilibrium model. Boser
and Gersbach (2020) develop a framework in which switching from deposits to CBDC
exposes banks to runs and analyze the role of central bank collateral requirements in
shaping banks’ liquidity management.® Other aspects of CBDC design, such as those
regarding privacy, are analyzed by Ahnert, Hoffmann, and Monnet (2023), Garratt and
van Oordt (2021), and Agur, Ari, and Dell’Ariccia (2022). Implications of CBDC design
for international (monetary policy) spillovers are analyzed by Ferrari Minesso, Mehl, and
Stracca (2022), Cova et al. (2022), Ikeda (2020, 2022), and Kumbhof et al. (2021).

Our paper also relates to the strand of the literature on the effect of CBDC on bank
intermediation. Keister and Sanches (2022) show how substitution between CBDC and
deposits could raise banks’ funding costs and decrease investment, and how CBDC design
could compensate for this effect. Andolfatto (2020), Chiu et al. (2023) and Hemingway
(2022) analyze the effect of CBDC on deposit markets characterized by imperfect com-
petition. Piazzesi and Schneider (2022) and Whited, Wu, and Xiao (2022) study the
impact of the substitution between CBDC and deposits when banks face complementar-
ities between their deposit taking and loan origination activities. Williamson (2022b)
compares CBDC and bank deposits as means of payments, their role as safe assets, and

their implications for banks’ incentive problems.

5The potential of CBDC as a source of runs on bank deposits has also been analyzed in Bindseil
(2020), Fernandez-Villaverde et al. (2021), Keister and Monnet (2022), Kumhof and Noone (2021), Mufioz
and Soons (2022), Schilling et al. (2020), and Williamson (2022a). Kim and Kwon (2023) analyze the
interaction between bank runs and the decrease in excess reserves as a result of the introduction of CBDC.



Finally, our paper is also related to the literature analyzing the operational framework
of monetary policy in models with search-frictional interbank markets, such as Afonso
and Lagos (2015), Arce, Nuno, Thaler, and Thomas (2020), Armenter and Lester (2017),
Bianchi and Bigio (2022) or Bigio and Sannikov (2021). In particular, we model the

interbank market as in Arce, Nufio, Thaler, and Thomas (2020).

2 Model

Time is discrete. The economy is composed of households, non-financial firms (intermediate-
good firms, final-good producers and retailers), banks, the central bank and the govern-
ment. Figure 1 depicts the balance sheets of the different consolidated sectors of the

economy.

Figure 1: Balance sheets of the different consolidated sectors of the model economy.



2.1 Households

The representative household’s utility is

EoZﬁt (Co) +v(Le) — g(Hy)],

where C; is consumption, L; is a CES aggregator over liquid assets, H; is labor supply and
[ is the household’s discount factor. Households can save in the form of bank deposits,
the real value of which is denoted by Dy, in the form of cash, with real value M;, and
in the form of central bank-issued digital currency (CBDC), the real value of which is

denoted by DPY. They also build new capital goods K; using the technology

I
Kt: |:1—S( ):| It+(1_5)Qt—1Kt—1,
Iy

where I; are final goods used for investment purposes, and (1 — 8) ;1 K;_; is depreciated
effective capital repurchased from firms after production in period ¢; in the latter term, J is
the depreciation rate and €2;_; is an effective capital index, to be defined below, which the
household takes as given. The function S satisfies S(1) = S’(1) = 0 and S”(1) = ¢ > 0.
Liquid assets (deposits, cash, and CBDC) are assumed to be imperfect substitutes, and

enter in the household’s preferences through a CES aggregator:

e—1 -
L = (Dt) e +7]M (Mt) € JF77DC (DDC) c } 1a

with ny7, npe>0, and € > 1. The budget constraint of the household is

DC 29 b
Cy+ 1+ D+ M, + Dy = Wth+P/P Dt1+P/P M1+ S 75— D,
+QF 1= 8 (#5)] i+ Sepp Tk~ T2

5Similar preferences over liquid assets with imperfect degree of substitutability have been used by
Drechsler et al. (2017), Di Tella and Kurlat (2021), and Wang (2020), among others. Imperfect substitu-
tion between CBDC and other forms of money can arise from heterogeneous preferences over anonymity
and security, and from network e [edts, as in Agur, Ari, and Dell’Ariccia (2022). We think about imper-
fect substitutability as capturing heterogeneous preferences for the di[erent types of liquid assets across
households.




where P is the aggregate price level, RP | is the gross nominal deposit rate, RPS is the
gross nominal remuneration on CBDC holdings, W; is the real wage, QX is the real price
of capital goods, {II{}s_r p are lump-sum real dividend payments from the household’s
ownership of retailers (s = R) and banks (s = B), and T} are lump-sum taxes. The first

order conditions (FOCs) for deposits, cash and CBDC are given respectively by:

UI(Lt) 8Lt RtD
_ Tl Ay g —t 2
w(C) oD, MM 4w 2
'U,(Lt) 8Lt 1
- ) VP 3
U,/(Ct> aMt e+ 1+ T41 ( )
’U/(Lt) aLt RtDC
. O B A 4
U,(Ct) 8DtDC Bt 1+ T4+1 ’ ( )

where Ay = B% is the stochastic discount factor and =y = P,/P,_; — 1 is the

inflation rate. The FOCs for labor supply and investment are standard (see Appendix

B).

2.2 Intermediate good firms

We assume that intermediate good firms (and banks) are segmented across a continuum of
‘islands’, indexed by j € [0, 1]. The representative firm on island j is perfectly competitive

and produces units of the intermediate good, Ytj , according to a Cobb-Douglas technology,
Y] = Zy(wi K] ) (L)', (5)

where Z; is an exogenous aggregate total factor productivity (TFP) process, L{ is labor,
K7 | is the pre-determined stock of installed capital, and w/_, is an island-specific shock
to effective capital.

The timing is as follows: At the end of period ¢t — 1 each firm j learns the realization
of the shock to next period’s effective capital, wf_l. These shocks are iid over time and

across islands, and have cumulative distribution function F' (w). At this point each firm
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needs to install capital on its island, which it buys from the household at unit price QX ;.
In order to finance this purchase, the firm must obtain funding from its local bank. As in
Gertler and Kiyotaki (2010) and Gertler and Karadi (2011), we assume that the firm sells
to the bank one unit of equity A{_l per unit of capital acquired: A{_l = Ktj_l. Equity
is a perfectly state-contingent claim on the future return from one unit of capital and is
traded at price Qf_ﬂ. By perfect competition, the price of the capital good and of equity
coincide (QX, = Q*), and therefore QX | K7 | = QK Al | Finally, at the beginning of
period ¢, the firm hires labor and produces.

Each firm j chooses labor in order to maximize operating profits, PtYYtj — PtWtL{,
subject to (5), where PY is the nominal price of the intermediate good. The first order
condition with respect to labor implies that the effective capital-labor ratio is equalized

across islands,
wi_ Ki _ W, e (6)
Lg MC’t (]_ — Oé) Zt ’

for all j, where MC; = PY /P, is the inverse of the average gross markup of final goods

prices over the intermediate good price, as explained below. The firm’s nominal profits

then equal PYY{ — P,W,L] = P,RFw] K] |, where

(1—a) MC’tZt} (1=e)/e

RF=aMC,Z {
t t4t Wt

is the common real return on effective capital. After production, the firm sells the de-
preciated effective capital (1 — ) w;f_le_l to households at unit price QX. The total
real cash flow from the firm’s investment project equals the sum of operating profits and

proceeds from the sale of depreciated capital,
Riw] K], +(1=6)Qf ] K ,. (7)

Since capital is financed entirely by equity, the cash flow in (7) is paid off entirely to the

lending bank.

11



2.3 Banks

On each island there exists a representative bank. Only the bank on island j has the
technology to obtain perfect information about firms on that island, monitor them, and
enforce their contractual obligations.” This effectively precludes firms from obtaining
funding from other sources, including households or other banks. As indicated before,
banks finance firms’ investment in the form of perfectly state-contingent debt, A7. After
production in period t + 1, island j’s firm pays the bank the entire cash flow from the

investment project,

RE, 4+ (1-6)QK,
QK

[RE, +(1-0) QK ] wlA] = QK AT

The gross return on the bank’s investment in real assets (QX A7) is thus the product of

an aggregate component,
Rf-s—l + (1 B 5) inl
Qr ’

A
R, =

and an island-specific component, wg . Besides investing in the local firm, the bank may
borrow or lend funds in the interbank market by means of one-period nominal loans.
Because the interbank market is frictional, each bank will generally not be able to borrow
or lend as much as desired. Let B;" 7 and B, 7 denote the real amount of desired borrowing
and lending on the interbank market, respectively, by island j’s bank at time ¢, with
B J B, 7 > 0. For each unit of desired lending the bank receives a noncontingent gross
nominal return RF at the beginning of period ¢+ 1, whereas each unit of desired borrowing
costs the bank the noncontingent gross nominal rate RP at the beginning of ¢ + 1. Both
rates are taken as given by the bank. Later we will see how they are determined.® As
of now it suffices to know that in equilibrium RP > RF. The bank can also purchase
nominal Treasury bonds, with nominal return RY ;. We denote by BtG 7 the real market

value of the bank’s government bond portfolio at the end of period ¢. Finally, the bank

“The costs of these activities for the bank are assumed to be negligible.
8In particular, they are both a function of the central bank’s deposit and lending facility rates, and
of the actual interbank market rate.
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takes a real amount Dg of deposits from the household, which as mentioned before pay a
gross nominal return RP.
Combining all these elements, the bank’s real net earnings at the start of the following

period, denoted by E7, ,, are given by

REBZ - RPBY RSy pa, R

j A GAK AJ —_—
By = Riaw/QF Ap + 14+ ma 1+ m ! L+ 7

Dl. (8
In each period t the sequence of events is as follows. The bank starts the period with
net earnings Etj . We assume that the bank pays a fraction 1 —¢ € (0,1) of its earnings
to households as dividends. The remaining fraction ¢ is retained as post-dividend equity,
denoted by th = gEg 9 Following the dividend payment, but before learning the shock to
the local firm’s capital productivity in the next period (w?), the bank takes deposits D?
from households. The deposits market then closes, after which the island-specific shock
wf is realized. Upon observing it, the bank then chooses how much to invest in the local
firm (QKA!) and in government bonds (BF”), and how much to borrow or lend in the

interbank market (B;™/, B; ), subject to its balance sheet constraint,
KAl + By 7 + B¢ = N/ + DI + B, (9)
Finally, banks face an exogenous leverage constraint,
QI A] < N/, (10)

with ¢ > 1;'° and they can not short-sell assets (A7, B;"/, B > 0) or lend negative

amounts (B; 7 > 0).

91In equilibrium, this specification is equivalent to assuming that banks do not pay dividends but each
period a constant fraction 1 — ¢ of randomly selected banks close for exogenous reasons and pay their
accumulated net worth to the household as dividends. For models using specifications similar to the
latter, see e.g. Gertler and Karadi (2011) and Nufio and Thomas (2017).

10We are assuming that government bonds or interbank lending do not enter the leverage constraint in
equation (10). This is completely inconsequential. As we show below, in equilibrium the banks for which
the leverage constraint binds choose not to invest in bonds or interbank loans. Conversely, the leverage
constraint is slack for those banks which choose to invest in bonds or interbank loans.

13



The bank maximizes the expected discounted stream of dividends, [, E;’i 1 Nigs(1—
g)Ef +s- The problem can be expressed recursively as a two-stage problem within each
period, whereby the bank first chooses deposits and then, after the realization of the

idiosyncratic shock, chooses the remaining balance-sheet items,

Vi) = max [ Vi(NF. Df.w)dF @),

D] >0
‘_/t(Ng>Dg>Wg) = mnax. o EAy [(1 - §)Eg+1 + V,5+1(§Ef+1)} )
Al>0,B57>0,B;"7>0,B; >0

subject to equations (8), (9) and (10).

Next we assume

that parameters are such that the following inequality holds in equilibrium for all ¢:
Dy < (¢ — 1) Ny, which ensures that in equilibrium the interbank market will be active.

This condition simplifies the solution of the banks problem, since it avoids additional
case distinctions. Given these assumptions, the solution of the bank’s problem is given

by an investment policy,!

oN? JQF, if wf > WP,
Al =9 (N + D)) JQK, ifwk<uw <wh (11)
0, if w] < wk,

and a demand policy for interbank borrowing,

. p—1)N — D! ifw >wP,
B;ﬁj _ ( ) t t t‘ t (12)
0, if w) <wp.

where

E, [At,t+1RtB/ (1+ 7Tt+1)]
K [[\t,tﬂRiAﬂ]

E, |:/~\t,t+1RtL/ (1+ 7Tt+1)]
= - , (13)
]Et [At,t-&—lRtﬁ_l}

B L
t t

w , w

LA derivation of the solution can be found in Appendix A.1.
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/~Xt7t+1 = Ny (1 — ¢+ g)\ﬁrl) is the adjusted discount factor, and )\iv is the marginal

value of equity. Demand for government bonds and interbank lending satisfies
BE =B =0, ifwl >wk,
B + By? = N + DI, (B B;7) >0, if w <wl. (14)
Banks’ individual demand for deposits satisfies:
D] € [0,(¢ — 1)N/].

The ex-ante return on government bonds and the return on interbank lending satisfy a

no-arbitrage condition,

B RG 5 RL
By (Apppr—t— ) =By (Appr——— ) . 15
t ( tt4+1 1+ m1s t t,t4+1 1+ 7 ( )

Finally, the nominal deposit rate equals

RD = 1= ()] RE 4 P () B
E(w|wf <w<wfP)E, [At,tHRZL}FJ

E, [At,t—i—l/ (1+ 7Tt+1)]

+[F (@) = F ()] (16)

In summary, according to their island-specific return realization wf , banks endoge-

nously split into the following three groups:

e On islands where the local firm draws an idiosyncratic shock above the borrowing
threshold wP, the local bank borrows from the interbank market so as to invest in

the firm up to the leverage constraint.

e On islands where the local firm draws an idiosyncratic shock below the borrowing
threshold wP but above the lending threshold wk, the local bank does not borrow

or lend in the interbank market, and invests its equity, deposits and central bank

15



loans in the local firm.

e On islands where the local firm draws an idiosyncratic shock below the lending
threshold wf, the local bank lends its resources (equity and deposits) in the interbank
market and to the government, with both investments offering the same ez ante

return according to equation (15).2

This implies that the leverage constraint is always binding for the more productive banks,
while it is slack for the less productive ones.
Notice also that, according to equation (16), the unit cost of taking deposits at the

beginning of the period — i.e. the deposit rate — equals the expected benefit across re-

alizations of w]. For high-profitability banks (w! > wP

) that are leverage-constrained,
an additional unit of deposits allows them to reduce their interbank borrowing, thus
saving %. For low-profitability banks (wi < wl), each additional unit of deposits is
invested in interbank lending or government bonds, which yields %. For intermediate-

profitability banks (w! < w! < wf), each additional unit of deposits is invested in the

local firm, with an average idiosyncratic return of E (w |wk <w < WP ) A3

2.4 The interbank market

We model the interbank market as a decentralized, over-the-counter (OTC) market sub-
ject to search frictions, in the spirit of Afonso and Lagos (2015), Armenter and Lester
(2017), or Bianchi and Bigio (2022), among others. Our modeling of the interbank mar-
ket follows Arce et al. (2020) closely. Search frictions imply that the market does not
automatically clear. Rather, borrowing and lending orders engage in directed search.

As shown in equation (12), banks with w/ > wP borrow in the amount B, d =

12Notice that, for these banks, demand for government bonds BtG’j versus interbank lending B; 7 is
undetermined at the individual level, as both assets are equally profitable ex ante. However, it will be
determined at the aggregate level as explained later on.

13Sjnce the bank’s problem is locally linear in deposits D?, the banks optimal conditions do not pin
down the individual amount of deposit taking but instead the equilibrium deposit rate: By equation (16)
in equilibrium the bank breaks even ex ante, so it is indi [erent between taking one more unit of deposits
or not. The only requirement is that all banks satisfy 0 < D] < (¢ — 1) Nj.
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(¢ —1) N] — D] > 0, whereas according to equation (14) those with w] < w? lend in
the amount B; 7 = (th + Df) — BtG 7 > 0. The mass of borrowing and lending orders are

thus given respectively by

of = [ Brai= [ [0=)N =Di)di = [1=F )] (0= )Ni- Dy,
t t (17)

1
ol = / B dj = / |+ Db = B dj = F(wf) (N + D) - BE,(18)
0 j:wg<wt

where N, = fol Njdj is aggregate bank equity, B = [,

]:wf <w

2 BtG Jdj are aggregate bank
holdings of government bonds, and in last equality of each equation we have used the fact
that w! is distributed independently from N/ and D:.

Borrowing and lending orders are matched according to a matching function T (q)tL , ®B ) .
We assume that T is C! (Ri), weakly increasing and concave in both arguments. We
also assume that it satisfies 0 < T (z,y) < min (x,y), and that it has constant returns to

scale. Given constant returns to scale, each lending order finds a borrowing order with

TO090) oy (120 e (27 (19)
7 VAN ¥

probability

in which case it earns the interest rate R!?; otherwise the unit of funds is deposited at
the central bank and earns the deposit facility rate, RPT. Similarly, each borrowing order

finds a lending order with probability

T (9F, ®F) ( 1 ) (<I>B
SV ) oy (1) =r" —t), (20
o7 P oL 3L )

in which case it pays the interest rate RIZ; otherwise the unit of funds must be borrowed
from the central bank at the lending facility rate, RF", with R > RPF. Let 0, = ®F /®F
denote the ratio of borrowing to lending, which we henceforth refer to as interbank market
tightness. Thus, the matching probability for lending (borrowing) orders I'* (T'P) is
increasing (decreasing) in market tightness.

Given the above matching probabilities, the expected return on each lending and
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borrowing order is given respectively by
LY0)REP + (1 —T5(0,))RPF = RE, (21)

I20)RP + (1 —T5(6,))RPF = RP.

We assume competitive search in the interbank market. This assumption allows the
model to deliver a natural explanation for the relationship observed in the euro area
and other advanced economies between excess reserves and the spread between short-
term interbank rates and the interest on reserves. As shown in Arce et al. (2020), under

competitive search the equilibrium interbank interest rate is given by
R{® =@ (0) R’" + (1 — ¢ (6:) R/, (22)

where

_drE(6,) 6, oY (of,®F)  @F

is the elasticity of the matching probability for lending orders with respect to market
tightness —which in turn equals the elasticity of the matching function with respect to the
number of borrowing orders.*

The equilibrium interest rate for matched orders is a weighted average of the respective
outside return/cost: the deposit facility rate RPF and the lending facility rate RX". The
weight on the former is given by the elasticity ¢ (6;). Under an appropriately specified
matching function, this weight decreases with the tightness of the interbank market.
Intuitively, as the ratio between borrowing and lending orders increases and the interbank
market becomes tighter, it becomes harder for borrowers to find lenders, so the former
must offer rates that are higher and hence closer to the lending facility rate. Conversely,
in a slack interbank market with abundant lending orders, lenders must accept rates that

are lower and hence closer to the deposit facility rate. Since excess reserves effectively

14See Appendix A.2 for a derivation of these results.
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are a measure of interbank market slackness, this setup provides a simple explanation for
the downward-sloping relationship between excess reserves and the spread between the
interbank rate and the interest on reserves observed in the euro area and other major

advanced economies.

2.5 Final good producers

A competitive representative final good producer aggregates a continuum of differentiated
“1y/e ¢/ (D)
retail goods indexed by i € [0, 1] using a Dixit-Stiglitz technology, Y; = ( fol Yz(t6 b/ dz) ,

where € > 1 is the elasticity of substitution across retail goods. Cost minimization implies

-Pi —€
V= () n=we, (24)
t
1 5l—c - 1/(1~¢) . . . . .. . .
where P, = ( fo P dz) is a price index. Total spending in intermediate inputs
then equals fol P, Y, di = P,Y;. Free entry implies zero profits, such that the equilibrium

price of the final good is exactly P;.

2.6 Retail goods producers

We assume that the monopolistic competition occurs at the retail level. Retailers purchase
units of the intermediate good, transform them one-for-one into retail good varieties, and
sell these to final good producers. Each retailer i sets a price F;; as in the sticky price
model of Calvo (1983) taking as given the demand curve Y, (P;;) and the price of the
intermediate good, P/ . Specifically, during each period a fraction of firms (1 — 6) are
allowed to change prices, whereas the other fraction, 8, do not change. Retailers that
are able to change prices in period ¢ choose a new optimal price in order to maximize its

expected discounted stream of profits,
Py P\
A = — MC, ’ Y,
e (B wa) (22

19

(o)
max E O"E,
Py
k=0



The first-order condition is standard, with all time-t¢ price-setters choosing a common

price Py. The price level P, evolves according to P~¢ = 0P~ + (1 — 0) (Py)' "

2.7 Central Bank

Interest rate policy. The central bank sets three nominal policy rates (all expressed
in gross terms): the deposit facility rate RPY, the lending facility rate RX") and (once
CBDC is introduced) the CBDC remuneration rate R°¢. We assume that the policy
rates are set such that: (i) a constant corridor of width y > 0 is maintained between the

deposit facility rate and the lending facility rate, i.e.
REF = RPT (26)

(ii) CBDC is remunerated at a rate of 0, and (iv) the central bank’s operational target,
which we assume to be the interbank rate, achieves a certain target level. This target

level is described by a conventional Taylor rule,

Rz{B = pRl{—Bl +(1—p) (Rss + Uﬂt) ) (27)

where Ry, is the steady-state nominal interbank rate, p € (0, 1) is the interest-rate smooth-
ing parameter, and v > 1 determines the response to deviations in net inflation from target
(assumed to be zero). Combining equation (22) and (26), we obtain the following relation-
ship between the operational target and the deposit facility rate: RI® = RPF 4 (1 — ) x,
where ¢, = ¢ (0;). Using this and the Taylor rule (27), we can then find the deposit facility

rate that implements the desired level for the operational target,

RPY = p [RPT 4+ (1= pr1) x] + (1= p) (Ros + vme) — (1= 1) x- (28)

Balance sheet policy. The central bank also chooses the real market value of its

B
BEC

government bond holdings, . We assume that it is a constant fraction of the ratio
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of total government bonds outstanding to steady-state GDP
BtG7CB = QEta (29)

where B, is the real market value of government debt outstanding.

BtG ‘“B " and loans to banks extended

The central bank’s assets are government bonds,
by its marginal lending facility, i.e. the mass of borrowing orders that did not find matches
in the interbank market: ®7 (1 —I'?). Its liabilities are households’ cash and digital
currency holdings, M, and DP¢ respectively, and banks’ reserves at its deposit facility, i.e.
the mass of interbank lending orders that did not find a match: ®F (1 — FtL) We assume

that the central bank accumulates no equity and pays all profits to the government.!®

The central bank’s balance sheet, expressed in real terms, is therefore
BYYP 4P (1 -TF) = oF (1 - TF) + M, + DPC. (30)

Finally, the central bank’s real profits are

LF
cB RY nGCB | R\ zB 1B
Ht - 147 Bt—l + 147 (I)t—l (1 F75—1) (31)
RPH =1 L 1 RPS pc
T 1w Py (1 - Ft—l) I My — 1+7rtDt—1'

2.8 Government

The budget constraint of the government expressed in real terms is given by

R

B,_
t 11+7Tt

:Et—FTt—i—HtCB

Without loss of generality, the debt-to-GDP ratio is assumed to be held constant at a

certain level: B;/Y; = b.

15In case of central bank losses, these are assumed to be covered by the Treasury.
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2.9 Aggregation, market clearing and equilibrium

An equilibrium in this model is defined as a set of state-contingent functions for prices
and quantities such that all agents’ optimization problems are solved and markets clear.
Appendix A.3 derives the aggregation and market clearing conditions. Appendix B.1 lists

the complete set of conditions that have to hold in equilibrium for aggregate variables.

3 Monetary policy implementation frameworks

In this section we compare the properties of a corridor system, in which the interbank
rate lies in the middle of the corridor formed by the interest rates of the central bank’s
standing facilities, with those of a floor (ceiling) system, in which the interbank rate is

pushed against the floor (ceiling) of such corridor.

3.1 Floor and ceiling systems

A floor system is characterized by an interbank rate that sits at the floor of the policy
rates corridor, i.e., it is equal or close to the deposit facility rate, RI® ~ RPF. From
equation (22), this is the case when ¢ (6;) — 1, which occurs when 6; — 0, i.e. when
the interbank market becomes arbitrarily slack, such that the amount of lending orders
is large compared to the amount of borrowing orders. From equations (19) and (20), this
implies I'2(#;) — 1 and I'L(#;) — 0, i.e. all borrowing orders are matched with lending
ones, while most lending orders fail to be matched. Lending orders in excess of the total
volume of borrowing orders end up at the central bank’s deposit facility as reserves. This
is a regime characterized by a structural surplus of bank reserves at the central bank.
Conversely, a ceiling system is characterized by an interbank rate that hits the ceiling
of the policy rates corridor, i.e. it is equal or close to the lending facility rate, RI? ~ REF.
This is the case when ¢ (6;) — 0, which occurs when 6; — oo, i.e., when the interbank
market becomes arbitrarily tight. This implies I'*(6;) — 1 and T'2(6;) — 0, i.e. all

lending orders are matched with borrowing ones —such that there are no bank reserves

22



at the deposit facility— while most borrowing orders fail to be matched. Borrowing needs
in excess of the total volume of lending orders are met by the central bank through its
lending facility. This is a regime characterized by a structural deficit of bank liquidity, in
which the banking sector as a whole obtains funding from the central bank but holds no
reserves against it.

A corollary of this is that, both in a floor and ceiling system, all interbank lending
(borrowing) orders —whether matched or not— end up earning (costing) the interbank
rate R/P. Therefore, recourse to central bank standing facilities implies enjoying neutral

lending or borrowing conditions vis-a-vis interbank market conditions.

3.2 Corridor system

A corridor system is characterized by an interbank market rate that trades around the

RDF RLF . .
%. This is the case

middle of the central bank’s standing facility rates, i.e. RIZ ~
when ¢ (6;) ~ %, which in turn requires the central bank’s balance sheet to be relatively
‘lean’. To see this, assume that central bank bond holdings are just large enough to support
its cash and (once in place) CBDC liabilities: BY"“" = M,+ DPC. From the central bank’s
balance sheet constraint, equation (30), outstanding amounts in both standing facilities
must then be the same: ®f (1 —TI'P) = &} (1 —T}). Market clearing in the interbank
market requires ®PT8 = ®LTL implying ®F = &L, or equivalently §; = 1, i.e. perfectly
balanced interbank borrowing and lending orders. Under the natural assumption that

16 or at least ¢ (1) & 3, this lean balance sheet

the matching function satisfies ¢ (1) = 1,
regime delivers a corridor system.

In turn, ; = 1 implies the following matching probabilities: Tl = I'B = T (1, 1), the
value of which depends on the assumed matching function. Arce et al. (2020) define a
matching technology as match-efficient if it satisfies T (z,2) = x, such that if both sides

of the market are equally sized, then all searchers are matched to trading partners. Under

our assumption that T has constant returns to scale, match-efficiency is equivalently

16This will be the case in our numerical analysis.

23



defined as Y (1,1) = 1. Therefore, in the special case of match-efficiency, I'* = ' = 1,
such that all interbank borrowing and lending orders are matched, and no recourse is
made to either the deposit or lending facility.”

More generally, matching technologies that are not match-efficient imply matching
probabilities lower than 1, i.e. some trading orders on both sides of the interbank market
fail to find a counterpart, such that there is recourse to both central bank facilities in
equilibrium. Since in the corridor system the interbank rate lies in the midpoint of the rate
corridor, non-matched lending orders deposited at the central bank earn a lower return
than the interbank rate, and non-matched liquidity needs satisfied by lending facility
credit cost more than the interbank rate. This hurts the profitability of the banking
sector as a whole, which is effectively taxed when accessing the central bank standing

facilities under a corridor system.

4 Calibration

We calibrate the model to the euro area. In particular, we calibrate the model’s initial
(pre-CBDC) equilibrium in order to broadly replicate the monetary conditions expected
to prevail in a few years time.'® Given our focus on the operational framework, we assume,
in line with analysts’ expectations for the coming years, that in the initial equilibrium the
ECB continues to operate under a ‘floor system’, in which interbank rates, R/Z, are pegged
to the deposit facility rate, RPY. In particular, we target a central bank balance sheet
that is smaller than the current size (as the Eurosystem is expected to continue running
down its monetary policy portfolio of