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Abstract

To study implications of an interest-bearing CBDC on the economy, we in-
tegrate a New Monetarist-type decentralised market that explicitly accounts
for the means-of-exchange function of bank deposits and CBDC into a New
Keynesian model with financial frictions. The central bank influences the
store-of-value function of money through a conventional Taylor rule while it
affects the means-of-exchange function of money through CBDC operations.
Peak responses to monetary policy shocks remain similar in the presence of an
interest-bearing CBDC, implying that monetary transmission is not impaired.
At the same time however, the provision of CBDC helps smooth responses
to macroeconomic shocks. By supplying CBDC, the central bank contributes
to stabilising the liquidity premium, thereby affecting bank funding conditions
and the opportunity costs of money, which dampens and smoothes the reaction

of investment and consumption to macroeconomic shocks.
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Non-technical summary

In the past few years, an increasing number of central banks have started to consider the potential
provision of central bank digital currency (CBDC) to the wider public for payment purposes
(Kosse and Mattei, 2022; Boar and Wehrli, 2021). Such a provision would raise several important
policy questions, in particular for monetary policy transmission and financial stability, especially

if CBDC were to replace bank deposits on a larger scale.

We investigate how the potential existence of an interest-bearing CBDC would alter the
economy’s dynamics in response to a number of macroeconomic shocks. A key feature of a CBDC
is its means-of-payment function (e.g. see Group of Central Banks 2020 or Panetta 2021 for the
digital euro), which we emphasise by modelling the micro-foundations of a CBDC as a means of
payment explicitly. To this end, we integrate a decentralised market in the spirit of Lagos and
Wright (2005) into a New Keynesian dynamic stochastic general equilibrium (DSGE) model with
financial frictions that is based on Gertler and Karadi (2011) by following the approach of Aruoba
and Schorfheide (2011). In our model setup, CBDC and deposits are perfect substitutes and
essential to pay for consumption. By combining the New Monetarist decentralised transactions
with the New Keynesian business cycle dynamics, this approach is well suited to analyse the
properties of deposits and CBDC as means of payment while at the same time it allows us to
investigate the interactions of business cycle fluctuations, financial frictions and monetary policy

with the payment functions of different forms of money.

In our model, an interest-bearing CBDC can be used by the central bank to separately
influence the store-of-value and the means of exchange function of money. The central bank
can thereby stabilise the liquidity premium, which is defined as the spread between the interest
rate on CBDC and bank deposits relative to the return on government bonds, resulting in an

additional channel through which monetary policy transmits to the economy.

Generally, we find that the presence of a CBDC does not significantly alter the properties of
the model’s responses to the usual macroeconomic shocks and tends to dampen and smooth their
transmission to core variables such as output and inflation. Regarding shocks to the liquidity
premium, the existence of a CBDC stabilises the responses of output and inflation if such shocks

affect money supply but amplifies them if money demand is impacted.

Importantly, monetary policy remains similarly effective in the presence of a CBDC. An
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increase in CBDC supply, which leads to a decrease in the liquidity premium, raises consumption,
output, and inflation. The dynamic impact of CBDC on the economy is determined by how
much the central bank adjusts CBDC supply to changes in the liquidity premium. The less the
central bank reacts to the liquidity premium, the more the responses of output and inflation
to macroeconomic shocks resemble those in the model version without a CBDC. Moreover, we
show that the aggregate economic implications of a CBDC derive from both, the liability and

asset side of the central bank’s balance sheet.
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1 Introduction

In the past few years, an increasing number of central banks have started to consider the potential
provision of central bank digital currency (CBDC) to the wider public for payment purposes
(Kosse and Mattei, 2022; Boar and Wehrli, 2021). Such a provision would raise several policy
questions, in particular for monetary policy transmission and financial stability, especially if
CBDC were to replace bank deposits on a larger scale. A substitution of bank deposits for CBDC
might raise banks’ funding costs, with potential consequences for bank lending rates and credit
provision through banks to the economy, which could change monetary policy transmission and
might cause financial instability (Group of Central Banks, 2021). Policy makers are therefore
mindful of "doing no harm” to public policy objectives when considering a potential issuance of

CBDC (Group of Central Banks, 2020).

In this paper, we investigate the consequences that the potential existence of an interest
bearing retail CBDC could have on the economy and the tranmission of monetary, financial,
business cycle and liquidity premium shocks in particular. To this end, we integrate a decen-
tralised market in the spirit of Lagos and Wright (2005) into a New Keynesian dynamic stochastic
general equilibrium (DSGE) model with financial frictions that is based on Gertler and Karadi
(2011) by following the approach of Aruoba and Schorfheide (2011). This setup features a
centralised market (CM) with a New Keynesian structure, followed by a decentralised market
(DM), in which CBDC and deposits are perfect substitutes and essential to pay for consumption.
By combining the New Monetarist decentralised transactions with the New Keynesian business
cycle dynamics, this approach is well suited to analyse the properties of deposits and CBDC as
means of payment with an explicit, micro-founded role for money in the decentralised market.
At the same time, it allows us to investigate the role of business cycle fluctuations, financial
frictions and monetary policy as they interact with the payment functions of different forms of

money. To our knowledge, this approach has not been applied to the analysis of CBDC to date.

The existence of a CBDC provides the central bank with a second policy instrument that
allows the central bank to stabilise the liquidity premium, defined as the spread between the
interest rate on CBDC and bank deposits relative to the return on government bonds. In
that way, the central bank can affect the economy through an additional channel and separately
influence the store-of-value and the means-of-exchange function of money. An increase in CBDC

supply decreases the liquidity premium and boosts consumption, output, and inflation.

ECB Working Paper Series No 2811 4



Overall, we find that the presence of a CBDC does not significantly alter the properties of
the model’s responses to the usual shocks and tends to smooth transmission. More specifically,
provision of CBDC stabilises output and inflation responses to shocks mostly through its effects
on the liquidity premium, which helps to dampen and smooth consumption and investment
responses. For instance, in response to a monetary policy shock the interest rates on CBDC and
deposits increase more than the government bond rate as transaction needs decline. By reducing
CBDC supply, the central bank mitigates the fall in the liquidity premium, leading households
to replace CBDC holdings with deposits, thereby easing bank funding conditions. Importantly,
monetary policy retains its ability to affect output and inflation through a conventional Taylor
rule in the presence of a CBDC such that overall responses of inflation and output remain
similar, suggesting that the presence of a CBDC can smooth transmission without impairing it.
Regarding shocks to the liquidity premium, the existence of a CBDC stabilises the responses of
output and inflation if such shocks affect money supply but amplifies them if money demand is

impacted.

We analyse different reaction parameters for the CBDC interest rate rule, which result in
more or less stabilisation of the liquidity premium and change the stabilisation properties of
CBDC in response to business cycle, financial, and payment efficiency shocks. The more the lig-
uidity premium is stabilised, the more the responses of macroeconomic variables to these shocks
differ from those in a model version without a CBDC. In the limit, without any stabilisation
of the liquidity premium, the presence of a CBDC will not affect how the economy reacts to
shocks. Moreover, we show that in a setup with CBDC as the only liability of the central bank,
the economic impact of a CBDC derives from both, the liability and asset side of the central
bank balance sheet. This suggests that it is necessary to be attentive to potential asset side

implications of CBDC issuance.

It is widely recognised among central banks that the payment function is key to the design of
a CBDC.! By modelling the micro-foundations of a CBDC as a means of payment explicitly, our
approach thereby departs from DSGE models that include money in the utility function (MIU)
as pioneered by Sidrauski (1967), which constitutes a reduced-form approach without explicit
micro-foundations. The micro-founded modelling of the CBDC comes at the price of additional

complexity compared to a simpler setup with additively separable money in the utility function

!see e.g. Group of Central Banks 2020 or Panetta 2021 for the digital euro.
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(MIU) that represents the convenience yield of money. While the MIU approach can be seen as
a convenient shortcut, we find that it neglects relevant dynamics that are present in the DM of
the Lagos and Wright (2005) type modelswhen the medium of exchange function of money is at
the core of the analysis In particular, because the liquidity premium is exogenous in the MIU
setup, it fluctuates much less than what the data suggest, leading to smaller fluctuations in the

CBDC issuance and less stabilisation of output and inflation.?

Methodologically, our paper contributes to bridging the gap between the New Monetarist
literature based on Lagos and Wright (2005), in which money is fundamentally embedded, and
the New Keynesian literature focusing on explaining business cycle fluctuations. To study the
implications of CBDC as an additional means of exchange on the transmission of macroeconomic
shocks, a suitable model should account for both, a structural rationale for the use of money as
well as a state-of-the-art characterisation of business cycle dynamics. Our approach has been
pioneered by Aruoba and Schorfheide (2011) which is, to our knowledge, the first and only other
paper to combine New Monetarist and New Keynesian model elements. A related approach
was taken by Geromichalos and Herrenbrueck (2022) who developed a framework explicitly
modelling liquidity based on a monetary search and matching framework within a Neoclassical
Growth Model to analyse short and long-run dynamics. Similarly, Piazzesi and Schneider (2020)
investigated the interplay between CBDC, deposits and credit lines in a Neoclassical growth

model with a microfounded liquidity needs.

This paper also contributes to a growing literature on CBDC,? which falls into three broad
categories, namely the implications of CBDC for financial intermediation, for business cycle
dynamics and stabilisation, as well as for monetary policy implementation. Several studies
focus on structural financial disintermediation risks resulting from a CBDC, see for instance
Williamson (2022), Garratt et al. (2021), Nyffenegger (2022), Adalid et al. (2022) or Boser and
Gersbach (2020). While issuance of a CBDC can lead to bank disintermediation and a decline
in credit provision to the real economy, the results depend on the degree of market power in the
banking sector (see Keister and Sanches, 2023; Chiu et al., 2019; Andolfatto, 2021; Whited et al.,
2022). When market power is high, CBDC can foster competitiveness, lower deposit rates and
thereby lead to higher deposit and credit creation. Williamson (2021), Kim and Kwon (2023),

2See results section 4.5 and appendix A.2 for a more detailed comparison of both frameworks.
3 Ahnert et al. (2022), Chapman et al. (2023), Carapella and Flemming (2020), Aragdo (2021) and Auer et al.
(2022) survey the rapidly growing literature on CBDC.
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Bitter (2020), Keister and Monnet (2022) or Ahnert et al. (2023) studied implications for bank
panics and financial stability. While it is often maintained that the existence of a CBDC makes
bank runs more likely as it lowers the trigger for a run, results in the literature show a more
differentiated picture that — among other factors — depends on CBDC remuneration, potential
adjustments on the asset side of the central bank’s balance sheet, information effects and the

structure of the financial sector.

How CBDC affects business cycle dynamics and monetary policy transmission is less well
researched. Barrdear and Kumhof (2022) investigated consequences of issuing a CBDC in a
DSGE model and argued that a countercyclical CBDC policy rule could substantially improve
the central bank’s ability to stabilise the business cycle. However, their framework does not
capture the specific function of a CBDC as a means of exchange. Using a money in the utility
function approach, Gross and Schiller (2021) analysed the impact of a CBDC in a Gertler and
Karadi (2011)-type model that resembles the CM part in our model setup. Ferrari Minesso
et al. (2022) studied CBDC in an international business cycle context and found that CBDC
amplifies international linkages and spillovers. In a small open economy setup, George et al.
(2020) analysed welfare implications of a CBDC, concluding that CBDC issuance provides a new
instrument to the central bank. While their findings are close to ours, they do not micro-found
the demand for CBDC in the DM. Burlon et al. (2022) developed a quantitative DSGE model

and investigated stabilisation effects and welfare implications of different CBDC policy rules.

A central result for the monetary policy implications of CBDC is the equivalence result
of Brunnermeier and Niepelt (2019) and Niepelt (2020), which states that the introduction of
CBDC would be neutral with respect to bank funding as the central bank could undo any
resulting effects on the banking sector. Limits to this neutrality result, however, are recognised
e.g. by Ferndndez-Villaverde et al. (2021). Schilling et al. (2020) maintain that CBDC would
cause a trilemma for the central bank in the sense that it cannot ensure an efficient asset
allocation, price stability and financial stability at the same time. The implications of different
CBDC design parameters on equilibrium capital allocation, financial intermediation and welfare
were studied by Assenmacher et al. (2021). Fraschini et al. (2021) studied how CBDC interacts

with conventional and unconventional monetary policy.

The paper is structured as follows. Section 2 describes the model environment with the

centralised and the decentralised market. Section 3 discusses the calibration of the model, in
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order to investigate responses to different of macroeconomic shocks in Section 4. Finally, Section

5 concludes.

2 A New Monetarist New Keynesian CBDC model

The model consists of a centralised market (CM) and a decentralised market (DM). The CM
is a New Keynesian model with financial frictions in the spirit of Gertler and Karadi (2011),
while the DM is a monetary search model providing microfoundations for the role of CBDC
and deposits as a medium of exchange. The two markets take place sequentially in each period,
i.e. a period starts with the CM, after which the DM opens. Discounting takes place after the
DM but not between the CM and the DM. Figure 1 shows an overview of the model structure,
which includes five types of agents: households, financial intermediaries (banks), capital goods
producers, intermediate goods producers and retail goods producers. The CM is modelled like
in Gertler and Karadi (2011), although we introduce a few changes to link it to the Lagos and
Wright (2005)-type DM. Most importantly, we assume linear disutility of labour, which leads to
agents in the CM choosing their production and consumption plans such that any changes in
the allocation resulting from trades in the DM are offset. This assumption is needed to ensure
tractability of the model.*As in Gertler and Karadi (2011), banks face an agency problem that
introduces a leverage constraint and can lead to a socially insufficient provision of credit and
deposits. The central bank may issue CBDC that serves as a means of exchange alongside
deposits. In addition to conventional monetary policy, the central bank can thus influence the

economy through the availability and attractiveness of CBDC.

*Lagos and Wright (2005)-type models typically feature this assumption. We checked that the resulting differences
to the Gertler and Karadi (2011) parameter calibration has only a limited impact on the impulse responses to
typical macro shocks.
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Figure 1: Overview of the model structure

While money in the CM is modeled as a store of value, the DM provides a role for money
as a means of exchange. Households receive a preference shock at the beginning of the DM
that determines whether they become sellers or buyers, creating a double-coincidence-of-wants
problem. In the DM, households are anonymous and can either pay with bank deposits or with
CBDC. Like Keister and Sanches (2023), we assume that sellers are endowed with a technology
to recognise specific means of payment, i.e. CBDC or bank deposits, but that they cannot accept
securities or other types of claims. In practice, this means that sellers have the technology, such
as card readers, installed to accept CBDC or debit cards. This setup makes money essential and
allows us to study the interactions between the central bank’s balance sheet, monetary policy

and the payment function of money.

We first describe the decision problem of households, banks and different types of firms in
the CM before we turn to the framework and the decision problems of buyers and sellers in the

DM.

2.1 The centralised market (CM)

The CM features the usual New-Keynesian frictions that allow monetary policy to have real

effects. Retail goods producers operate under monopolistic competition and repackage output

ECB Working Paper Series No 2811 9



produced by intermediate goods producers. Moreover, the model assumes Calvo-type sticky
prices such that a firm can freely adjust its price with probability 1 — v in a specific period
whereas in all other periods it can only index its price to lagged inflation. In addition to these
two frictions, the model includes investment adjustment costs for intermediate goods producing
firms and an incentive constraint for bankers that creates a friction in the bank intermediation
process. This financial friction magnifies the impact of shocks to banks’ net worth on the real
economy and credit flows on the one hand while, on the other hand, it amplifies the effect of
these shocks on the availability of deposits and thereby affects transactions in the DM. We will

further discuss the financial sector and how this friction plays out below.

Households

In the CM, there is a continuum of identical households of measure unity. Each household has
two different types of members: a fraction f of the household are bankers and a fraction 1 — f
are workers. Bankers remain bankers in the next period with a time-independent probability
0. This implies that in each period (1 — 6)f bankers become workers and vice versa. In the
CM, households maximise their utility by choosing consumption C“M labour L, real CBDC
holdings My, real deposits D;, and real bond holdings By, taking the expected continuation value
in the DM, V,”M into account. The households’ value function in the CM therefore is

VM = max UCCMY _ v L, + E,(VPM
t CtCM,Lt,Mt,Dt,Bt { ( t ) XLt t( t )} (1)

with® U(CEM) = In(CFM) and s.t. the budget constraint
C'tCM + M + Dy + By = we Ly — Ty + RéwMtfl + RtDDtﬂ + RtBBtfl + (2)

where wy is the real wage, T; denotes lump-sum taxes, RM, RP and RP are the gross real rates of
return on CBDC, deposits and bonds, respectively, and €); is the net payout from the ownership
of financial and non-financial firms, including the net cash-flow from trading state-contingent
securities.® While CBDC, deposits and bonds are all financial assets, only deposits and CBDC

can be considered money as they can be used to carry out transactions in the DM. Bonds, by

SLike Aruoba and Schorfheide (2011) we abstain from modelling habit persistence, which simplifies calculations
in the DM.

SNote that the budget constraint is expressed in real terms, i.e. in units of the CM consumption good. Conse-
quently, M; and D; denote real CBDC and real deposit holdings. We discuss the price level and inflation later
on.
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contrast, serve as the benchmark asset against which the liquidity premium is measured.” M,
and Dy are CBDC and deposit holdings that are carried over from the previous DM and depend

on whether the household is a buyer, a seller or inactive in the DM, namely

M; —mP  for buyers D; —dP  for buyers
M, = M; +my  for sellers and D, = Dy +df  for sellers
M, otherwise D, otherwise

where m¥ and dP are CBDC and deposits spent and mf and df are CBDC and deposits
obtained in the DM (see Section 2.2). On aggregate, sellers receive the amount that buyers pay
ie. my = mP = my and d; = df = d7. Since the households’ utility function is log-linear,
CBDC and deposit holdings are identical for all households at the end of the CM, irrespective of

whether they were buyers, sellers or inactive in the DM. This feature makes the model tractable

by ensuring that the optimality conditions do not depend on individual state variables.

Optimality conditions for the CM (Equations 3 and 4) require that the marginal utility of
consumption in the CM, denoted by gtCM , equals the marginal disutility of labour divided by
the real wage x/w;. The marginal values of CBDC, deposits and bonds in the CM, Vf}%, V;CD]‘f

and V;%JV[, reflect the costs of acquisition and their continuation values denoted by Vﬁ\f\/[ , V;%M ,
Dt s VIt st
DM
t,B *

1 X 1 X
veMm -t X _ o o ,OM_ = 3
t,COM CtCM w, Ot CtCM wy (3)
VM = Xy vEN —0 for o= (M, D, B) @
t

The envelope conditions (Equation 5) state that the marginal values of assets in the CM
depend on their interest payments, weighted by the marginal utility of consumption in the CM,
implying that assets are valued only as store of value in the CM as transactions in the CM
are not modelled explicitly. By contrast, in the DM money derives value only as a means of

exchange because discounting and interest payments take place only when the CM opens in the

7As the benchmark asset for the liquidity premium, bonds are assumed to fully capture the opportunity costs of
holding money. For a discussion of whether bonds can be assumed to be completely illiquid, see Herrenbrueck
(2019).
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next period but not between the CM and the DM.

Ve = v =

= Qt—i—l Rt+17 Qt—l—l Rt—‘,—l: V;: B — Qt+1 Rt+1 (5)

In this way, the store-of-value and the means-of-exchange functions of money are modelled to
pertain to two distinct markets. It should be noted, however, that an implicit transaction
motive exists also in the CM. As regards the third, unit-of-account, function of money, CBDC

and deposits serve as two different forms of money, denominated in the same unit of account.®

Banks

Banks are active only in the CM. Bank j invests into shares of intermediate goods firms and

funds itself by household deposits D;; and equity IV;;. Its balance sheet can be written as
Qt t_th+Djt> (6)

where S >+ are the financial claims of the intermediate goods producers that the bank holds and
@; is their relative price. On the asset side of its balance sheet, the bank will only hold claims of
the intermediate good producers as they yield a higher return than government bonds.” Bank
deposits are used as a means of payment in the DM. Shocks to the banks’ balance sheet thus
will not only affect capital investment and production in the CM but also transactions in the

DM.

Bankers maximise the expected discounted terminal net worth of their bank Vj;

Vit =max E; Z 9lﬁz+11\t A1+ VG 14
(7)
=max F} Z 0)0' B4 Ay [(Ripisi — B 1) QeriS s + R yiNjevi]

with 6 being the probability that the bank continues its operations in the next period, BA 141+
the stochastic discount factor that the bankers in period ¢ apply to their earnings in t 4 ¢
and RfH ; the gross real return on the banks’ investment in the intermediate good producers.

Making use of the balance sheet identity in Equation (6), (Rf,; ., — RF,,,;) is thus the net

8Because CBDC and deposits share the same unit of account, the indeterminacy result of Kareken and Wallace
(1981) does not apply here.
9Note that the model abstracts from other benefits of holding government bonds, e.g. for use as collateral.
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interest margin on the bank’s investment into the intermediate good firms.

Banks are subject to an incentive constraint that limits the amount of deposits the house-
holds are willing to entrust them with and therefore the amount of investment. Specifically, it
is assumed that households can only recover a share 1 — A of the bankers’ assets in case of a
bankruptcy, see Gertler and Karadi (2011). To avoid that the banker prefers to divert a share
A from the funds invested in the project, the net worth of the bank, Vj;, has to exceed the gain

the banker can realise from such illicit diversion.
Vie > AQ:S%, (8)

When the incentive constraint binds, the banks’ net worth constrains the amount of investment
and deposits, implying that a shock to the banks’ net worth will spill over into investment and
production.'® As in Gertler and Karadi (2011), our parametrisation ensures that the constraint

always binds locally in the steady state.

Firms

The production sector follows Gertler and Karadi (2011) with a set-up that is standard in New
Keynesian models. It consists of capital good producing firms, intermediate good producing

firms and retail good selling firms.

Capital good firms operate in a competitive environment. They buy capital K; from the
intermediate good firms at the end of period t, repair depreciated capital and build new capital,
and then resell it to the intermediate good firms. As the intermediate good firms face adjustment
cost on net investments, capital good producers may earn profits outside of the steady state,
which they distribute in lump-sum form to their owners, the households. The discounted profit

for capital good producers is given by:

2
00 N
i L Iy SS
max Fy E BZAt,t+i Qt+iIt]yH' - 5 <M - 1> (ItJYH +1 ) , (9)
i=0 i

in which ItN = I; — 6(Uy)& K, is the net capital produced, I; is the gross capital, §(U;) is the

depreciation rate,!' Uy is capital utilisation, & is a capital quality shock and I is the level of

10 A5 long as the expected discounted marginal gain from acquiring an additional capital claim is smaller than the
diversion fraction, the incentive constraint will bind. For the derivation, see Appendix B.2.

"The depreciation rate of capital has a functional form of §(U;) = d. + &Utlw, with b = aPM55 /K55
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investment in steady state. Following the literature, we assume quadratic flow adjustment costs
on net investment (Christiano et al., 2005; Gertler and Karadi, 2011), with ¢ denoting a scaling

parameter.

The competitive intermediate good firms, indexed by M, acquire capital K,y at the end
of period t for production in period ¢ + 1. After production, they can sell the capital on the
market to the capital good firms without adjustment cost. The capital choice problem of the
intermediate good firms is therefore static. To fund capital, the firms issue equity S; at a price Q¢
such that Q;K;+1 = @Q45;.1? Capital is mainly funded by banks that purchase capital securities
SP. Notwithstanding this, the central bank acquires capital securities StCB to balance CBDC
issuance on its balance sheet, such that in total S; = SP +S¢B. Production in the intermediate
goods sector is given by

VM = Ay (Ui Ky)™ L (10)

A; denotes total factor productivity and « the elasticity of substitution of capital in production.
The competitive environment with zero profits implies that all ex-post returns of the intermediate

good firms are paid out as a return on capital securities

s [ PV B §t+1
Ry = |a + Qup1 — 0(Uty) (11)
Si+1 K41 Qt

where PM denotes the price of the intermediate good.

The retail good firms use intermediate output as the sole input with a one-to-one input
output ratio and operate in a monopolistically competitive setting that consists of a continuum
differentiated retail firms of mass unity. . The final aggregated output on the CM, Y,¢M  is a
constant elasticity of substitution (CES) aggregate of the output YZZ, produced by retailer ¢ and

is given by

1 e—1 ﬁ
vey = | [y al (12)

where € denotes the elasticity of substitution between goods produced by different retailers.

Each period, retailers can reset their price to the optimal price P with probability 1 — v. The

dc = dss — b/(1 + ¢) and the subscript SS indicating the respective steady state values.
2The intermediate good firms do not face any credit frictions in their funding because the credit friction in the
model relates to the bank’s funding obtained from the households.
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aggregate price level on the CM is therefore sticky and evolves according to
Ly
% — —€| 1—¢

PEM = {(1 =) (P~ 4y [(1+ m )P PEYT) T (13)

where 7N

is the previous period’s inflation rate in the CM. Before discussing policy, we next

describe the DM and its linkages with the CM.

2.2 The decentralised market (DM)

At the beginning of the DM, a fraction o of households receive a business opportunity and
become sellers of the retail good in the DM, whereas a fraction ¢ become buyers and a fraction
(1—20) do not participate in the DM.'? The value function in the DM before the determination

of types is therefore a weighted average of the three possible outcomes:
E(VPM) = oVPME 4+ oVPM 4 (1 - 20)BE(VSY) (14)

where V;DM’B and VtDM’S denote the value of being a buyer or a seller in the DM and Vtijlw
reflects the value of participating in the next CM, adjusted with the households’ discount factor
between periods 8. To complete the households’ problem and to derive the optimality conditions
given in Equation 3, we need to determine the marginal value of assets for buyers and sellers in
the DM.

By(VEM) = oVIMP 4 oV EMS (1 - 20)8E,(VEM) for  ay = {M,, Dy, By} (15)

,at t,at

Buyers and sellers are matched one-to-one, assuming an efficient matching technology in the DM
that matches every buyer with a corresponding seller. With respect to the pricing mechanism, we
assume price taking as in Rocheteau and Wright (2005), which is more tractable than alternative
pricing mechanisms.'* It keeps the double coincidence and the verifiability assumptions that
make money essential in trading in the DM, although the price is set at the market-clearing

level by a Walrasian auctioneer.!> A buyer derives concave utility U(CP*) from consuming the

BFor a derivation of the households’ problem, see Appendix B.1.

4See Gu and Wright (2016) for additional pricing mechanisms such as bargaining or price posting with directional
search.

'5In general, a different pricing mechanism would alter DM allocations. Aruoba and Schorfheide (2011) analyse
their model under both, price taking and bargaining, and find that the estimated model parameters as well as
the empirical performance of both versions are broadly similar.
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DM good CPM and faces the following optimisation problem:
VPME = max  {UCPM) + BEVSY (M — my, Dy — di, By)} (16)

with U(CPM) = U In(CPM) and s.t.

PtDMCtDM = My + dt,
0 < m¢ < naMy, (17)

0<d; <npDx.

Buyers maximise utility from DM consumption, which is assumed to be of the same functional
form as CM consumption. ¥, captures the weight of DM consumption relative to CM consump-
tion. While ¥, is constant in general, it can be subject to an aggregate preference shock which
is analysed in Section 4.4. When choosing DM consumption, households take the depletion of
their money holdings ahead of the next CM into account. Consumption in the DM is paid
for with CBDC m; and deposits d;. Negative CBDC or deposit balances are not allowed. We
assume that only a fraction 0 < ny; < 1 and 0 < np < 1 of total CBDC and deposits holdings
can be spent in the DM. Transactions in the DM are thus constrained by disposable money
balances, ny; M; and np Dy, brought into the DM. The parametrisation of ny; and np reflects the
assumption that a part of households’ spending constitutes relatively inelastic fixed expenses,
such as rent, insurance, utilities or other bills, for which households want to keep precautionary
balances when entering the next CM. Evidence from the ECB’s SPACE payment survey (Eu-
ropean Central Bank, 2020) corroborates that households’ bill payments are sizeable and make

up 75% of total payment values.

Demand for the DM consumption good

We can derive the demand for the DM consumption good CPM from the optimality conditions

for buyers, which implies that the demand for goods in the DM satisfies

m,h m,l
Ugpar = PP [BoZH R, + O = X)) (18)

\Moreover, s and 1p could be calibrated to capture different liquidity benefits or transaction features that
could make CBDC and deposits imperfect substitutes for payments and result in different equilibrium interest
rates associated with them. Section 4.4 analyses a temporary reduction in np that reduces the usefulness of
deposits in DM transactions.
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where )\;n’l and )\;n’h are the Lagrange multipliers associated with the lower and upper constraints
on CBDC holdings, i.e. on 0 < my; < 1 M;.'" Buyers consume the DM good, CPM | until their
marginal utility of consumption in the DM, UCtD]vI, equals the relative price of the DM good
PPM  multiplied by the marginal benefit of holding money, the expression in square brackets.
This term consists of the marginal value of money balances carried over into the next CM,

I5; gtcﬂf R%l, and the liquidity benefit of money in the DM, captured by the Lagrange multipliers

that will be discussed in more detail below.

The buyers’ optimality condition (Equation 19) states that the interest rate spread between
CBDC and deposits is determined by the difference in the shadow values of holding CBDC and
deposits, where )\f’l and )\f " are the Lagrange multipliers associated with the lower and upper

constraints on deposit holdings:

O = A — (A =P

RD _ RM _
( t+1 t+1) BQ&]\{

(19)

The sellers’ optimisation problem (Equation 20) balances the costs of producing the DM

good CPM against the benefits of holding higher money balances in the subsequent CM.
V,PMS () = max {—C(CPM) + BE VS (M + my, Dy + dy, By)} (20)
CtDl\/I

For tractability, the sellers’ production function is a concave function of their effort to produce
the DM good. Unlike production in the CM, DM production does not require capital, yielding
convex production costs for the DM good, which are assumed to take the form C(CPM) =
y(CPM)y.

From the sellers’ optimality conditions we can derive a supply function for the DM good,
which states that the relative price of the DM good equals the marginal cost of production
CCtDM, divided by the discounted marginal value of money balances in the CM.

CCtDM

pPM — b (21)
! 59%1\14}%%1

Combining the buyers’ demand and the sellers’ supply function yields the DM equilibrium

"The expression can be equivalently expressed in terms of deposits.
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condition:

U~pum mh ym,l
oM g N (22)
Copm Borr1 By

Money holdings and DM outcomes

Depending on the availability of money balances, two regimes can emerge in the DM: With
sufficient liquidity, transaction constraints arising from money holdings do not bind (i.e. )\T’l =
/\;n’h = )\f = )\f h— 0) and the optimal output in the DM is determined by the equality of the

marginal utility of consumption and the marginal costs of production of the DM good.
UCtD]\l* == CCtD]\/I* . (23)

In the unconstrained case, DM output does not depend on CBDC and deposit balances. Con-
sequently, an additional unit of money has no transaction value in the DM and interest rates
CM

on CBDC, deposits and bonds are equal: Rﬁl = Rﬂl = REH = %. By contrast, money
41

balances do influence DM market outcomes if liquidity is scarce.

As long as CBDC and money balances are positive and DM consumption is valued by
buyers, we can establish that in the constrained case only the upper bounds on CBDC and
deposits will bind. Moreover, if the upper bound for either CBDC or deposits is binding, then
the other upper constraint will bind as well (see Appendix B.1). The Lagrange multipliers A;n’h
and )\f " enter the marginal value of CBDC and deposits in the DM in Equation 24 and reflect
the liquidity value of a marginal unit of money:

VA = BofN RM + o™ = of ™M

(24)
d,h M
Vt%]t” = BoS N RP, + onp" = of

The value of )\:n’h is determined by the optimality conditions of the buyers (Equation 18)
and the sellers (Equation 21)

m,h __ CM pM
A= Bogi R

U
% 1] , (25)

CCtDIM

whereas the value of /\f’h is determined by Equation 19. The buyers’ constrained demand is
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then determined by their disposable money balances (Equation 16)
PPMCPM — )\ My +npDy. (26)

We can now write down the optimality conditions for money holdings represented by the Euler

equations for CBDC and deposits:

/BQ U DM
1= tH Rt+1 (1 —onm) +onu (27)
CCD]V{
RD Uspm
e [ P 29
of M Y

In the constrained case, an additional unit of money enables higher DM consumption, which
gives rise to a liquidity premium. This implies that interest rate on money lies below the
interest rate on bonds that do not offer liquidity services. The expressions in square brackets
in Equations 27 and 28 reflect the liquidity premia for CBDC and deposits, respectively. We
assume that both forms of money, i.e. CBDC and deposits, are equally useful for transactions
in the DM and therefore perfect substitutes.!® Specifically, the relative marginal utility of being
able to increase DM consumption gjij\j is weighted with the probability of becoming a buyer,

t
o, and the fraction of money that can be spent in the DM, . The closer households are to their

optimal DM consumption, the smaller is the liquidity premium. A small liquidity premium
signals that monetary exchange is very effective. When DM consumption is at its optimal level,
UCtDM = CCtDM, the liquidity premium becomes zero (i.e. the term in the square brackets is
unity). In this situation, money carries the same interest as bonds with RtBH RM = = RP 11
and there is no additional money demand for transaction purposes. In this way, the Euler

equation features a smooth transition from the constrained to the unconstrained region.

2.3 Government and aggregation of DM and CM

We now specify the actions of the government and set out how we aggregate outcomes in the CM

and the DM. The government spends an exogenous amount, G. Furthermore, it issues bonds

By, covers any profits or losses of the central bank (T°?) and taxes households or pays transfers

8In the following, we do not distinguish between a liquidity premium on CBDC and a liquidity premium on
deposits, as they are identical by construction.
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to them, T3, leading to the following government budget constraint:
G+RPB1 =B+ TP+ T, (29)

We now turn to aggregating real output and inflation across the CM and the DM. The household

optimisation problem is defined in real terms, with the CM consumption good CtCM as the

numeraire. The combined real output in both markets is
Y;f — }/tCM + }/tDM

(30)
= tCM‘FIt'i‘Gt‘f‘f(')(IgV‘FItSS)"‘UPtDMCtDM

with YPM = o pPMCPM DM output, >pyy, is calculated by adjusting production in the DM
with the relative price between the CM and the DM good, PtD M “and the probability to consume

in the DM, o. We follow Aruoba and Schorfheide (2011) in defining economy-wide inflation by

a Fisher price index, weighting the size of each market with its steady state share:

P, e *
M= o = (xEM)T 4 (rPM)? (31)

=5 =

where s* is the steady state share of the DM market, 7rtc M — PtCM / PF% and
7TtDM = 7rtCM (PtD M / P£ 1{4 ) since PtD M is expressed in relative CM prices. The aggregate (CM

and DM) price level therefore evolves according to

2.4 Central bank

The central bank has two policy instruments. It sets the interest rate on government bonds
and affects the interest rate on money by issuing CBDC. In this way, the central bank can use
two instruments, which work through different channels, to affect the economy. By setting the
interest rate on government bonds, it determines the attractiveness of assets as a store of value,
whereas by setting the interest rate on CBDC, it influences the means-of-exchange function of

money in the DM.

The central bank sets the nominal interest rates on government bonds, iﬁl, according to a
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standard Taylor rule

it = [iB* (%)M (Ytgap)ﬂy} o [iig]pexp(ei) (32)

Bx

where ¢°* is the steady state interest rate and p is a smoothing parameter. The rule considers

aggregate inflation and the aggregate output gap, which is defined as

Y;gap _ (YI;CM,gap)l—s* (Y;DM,gap)g*

Note that M; and D, denote real CBDC and real deposit holdings. All gross rates of return,
Ri\j[rl, RBA and Rfil, are also defined in real terms. Real and nominal interest rates are linked
by the Fisher equation if,;, = R} Eymy1 for a = {M,D,B}. CBDC is issued following an
interest rate rule of the form

ity =Py — km (My — ) (33)

According to this rule, the central bank issues CBDC to target the liquidity premium, which we
define as the spread between the interest rates on bonds and money itBJrl — i%l.w A liquidity
premium on money results in a positive spread for ifH — i%l since, compared to bonds, money
has a value as a means of payments in the DM, implying that the interest rate on money lies
below the interest rate on bonds that function only as a store of value. When liquidity is
abundant, the central bank issues a fixed base amount of CBDC M;® = . In this case, i}/ = iP
and there is no liquidity premium. The more CBDC demand exceeds the base issuance (M; —m),
however, the higher the liquidity premium becomes because money becomes more valuable as
a means of transactions, which translates into a low i}{;. The central bank then issues more
CBDC, but at an increasingly unattractive interest rate in order to reduce the spread relative

to its steady state value. This can be seen by rewriting Equation 33 as a money supply rule:

iB, — i
M, = AL g (34)
Km

As CBDC and deposits are perfect substitutes, the central bank determines both, ip and
ip, by setting the interest rate on CBDC. The CBDC rule implies that, when faced with a high

deposit rate and a compressed liquidity premium, the central bank decreases CBDC issuance.

19Gection 4.5 and Appendix A discuss different parametrisations of this rule.
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A high deposit rate indicates stressed bank funding conditions and low deposit holdings. In
such a situation, a decrease in CBDC supply increases the transaction value of money and leads
to a higher liquidity premium by lowering i;,. This causes a corresponding decrease in ip and
thereby eases banks’ funding costs. In addition, a decrease in CBDC supply crowds in deposits as
households substitute CBDC for deposits. The CBDC rule thus stabilises the economy through

a stabilisation of bank funding conditions in the face of financial stability shocks.

The model setup abstracts from cash, reserves and other central bank liabilities. Therefore,
CBDC issuance lengthens the central bank’s balance sheet. We assume that, in order to issue

CBDC, the central bank purchases an equivalent amount of capital securities Stc B 20
M, = Q,;S°F (35)

Profits or losses of the central bank are distributed via lump-sum transfers TCP to the govern-

ment. The budget balance of the central bank is accordingly:

RM M,y + QSEP + TPP = My + RPQiSZR (36)

3 Calibration and shocks

Table 1 documents the parameter values for the numerical simulation. We calibrate the model
such that one period represents a quarter. For the CM, we take most values from (Gertler
and Karadi, 2011, henceforth GK11) and adapt some parameters to euro area data. To keep
the model tractable, a unitary labour elasticity is required. Although this affects the results
quantitatively, we checked that the impulse responses remain qualitatively unchanged. To ap-
proximate the increasing marginal cost of labour in GK11, we follow Aruoba and Schorfheide
(2011) and set the utility weight of labour to their estimated value of 24.3 (instead of 3.409
in GK11). In addition, we set government spending G to 48% of steady state output, which
is the average share of total government expenditure to GDP for euro area countries between
2004-2021. To better fit investment adjustment costs ¢ to euro area values, we set t = 4.5 as in

Maih et al. (2021). Moreover, we align the probability of keeping prices fixed with the value of

208uch asset side policy for instance has been modelled by Schilling et al. (2020) and more implicitly by Assen-
macher et al. (2021) Alternatively, the central bank could offset CBDC issuance by granting credit to banks
(Brunnermeier and Niepelt, 2019; Gross and Schiller, 2021), by purchasing government securities (Barrdear and
Kumbhof, 2022; Kim and Kwon, 2023)) or by a combination of these options.
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0.84 in the ECB’s New Area Wide Model, from which we also take the Taylor rule output and

inflation coefficients of 2.74 and 0.03, respectively (Coenen et al., 2018).

For the calibration of the DM, we follow Aruoba and Schorfheide (2011) in setting the
share of households engaging as sellers or buyers in the DM ¢ = 0.295. The other parameters
for the DM are informed by euro area payment data. We set the payment fraction of deposits
and CBDC to np = na = 25.14%, which according to the euro area SPACE survey (European
Central Bank, 2020) is the share of payments not accounted for by bill payments. Equality of
na and np implies that we assume they feature similar transaction convenience on aggregate.?!
The relative utility weight of DM consumption is set to W = 4.35 to target a liquidity premium of
1.4% p.a. in the model version with CBDC, which corresponds to the average difference between
the interest rate on the ECB’s main refinancing operations (MRO) and the rate on euro area
overnight deposits between 2000-2016.22 Overall, this results in a share of DM consumption to
total consumption of 55% which equals the share of point-of-sale and peer-to-peer transactions

to all transactions (i.e. including bill payments) in the euro area (European Central Bank, 2020).

We calibrate parameters of the CBDC interest rate rule to result in a steady state share
of CBDC to total money (CBDC and deposits) of 15.8%, which is the 2000-2016 average euro
area share of currency in circulation to M1. For this, we set the CBDC interest rate reaction
to the liquidity premium to &, = 0.02444.%% By calibrating CBDC issuance in steady state
to the share of currency in circulation we assume that in the steady state CBDC performs an
equivalent role as cash does in today’s economy.?* We set the CBDC issuance in the absence of
a liquidity premium (i.e. for the unconstrained DM) as small as possible with m = 0.0002, which
implies that payment needs are fully satisfied by the amount of deposits that banks provide and
additional liquidity is not needed. In our model, CBDC will crowd out bank deposits because
both means of payment are perfect substitutes. At the same time, the central bank can determine

the extent to which bank deposits are shifted into CBDC in the steady state by choosing its

21This assumption deviates from papers assuming an advantage in transaction convenience for CBDC such as in
Ahnert et al. (2022) or Burlon et al. (2022) and is conservative with respect to the potential demand for CBDC.
It does not exclude that, on an individual basis, deposits or CBDC are preferred for payments but we assume
that such preferences cancel out in the aggregate. If nas and np were different, CBDC and deposits would bear
different interest rates in equilibrium.

22From March 2016 to June 2022 the MRO rate equalled zero, which lead to a compressed spread to the overnight
deposit rate. For this reason we use data up to March 2016 only.

23In appendix A.1 we investigate values for km, = 0.02444 that are higher and lower by a factor of 2.

24This would include some hoarding demand for CBDC (e.g. see Zamora-Pérez et al., 2021 or Jiang and Shao,
2020 documenting cash holdings beyond transactional use), which policy makers are eager to discourage (e.g.
see Group of Central Banks, 2021).
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reaction parameter ks in the CBDC rule. This choice, however, will have implications for the

stabilisation properties of CBDC as a monetary policy tool.??

We analyse seven different types of shocks that we group into four categories: monetary
policy shocks, business cycle shocks, financial shocks and shocks to the liquidity premium. First,
we investigate two monetary policy shocks, namely a contractionary conventional monetary
policy shock to the Taylor rule that increases iﬁl by 50 basis points and a shock to the CBDC
interest rate rule that raises iﬁl by 50 basis points on impact. To investigate business cycle
dynamics, we study a 1% shock to total factor productivity (TFP) A;. For the financial shocks,
which correspond to the shocks analysed in GK11, we examine a deterioration in the quality of
capital & of 5% and a 1% shock to banks’ net worth N;. We further look at shocks to the liquidity
premium, which we model as a disturbance to the usefulness of deposits for payments (i.e. a 5%
payment technology shock to np) and a 5% increase in the preference for DM consumption W.

All shocks follow an AR(1) process, e;+ = p;ei+—1 — €;+ with shock type i = {iM B A6, U, np}.

Parameter Value Description

Households

B 0.990 Discount factor

X 24.3 Relative utility weight of labour

v 4.35 Relative utility weight of DM consumption

o 0.295 Probability of being a buyer or seller in the DM
v 0.68 Effort elasticity of DM good production

nD 0.2514 Share of deposits available for DM transactions
nm 0.2514 Share of CBDC available for DM transactions
Banks

0 0.972 Survival probability of bankers

A 0.381 Fraction of capital that can be diverted

w 0.002 New banks’ endowment fraction

Firms

«@ 0.33 Elasticity of capital demand

L 4.5 Scaling parameter investment adjustment costs
¢ 7.2 Elasticity of marginal depreciation w.r.t. utilisation rate
€ 4.167 Elasticity of substitution between goods

Continued on next page

% Note that to date major central banks do not see monetary policy as the primary reason for issuing a CBDC,
see Group of Central Banks (2020).
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0% 0.82 Probability of keeping prices fixed

Yp 0.241 Price indexation of inflation

Policy parameters

K 2.74 Taylor rule inflation coefficient
Ky 0.03 Taylor rule output coefficient
KM 0.02444 CBCB rule coefficient

m 0.0002 CBDC base issuance

Shock parameters

PiM 0.2 Persistence of CBDC rule shock

pPiB 0.2 Persistence of monetary policy shock

Pa 0.95 Persistence of TFP shock

pe 0.66 Persistence of capital quality shock

pu 0.96 Persistence of DM preference shock

Pnp 0.9 Persistence of payment technology shock

Table 1: Calibration of parameter values

4 Responses to macroeconomic shocks

In this section, we analyse how the presence of a CBDC changes the dynamic responses to the
different shocks compared to a model setup with deposits as the only means of exchange. By
comparing responses of macroeconomic variables to these shocks with and without a CBDC, we
can analyse the transmission channels and the role of a CBDC as an additional monetary policy

tool in the New Monetarist New Keynesian model.

We find that the central bank can affect the transmission of shocks by varying the interest
rate on money relative to government bonds since CBDC and deposits are valued as a means of
exchange in the DM and therefore carry a liquidity premium. In our model, CBDC and deposits
are perfect substitutes, as both are equally useful for transactions in the DM. Consequently, their
interest rates are always identical and only their relative quantities adjust to shocks hitting the
economy. In the steady state, coexistence of CBDC and deposits is ensured by our calibration

of kps, which results in steady state shares of 15.8% for CBDC and 84.2% for deposits.

The liquidity premium affects the economy through two main channels. The supply of

CBDC directly affects consumption on the DM by making money more or less scarce. It also
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affects bank funding conditions and thereby influences the profitability of investments. As in
George et al. (2020), we find that the existence of CBDC allows the central bank to target
fluctuations in the liquidity premium and thereby opens up a second channel through which

monetary policy can influence output and inflation.

4.1 Monetary policy shocks

Figure 2 shows the responses to a CBDC rule shock that increases i by 50 basis points (bottom
middle panel). Because CBDC and deposits are perfect substitutes, iP rises by the same amount
and the liquidity premium on money decreases. The shock crowds out some bank deposits. By
increasing i via the CBDC rule, the central bank increases its issuance of CBDC, which it

offsets by purchasing capial securities QS5

. This has a positive effect on gross investment as
the increase in CBDC exceeds the fall in deposits. Although the higher CBDC supply crowds
out some deposits, it stimulates consumption, mostly in the DM, as the increased availability
of money enables more transactions. This leads to a sharp rise in inflation, to which the central
bank reacts via the Taylor rule by increasing the government bond rate, which dampens invest-
ment. As the shock to the CBDC rule recedes, CBDC supply falls back to its steady state level,

deposits increase, and interest rates and the liquidity premium return to steady state values as

well.

This exercise shows that through the provision of CBDC, the central bank can affect output
and inflation by setting the liquidity premium on money. By modelling the transactions value
of money explicitly, our model thus allows us to study additional transmission effects that run

through both, the liquidity premium and the funding effects of CBDC.

ECB Working Paper Series No 2811 26



Liquidity premium on money Output Consumption

7 0.8
E o0 0.3 :
z 2 02
T o1 g
2 & 0.1
202 4
X X 0
£-03 0.1
0 5 10 15 20 25 0 5 10 15 20 25 0 5 10 15 20 25
Deposits CBDC Gross investment
0
@ o 30 n 05 \
w w wn
£ -2 g 20 g 0
fi=i =) i=]
< <10 <
x 4 X XX 0.5
0
¥ E
0 5 10 15 20 25 0 5 10 15 20 25 0 5 10 15 20 25
2 Bond rate % Rate on money Inflation
g g %
é 0.2 é 04 g 0.15
o
g f & 0.1
Z o1 Eo2 <
2 2 5 0.05
NS xR g
=}
S: 0 \/ E 0 < 0
< 0 5 10 15 20 25 < 0 5 10 15 20 25 0 5 10 15 20 25

‘—CBDC == No CBDC CM (CBDC) DM (CBDC) CM (No CBDC) DM (No CBDC)

Figure 2: Responses to a 50 bps CBDC rule shock with CBDC

Next, we turn to the responses of a contractionary monetary policy shock to the Taylor rule
that increases % by 50 bps. Figure 3 shows the responses for the case with a CBDC as well as
without a CBDC, i.e. when deposits are the only means of payments in the economy. An increase
in the government bond rate also raises i and " through the households’ optimality conditions
(Equations 27 and 28). A higher bond rate can be interpreted as a shock to the store-of-value
function of money, which leads to a decrease in consumption and investment. Output falls,
implying a lower supply of consumption goods in the DM, which lowers the liquidity premium
on money as less means of payments are required for transactions on the DM. In the presence
of a CBDC, the central bank reacts to the fall in the liquidity premium by reducing the supply

of CBDC, which crowds in deposits and mitigates the increase in i™, i” and ¥ as well as the
fall in the liquidity premium.

Overall, the effects of a monetary policy shock on inflation are almost identical with and
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without a CBDC.26 For consumption and investment, the presence of a CBDC tends to reduce
the amplitude of the fluctuations somewhat without changing qualitatively the pattern of the
response. The reason for this is that via its CBDC rule the central bank lowers the CBDC
supply, mitigates the fall in the liquidity premium and eases bank funding strains by crowding
in deposits. We conclude that monetary policy remains equally effective in the presence of a

CBDC while it reduces fluctuations in interest rates and real variables, rendering monetary

policy transmission smoother than without a CBDC.
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Figure 3: Responses to a contractionary 50 bps monetary policy shock with and without CBDC

4.2 Business cycle shocks

Turning to business cycle shocks, we investigate a shock to total factor productivity that we

interpret as a negative supply shock.?” Figure 4 shows the responses with and without CBDC.

26Inflation decreases on impact due to flexible price adjustment in the DM, while the inflation response in the
CM is more persistent due to sticky prices. In the DM the monetary policy shock leads to a decrease in the
price level and subsequent adjustments back to steady steady state which, due to missing price stickiness, create
unconventional inflation dynamics. Such a response can also be observed in Aruoba and Schorfheide (2011).

2"We also looked at responses to a demand shock, modelled as a 50 basis points increase in the discount factor.
Responses follow the expected patterns, with an increase in consumption, output, inflation and interest rates.
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The decline in TFP reduces output, investment and consumption in the CM. The productivity
shock spills over into the DM, leading to a decline in DM consumption, a lower demand for
money and a decrease in the liquidity premium. According to its CBDC rule, the central bank
reacts to the fall in the liquidity premium by reducing CBDC supply, which leads to an increase
in deposits, being a perfect substitute for CBDC, and a rise in i and ", which mitigates
the drop in the liquidity premium. As the liquidity premium declines less in the presence of a
CBDC, DM consumption falls more than without a CBDC since the reduction in CBDC supply
is not fully offset by the increase in deposits. Overall, the reaction of inflation to a TFP shock is
dampened by the presence of a CBDC. Prices in the DM fall more strongly because DM demand
is dampened by the impact of the CBDC rule whereas inflation in the CM is basically the same
with and without CBDC, leading to smaller aggregate fluctuations in inflation in the presence
of a CBDC. Owing to the increase in deposits with a CBDC, bank funding conditions improve
and investment recovers faster than without a CBDC, leading to a faster recovery in output. We
thus find that the presence of a CBDC allows the central bank to stabilise the economy in the
face of a supply shock more effectively as it can influence economic outcomes through a second

channel that operates through the liquidity premium.

The central bank reacts to an increase in the liquidity premium and expands CBDC supply, which leads to a
drop in deposits. Except for CBDC and deposits, reactions in the model with and without CBDC are virtually
identical, so that we refrain from showing the impulse responses.
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Figure 4: Responses to a 1% TFP shock in the NMNK model with and without CBDC

4.3 Financial shocks

Next, we analyse how, in the presence of a CBDC, the economy reacts to financial shocks,
namely a capital quality shock and a shock to banks’ net worth. Overall, we find that the
output response tends to be dampened with a CBDC for a capital quality and a bank net worth
shock, while the inflation response is similar for the capital quality shock and somewhat less

volatile for the bank net worth shock.

Figure 5 shows the response to a decline in capital quality with and without a CBDC. The
capital quality shock lowers the price of capital securities that banks hold on the asset side of
their balance sheet and curtails their lending. As the shock lowers the effective capital stock,
production is reduced and investment, consumption, and output all decline. The shock tightens
banks’ leverage constraints, triggering a reduction in deposits to deleverage. At the same time,
the large decline in consumption reduces the demand for money more than the decline in deposits,

so that without a CBDC the liquidity premium falls. In the case with a CBDC, the central bank
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stabilises the decline in the liquidity premium by issuing CBDC according to the CBDC rule.
This dampens the impact of the shock on output, consumption and investment but leads to
a larger decline in deposits as households replace deposits with CBDC. Yet, by issuing CBDC
against the purchase of capital securities, the central bank lowers the cost of investment and
dampens the investment response. This translates into a less pronounced and smoother decline
in output and a smaller decline in consumption. The inflation response with and without CBDC

is very similar.
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Figure 5: Responses to a negative 5% capital quality shock with and without CBDC

Figure 6 shows the responses to a 1% decline in banks’ net worth, which is redistributed to
households as in GK11. Similar to the the capital quality shock, the presence of a CBDC helps

to contain fluctuations in output and inflation following a negative shock to banks net worth.

In a frictionless model, this redistribution should not have any effects on the economy as
total wealth remains constant and is only shifted from household members that are bankers

to those that are workers. Owing to the frictions in the CM (in GK11 and our model) this
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shock reduces the liability side of banks’ balance sheets, which forces banks to curtail lending,
leading to a contraction in investment. At the same time, banks have increased funding needs,
which leads to an increase in deposits and the interest rate on money. As production declines
only gradually, consumption on impact increases, in particular in the DM as more money is
available, as is also evident from the fall in the liquidity premium. Over time, output declines
on account of the lower capital stock resulting from the decline in investment and consumption.
Interest rates and deposits decline as well. In the presence of a CBDC, the central bank reacts
to the decrease in the liquidity premium by lowering CBDC supply. Part of the lower supply
is replaced by deposits, which benefits bank funding conditions and dampens the investment
response. Owing to the smaller expansion of money supply, consumption in the DM increases
less than in the case without a CBDC. Overall, the presence of a CBDC leads to a less persistent

and less pronounced output decline and less volatility in inflation.
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Figure 6: Responses to a negative 1% bank net worth shock with and without CBDC
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4.4 Liquidity premium shocks

This section focuses on shocks that can only be studied in a model with an explicit modelling
of the means-of-exchange function of money, namely a payment efficiency and a DM preference
shock. While both shocks lead to a rise in the liquidity premium, their impact on consumption
differs and therefore also their overall impact on output and inflation. With a CBDC, their
responses are less pronounced for a payment efficiency shock but more pronounced in response

to a DM preference shock.

Figure 7 presents the responses to a drop in the payments efficiency of deposits by 5%,
modelled as a shock to the fraction of deposit holdings that can be spent in the DM, np. When
there is no CBDC available, consumption in the DM declines as households can transact less with
the deposits they own. At the same time, deposits have a higher value as a means of exchange,
leading to a rise in the liquidity premium. While the amount of deposits remains broadly
unchanged, bank funding conditions improve as the rate on deposits falls, which stimulates
investment. Output falls on impact because the decrease in consumption exceeds the surge in
investment but increases over time as consumption starts to recover. With a CBDC, the shock
to the payment efficiency of deposits triggers an increase in CBDC supply as the central bank
reacts to the rise in the liquidity premium. As a response, households shift into CBDC and
deposits decline. CBDC issuance stabilises the liquidity premium and dampens the effect on
DM consumption. Investment increases less and is affected through several channels: a higher
demand for capital securities S¢Z via the central bank’s CBDC issuance, a lower demand for
SB as bank funding conditions worsen, and lower interest rates as conventional monetary policy

reacts to the decrease in inflation that results from lower DM consumption.
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Figure 7: Responses to a 5% reduction in the payment efficiency of deposits with and without
CBDC

Figure 8 shows the responses to a 5% increase in the preference for consuming the DM
good. Aruoba et al. (2011) interpret this shock as a money demand shock, which increases the
transaction demand for money. As banks’ deposits issuance is limited by the leverage constraint,
the liquidity premium increases. When there is no CBDC, the increase in the liquidity premium
reduces the cost of bank funding, which leads to a rise in investment. Consumption in the DM
increases whereas it falls in the CM. Driven by the rise in investment, output increases, which
is reflected in a further rise in consumption in both, the CM and the DM. Inflation rises as well,
which triggers a monetary policy reaction in ¥ that eventually brings output and inflation back
to their steady state values. In the presence of a CBDC, the central bank satisfies a part of
the increased demand for money. Deposits fall as the supply of CBDC increases and households
replace part of their deposits with CBDC. Consumption in the DM increases even more with
the expansion of the money supply. As the central bank reduces the increase in the liquidity

premium by supplying CBDC, bank funding conditions improve less in response to the money

ECB Working Paper Series No 2811 34



demand shock than without a CBDC. The response of investment in the first few quarters after
the shock is fairly similar as the reduction in deposits and the smaller decrease in bank funding
costs are offset by higher asset purchases of the central bank accommodating the higher CBDC
demand. Overall, with CBDC the increase in output is more pronounced but less persistent

which is also reflected in a more pronounced and less persistent inflation response.
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Figure 8: Responses to a 5% preference shock for DM consumption with and without CBDC

4.5 Insights from alternative model specifications

The explicit modelling of CBDC issuance and the integration of New Monetarist features into
a New Keynesian model allows for analysing additional research questions. While not all of
these can be pursued within the scope of the paper, this section summarises main insights from

alternative modelling choices, which are presented in more detail in Appendix A.

Variation of the CBDC rule reaction parameter: In our baseline calibration, CBDC

issuance reacts moderately to changes in the liquidity premium with the reaction parameter
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calibrated to match the steady-state share of currency in circulation.?® A higher reaction pa-
rameter in the CBDC rule better stabilises the liquidity premium but implies an increasing
steady-state share of CBDC in the economy. Appendix A.1 shows impulse responses for a high
and a low reaction parameter in the CBDC rule. As expected, with a high reaction parameter,
the liquidity premium is stabilised more, which increases the stabilisation potential of CBDC
but comes at the cost of larger fluctuations in deposits and a larger balance sheet of the central
bank. By choosing a low reaction parameter, the central bank thus implicitly puts more weight
on financial stability and bank funding costs and limits its footprint in the capital securities
market. At the same time, it foregoes some of the stabilisation opportunities that the CBDC
rule allows for. The lower the CBDC rule parameter, the more the reaction to macroeconomic

shocks resembles the case without a CBDC.

Comparison to a money in the utility function specification: Modelling the use of
money as a means of payment explicitly comes at the price of additional complexity compared to
an additively separable money in the utility function (MIU) specification that simply presumes a
convenience yield of money. In Appendix A.2, we examine the insights provided by the explicit
formulation of the means-of-exchange function. Overall, this exercise demonstrates that the
additively separable MIU specification misses important dynamics. In the MIU model, the
exogenous specification of liquidity convenience in the utility function also leads to a liquidity
premium. However, in this way the liquidity function of money is less entwined with the core
model mechanisms. Using a calibration that ensures a comparable steady state baseline in both
model variants, the liquidity premium fluctuates substantially less in response to shocks than in
the New Keynesian New Monetarist model. Importantly, the liquidity premium shows a much
lower variance than what data suggest, which exhibit a standard deviation of 1.06 percentage
points over the period from 2000-2016.2° The low variation in the liquidity premium leads to
smaller fluctuations in CBDC issuance and — except for the shock to the payment efficiency of

deposits — to less stabilisation of output and inflation.

However, further investigation is needed to compare the empirical validity of both specifica-
tions. For instance, Aruoba and Schorfheide (2011) find that monetary frictions are empirically

relevant and of similar magnitude as New Keynesian frictions. Nonetheless, using US post-

28 A consensus on the form and calibration of a monetary policy rule for CBDC issuance has not yet emerged and
different rules are used in the literature, see e.g. Barrdear and Kumhof (2022) or Fraschini et al. (2021). Burlon
et al. (2022) compare different, more passive, CBDC rules.

29Gee Section 3 for how we calibrate the steady state liquidity premium.
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war data, the goodness-of-fit of the estimated MIU specification with separable utility performs

somewhat better than the search-based specification.

Neutralising effects from the expansion of the central bank balance sheet: Since
we abstract from other central bank liabilities than CBDC, CBDC issuance will always lengthen
the central bank balance sheet as CBDC issuance cannot be funded by changing the composition
of central bank liabilities. As CBDC holdings cannot substitute for cash or excess reserves on
the liability side of the central bank balance sheet it automatically leads to an lengthening of
the balance sheet. Therefore, the type of asset acquired by the central bank as a counterposition
for CBDC issuance will matter for how CBDC issuance affects the economy. In our framework,
the central bank balances CBDC issuance by purchasing capital securities, thereby directly
stimulating asset prices and investment. Alternatively, the central bank could increase lending
operations to banks or purchase government bonds, which would affect the economy through
bank lending or the government spending and taxation. In Appendix A.3, we assume that the
central bank purchases a government liability that cannot be held by any other agent in the
economy and the government distributes the proceeds in a lump-sum manner to households in
order to make CBDC issuance as neutral as possible with regard to the affects arising from the
asset side of the central bank balance sheet expansion. Overall, with a neutral asset side the
responses to business cycle shocks remain similar and mostly lie in between the results from the
baseline model with and without a CBDC. This exercise demonstrate that partial equilibrium
analysis focusing solely on the liability side of the central bank balance sheet neglects important

implications on the economy that derive from the counterposition to CBDC issuance.

5 Conclusions

In this paper, we integrate a decentralised market in the spirit of Lagos and Wright (2005) into
a Gertler and Karadi (2011) New Keynesian DGSE model with financial frictions, following the
approach by Aruoba and Schorfheide (2011). In the decentralised market, money in the form of
either bank deposits or CBDC is required to purchase consumption goods. In the standard New
Keynesian centralised market, banks’ credit provision — together with the supply of deposits —
is restricted by a leverage constraint. By simultaneously modeling the means-of-exchange and
the store-of-value function of money, we are able to analyse the transmission of monetary policy,
business cycle and financial shocks as well as shocks to the means-of-exchange function of money

in the presence of an interest bearing CBDC.
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By providing CBDC, the central bank affects the availability of money, thereby influencing
the liquidity premium and the efficacy of exchange. On the one hand, the central bank sets the
interest rate on bonds according to a standard Taylor rule, which determines the opportunity
cost of money and thereby affects the demand for both, deposits and CBDC. This rule defines
the margin between money and bonds holdings and thus can be interpreted as influencing the
store-of-value function of money. On the other hand, the existence of CBDC gives rise to a
second policy rule that allows the central bank to influence the liquidity premium and thereby
affects the efficacy of exchange, i.e. the means-of-payment function of money. The interaction
of the liquidity premium with money holdings and bank funding condition links the centralised

with the decentralised market and gives rise to rich dynamics.

Overall, we find that a CBDC does not significantly alter the responses of the economy to
the usual shocks but tends to smooth transmission. In particular, monetary policy shocks to
a conventional Taylor rule generate similar responses of output and inflation with and without
the presence of a CBDC, suggesting that monetary policy transmission is not impaired. In our
model, the existence of a CBDC opens up a second channel for the central bank to influence the
economy by stabilising the liquidity premium, which helps smooth and dampen consumption
and investment responses. This allows the central bank to separately affect the store-of-value
and the means-of-exchange function of money. Regarding shocks to the liquidity premium, a
CBDC stabilises the responses of output and inflation if such shocks affect money supply but
amplifies them if money demand is impacted. The dynamic impact of a CBDC on the economy
depends on the degree to which the central bank adjusts CBDC supply to changes in the liquidity
premium. The less the central bank counteracts changes in the liquidity premium, the more the
dynamic reactions to macroeconomic shocks resemble the case without a CBDC. Moreover, we
show that the impact of CBDC issuance on the economy originates from both, the liability and

the asset side of the central bank balance sheet.

Analysing transmission in the presence of a CBDC in a New Monetarist New Keynesian
model allows for an explicit modelling of the different functions of money, which opens up new
transmission channels of monetary policy through the banking sector. It would be interesting
to study these transmission channels in more detail, which would require a more elaborate
modelling of the financial sector, including for instance, modelling interbank lending, central

bank credit provision and collateral policies. We leave this for future research.
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Appendices

A Comparison of alternative model specifications
A.1 Varying the reaction parameter in the CBDC rule

The following section investigates the responses to macroeconomic shocks for different parametri-
sations of k,, in the CBDC rule, i%l = iﬁl — K (My —m). A high value for &, implies a high
stabilisation of the liquidity premium, and vice versa. For the high stabilisation case, we double
the value of the reaction parameter relative to the baseline calibration to x,, = 0.4888, while for
low stabilisation, the parameter is reduced by half to x,, = 0.01222. The steady state share of
CBDC also depends on k,, because the model calibration generates a positive liquidity premium
in the steady state. A higher (lower) k,, will result in a higher (lower) share of CBDC in steady
state and therefore change the baseline relative to which dynamics are analysed. Generally,
the less the liquidity premium is stabilised, the more the responses resemble the case without
CBDC. The higher the stabilisation, the larger the central bank’s footprint in the economy,
which leads to higher variations in CBDC quantity and the central bank balance sheet as well

as larger fluctuations of deposits and the balance sheet of banks.
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Figure 9: Responses to a 50 bps CBDC rule shock with CBDC for high and low CBDC rule
parameter Ky,
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Figure 10: Responses to a contractionary 50 bps conventional monetary policy shock with CBDC
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Figure 12: Responses to a 5% capital quality shock with CBDC for high and low CBDC rule

parameter Ky,
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Figure 14: Responses to a 5% reduction in payment efficacy of deposits with CBDC for high
and low CBDC rule parameter x,,
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Figure 15: Responses to a 5% preference shock for DM consumption with CBDC for high and

low CBDC rule parameter K,

A.2 Comparison to a money in the utility function approach

This section highlights the additional insights obtained from an explicit formulation of the

medium of exchange function by comparing the results against a money in the utility function
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approach as pioneered by Sidrauski (1967). In New Keynesian models, the medium of exchange
function is — if at all — mainly embedded via money in the utility (MIU) function setup, cash-
in-advance constraints or shopping time models. In contrast, we follow the New Monetarist
paradigm (e.g. see Williamson and Wright, 2010) and spell out the medium of exchange function
explicitly because it is central to central banks’ motivation to issue retail CBDC as a means of
payment. This comes at the cost of some complexity. We assess the advantage of this approach
by contrasting it against a MIU specification, which gives rise to similar household optimality
conditions. For this, we shut down the decentralized market and replace it by an additively
separable MIU specification, similar to Gross and Schiller (2021), but keep the framework and

calibration otherwise the same.

The household problem with a MIU specification and without the decentralised market
becomes

VM~ max <&NC§M)—XLr+/WWMﬂ@+nDDﬂL%} (37)
CEM Ly,My,Dy,By 1=

s.t. CtCM + My + Dy + By = wily + Ty + RéWMtq + RtDDt—l + R,{Bth 4+ Q; where ¢ and
x¢ denote the elasticity and relative utility weight of real money balances respectively. The
resulting optimality conditions for CBDC and deposits are similar to the optimality conditions
derived in equations 27 and 28 for the case in which real money balances are constrained. This

can be seen when the constrained CBDC optimality conditions are displayed side by side3°

1— BQt_H RM UCtDM . . . .-
oo Fen (1 —onn) +onm o (Constrained optimality condition NMNK)
Ct
ﬁ@m—l 591&4—1 Uy
=(1- RM, + RM v —rire
(1 —onum) of t+1 oF t+171M (CDM)1/v
Bot \I/
= (1 —onu) o L RM, + B (i My + npDy) !

compared to

59t+1 77MX€ (

1= RM, + 55~
t+1 o¢

nyuM; +npDy)~¢  (Optimality condition MIU)

Although the household optimality conditions look very similar, additional dynamics arise

30The calculations in the constrained case use property of CPM = (PPM)~'(yuM, + npD;) =
B CIWRM . v
epihaa (e My+npDy) de. (COM)YY = Bor Ria (nar Mo +np D)
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through the monetary search and matching environment and the resulting additional equilibrium
conditions on DM consumption and prices. These are tightly linked to the available liquidity
and thus also to the household optimality conditions. To quantitatively compare the differences
in both frameworks, ¢ is calibrated to be as close as possible to 1 and set to 0.999, while y, is
set to 0.058 such that it creates the same liquidity premium and CBDC share in steady state as
in the NMNK model.

Overall, this exercise shows that the additively-separable MIU specification misses impor-
tant dynamics. In the MIU specification, the liquidity premium arises from exogenous specifica-
tion of the liquidity convenience yield parameters in the utility function without more complex
linkages. While the calibration ensures a comparable steady state baseline, the fluctuations in
the liquidity premium in response to shocks are substantially lower. Less variation in the liquid-
ity premium leads to very low fluctuations across CBDC and deposits, which is again consistent

across shocks. The main insights are as follows:

Monetary policy shock: The response to a CBDC rule shock transmits substantially differ-
ently in the MIU specification. The change in the CBDC interest rate is almost fully transmitted
to inflation and there is almost no response to the liquidity premium. It creates large fluctua-
tions in money, consumption, investment and output and the increase in the CBDC share in the
economy is almost twice as much. The large increase in investment can be attributed to the large
increase in CBDC that is accommodated via capital security purchases. In response to a con-
ventional monetary policy shock under the MIU specification, consumption fluctuates stronger,
while investment fluctuates less. Overall, this leads to a similar output response on impact but
which is subsequently somewhat more pronounced. The inflation response is substantially lower

because of the strong DM inflation response in the NMNK model.

Business cycle shocks: In response to a capital quality shock, the liquidity premium and
CBDC react very little. The fluctuations in consumption are greater, while the fluctuations in
investment are less than in the NMINK model. Overall, it leads to similar output dynamics as in
the NMNK, while deposit response and inflation dynamics are more similar to the case without

CBDC.

Financial shocks: For financial shocks there are barely fluctuations in the liquidity premium
and therefore little fluctuations in the level of CBDC. Deposits behave similarly to the NMNK

model without CBDC. While output dynamics are more pronounced in the MIU specification,
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inflation dynamics are less pronounced which can be attributed to the missing DM which am-

plifies inflation dynamics. Impact on deposits and investment varies over the shock.

Liquidity premium shock: In the MIU specification the DM is absent and therefore we
cannot simulate a shock to DM consumption preference, however we can simulate a shock to
the usefulness of deposits providing liquidity. Yet, with the same shock calibration, barely any

dynamics arise in the MIU specification.

Monetary policy shocks
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Figure 16: Responses to a 50 bps CBDC rule shock in NMNK with and without CBDC compared
to a MIU specification with CBDC
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Figure 17: Responses to a contractionary 50 bps conventional monentary policy shock in NMNK
with and without CBDC compared to a MIU specification with CBDC
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Figure 18: Responses to a 1% TFP shock in NMNK with and without CBDC compared to a
MIU specification with CBDC
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Financial shocks
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Figure 19: Responses to a 5% capital quality shock in NMNK with and without CBDC compared
to a MIU specification with CBDC
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Figure 20: Responses to a negative 1% bank net worth shock in NMNK with and without CBDC
compared to a MIU specification with CBDC
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Figure 21: Responses to a 5% reduction in payment abitliy of deposits in NMNK with and
without CBDC compared to a MIU specification with CBDC

A.3 Comparison to framework with neutral asset purchases

This stylized exercise aims to gain insight on the effects of the different channels by isolating the
liability channel from the asset side channel through muting the CBDC asset side response. To
construct a “neutral” asset side response we assume that the central bank offsets CBDC issuance
on the asset side by purchasing a government asset which cannot be held by any other agent
in the economy. The government, as frictionless and passive entity in the economy, will pass
any changes to the households via lump-sum taxation. In our model framework this channel
is particularly muted as households have a linear disutility of labour in order to achieve equal
asset holdings across agents after the DM. Although far from reality, such modelling enables
us to mute the asset side implications of CBDC issuance. The calibration is set in a way to
achieve the same steady state liquidity premium as in the baseline framework with CBDC. Due
to the changes in the model framework, this produces a different steady state CBDC share in

the economy.

Monetary policy shock: Overall, the response to monetary policy shocks under the neu-
tral asset side scenario is in between the reactions with and without a CBDC in the baseline

framework. While the increase in consumption to a CBDC rule shock is more pronounced, the
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response of investment is less pronounced an initially negative in the neutral asset side scenario.

Business Cycle Shocks: The response to a TFP shock is similar under a neutral asset side
(NAS) and mostly in between the results of the baseline framework with and without a CBDC.
As the central bank is not purchasing capital securities under a neutral asset side scenario, the
reaction of deposits and investment is more similar to the model framework without a CBDC.

In contrast, the inflation response of the NAS scenario is more similar to the baseline framework

with CBDC.

Financial Shocks: In the baseline framework CBDC issuance is offset on the asset side through
purchases of capital securities and thereby directly affects the response to a capital quality shock.
As a result, in a neutral asset side scenario, the response to a capital quality shock is closer to
the framework without CBDC. In contrast, the neutral asset side response to a net worth shock
is more in between the case with and without a CBDC in the baseline framework, similar to the

case under business cycles shocks.

Liquidity Premium Shock: Despite a similar stabilisation of the liquidity premium, CBDC
issuance with a neutral asset side reduces fluctuations in response to liquidity premium shocks,
for both a shock to deposit payment technology as well as a shock to the preference for DM
consumption. The only exception to this is the DM preference shock reaction of inflation which

is initially more pronounced under a neutral asset side.
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Figure 22: Responses to a 50 bps CBDC rule shock in NMNK with CBDC and a neutral central

bank balance sheet asset side
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Figure 23: Responses to a contractionary 50 bps conventional monetary policy shock in NMNK
with CBDC and and a neutral central bank balance sheet asset side
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Figure 24: Responses to a 1% TFP shock in NMNK with CBDC and a neutral central bank
balance sheet asset side
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Figure 25: Responses to a 50 bps discount factor shock in NMNK with CBDC and a neutral
central bank balance sheet asset side
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Figure 26: Responses to a 5% capital quality shock in NMNK with CBDC and a neutral central

bank balance sheet asset side
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Figure 27: Responses to a negative 1% bank net worth shock in NMNK with CBDC and a

neutral central bank balance sheet asset side
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Figure 28: Responses to a 5% reduction in payment ability of deposits in NMNK with CBDC
and a neutral central bank balance sheet asset side
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Figure 29: Responses to a 5% preference shock for DM consumption in NMNK with CBDC and
a neutral central bank balance sheet asset side
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B Detailed model calculation
B.1 Households
CM maximisation problem

The household’s value function in the CM is

VtCM = max {U(C’,;CM) —xL; + V}DM}
CEM Ly, My,Dy,By

s.t. the budget constraint

CtCM—i-Mt+Dt+Bt :’U)tLt‘FTt‘FRint—l +RtDﬁt—1 +RFBt—1 +

with
M; —mP  for buyers D; —dP  for buyers
M, = M; +my  for sellers and D, = Dy +df  for sellers
M, otherwise D, otherwise

where mP and dP are the amounts of CBDC and deposits spent in the DM and m; and d}
are CBDC and deposits received in the DM. On aggregate, sellers get what buyers pay i.e.

my =mP =my and dy = dP = d}.

The problem yields the optimality conditions:

M X M _ X
‘/;%?M = UCtCM T =0 = th = UCtCM = w
VCM__ijLVDM_O VCM__l_i_VDM_O VCM__ijLVDM_O
t,Mt - wy t,Mt ] t,Dt - wy t,Dt - t,Bt - wy t,Bt -

and envelope conditions

CM _ CM pM CM _ CMpD CM _ CMpB
Viar, = e B, Vip, = o By Vig, = o Rida -
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General DM maximisation problem

Besides the quantity and price of the DM good, to complete the optimality conditions we need
to define the marginal value of the assets in the DM Vt[])\/[]‘f , XQ{:)DA;[ and Vt%]l/f . These can be

determined by the marginal value of assets for the buyer and the seller:

VPM — gy PME L Gy PMS (1 - 90) gV

= VOM = oV 4 oV 4 (1= 20)VEN for ap = {M;, Dy, Bi}

t,at ,at t,at

Buyer DM maximisation problem

The value function of the buyer

V;DM,B —  max {U(CtDM) + 5{/}211\/[(Mt —my, Dy — dy, By, )}

CtL)M7mt7dt
st. PPMcPM —pm, 4+ d,,
0 <my < My,

0<d; <npDy

can be reformulated using the budget constraint my = PPMCPM —d, and expressed as following

Kuhn-Tucker optimization:

Lo = {U(CPM) + VS (My = BPMCPM + dy, Dy — i, By) }
+ A (BPMCPM — dy) + A" (ny My — PPMOPM 4 d))

+ A (d) + A" (np Dy — dy)

which yields the optimality conditions:

FOC CPM: Ugpn — BV, PPM = PPM O =A™ =0

m,h m,l d,h d,l
FOC dy: BVEYM, — BV D, + (A = A7) — (A" =AY =0
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with
AP (PPMCPM — ) =0, A >0

A (M — PPMCPM 1+ dy) =0, A" >0
M) =0, MX'>0
)

A (ppDy —dy) =0, AR >0

From the first-order conditions for CPM, we can derive the demand function for goods in

the DM, using V;CM = Qt+1 MRM, from above:
h 1
Ucpm = [59t+1 RYy+ (O = A7 )}

From the first-order conditions for d; we can derive the buyer’s optimality conditions for

transactions with of CBDC and deposits, additionally using = of o MRD E

CcM
Vb,
m,h m,l d,h d,l
/BQH-l Rt+1 + (/\ )‘t ) 5Qt+1 Rt—i—l + ()‘t - /\t )
m,h m,l d,h d,l
A=A =N = AT
5@t+1

= (Rgrl - R%—l) =

Moreover, we get that the marginal utility of money for a buyer in the DM is value of its
transactions function plus the discounted continuation value of money balances:
v DM.B h
Vire,© = BV, M s My
DM,B cM d,h
‘/t Dy /8‘/;+1 D, )‘t np Dy

DM,B _
‘/t,Bt - B‘/;f-i-l Bt

Seller DM maximisation problem

The sellers value function

V;DM7S( ) = max{ -C CDM) +ﬁ Ak (Mt + my, Dy + dy, By, )}

CD]W

= V,PM() = max {—c(CPM) + VS (M; + PPMCPM — 4y, Dy + dy, By, )}

CDIVI
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yields the optimality condition:

DM CM  pCM
FOC Ct . —CCtDIW + B‘/vt"l‘LMtPt = O
CcDM
= PM = L
Bof M RM,
which implies that the price needs to equal the marginal cost of production relative to the

marginal benefit of money in the CM. This can be interpreted as the supply function of the

sellers.
Furthermore, we get that the marginal value of money for a seller in the DM is just the
continuation value of the money balances he carries to the next CM:

DM,S _ cM
‘/;7Mt - /8‘/14/+1,Mt

DM,S __ CcM
‘/l-vat - /8‘/;+1,Dt

DM,S __ CM
‘/;f,Bt - /8‘/%+1th

Equilibrium and terms of trade in the DM

Combining the demand function of the buyer UCtDM = ppPM [ngr]‘f Rf\j[rl + ()\?’h — )\:”’l)} with

. CM Copm .
the supply function of the seller P~ = W yields
t+1""t+1

m,h m,l
A =N

1+t
BQ&%RMA

UCtDJW = CCtDM

The equilibrium conditions in the DM can be divided into two regimes: an unconstrained
and a constrained case. If there is enough liquidity in the DM, consumption is not constrained
by money balances and one regime in which money balances limit DM consumption.

Unconstrained DM allocations

If money balances do not constrain DM consumption, the shadow price of additional liquidity
is zero /\;n’l = )\;n’h = /\f’l = )\f M= 0. In this case, equilibrium output equates marginal utility

with marginal costs of the production

UCtD]bI* = CCtDM*
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Thus, unconstrained DM output does not depend on deposit and CBDC balances. In this case,
there is no transaction value of an additional unit of money and the value of money in the
DM just reflects the continuation value of it interest payments in the CM thgf\/[ = 5Vtca1tw for
a =; {My, Dy, B;}. This implies that in this case, the interest rates on CBDC, deposits and
bonds are equal. This leads, together with the DM output and DM prices, to the final CM and

DM optimality conditions

M
of

M _ pD _ pB _
R, =R =R = BoCM
t+1

Constrained DM allocations

Note that, as long as My > 0 and D; > 0, it is not possible that both, lower and upper, constraint
bind at the same time, i.e. Xt’h > 0 or )\i’l > 0. If the upper constraint is binding, the Kuhn-
Tucker multiplier of the lower constraint needs to be zero and vice versa. The DM production
costs C(CEM) are of convex nature and DM consumption utility U(CPM) is of concave form.
Given the DM equilibrium condition, this implies that if the buyer is constrained by its money
holdings, it must be that CP™ < CPM* Therefore, if trade in the DM is constrained, it must
be limited by the upper constraint, i.e. ™" > 0 and \™! = 0, as long as the DM good has
a positive valuation. However, equating the Kuhn-Tucker constraints of deposits and CBDC
requires that if the upper constraints on CBDC is binding, the same needs to hold true for
deposits i.e. A" >0 and A% = 0. This leaves us with following DM conditions that complete

the DM market equilibrium

DM M M h
Ugpm = P [59&1 Rip + A
CM pM h CM pD d,h
Bopft R + A" = Bogit Riga + A

PtDMCtDM = nyuM; +npDy

pDM _ Copu
t - B CM pM
Opy1 vy
. ; . DM Copm . DM
From this we can determine DM prices P; = W, DM consumption C} =
t+1 Y1
nv Mi+np Dy ESNRT B
= Te1y and the shadow value of liquidity
t
WU U pu
P _ BoCMRM  _ g,CM pM TopM 4
t PO t+1 11 N T

dh _ o CMpM CM pD m,h
and A" = Bopy Rty — Boy i R + A0
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We can therefore now complete the household optimality conditions for CBDC,

DM,B DM,S oh
VAl = oVt oV + (1= 20)VSH = BN RY + onu N = of M
cp

DM _ 5 CM pD dh _ CM
Vip, = Boiyi R +onpAy™ = oy

= 1= ﬁgtﬂ Rt+1 (1 + oy
Q

deposits

CM CM pD CcM
= oy = Bog1 Ry +onp | Boga Rt+1 /BQt—i-l Rt+1 + 5Qt+1 Rt+1

CCtDIW

5Qt+1 UCDM
- 1= 1 —onp)RE | + onpRM
QtCM ( 77D) t+1 NDfvg 15— CCtDM

and bonds 1 = ﬁgt“ H+RE,.

B.2 Financial intermediaries

The banker’s objective is to maximise expected discounted net worth of the bank which evolves

according to

Njer1 = RP1QuSTy — RE Dy = (Riyy — RY)QeSfy + RPN

with a balance sheet of the bank of

Qt it = Nji+ D;.

The maximisation problem is

o0

Vi =max B » (1—0)0"8" A1 1aNjiriss
=0

= max By [(1 — )8 141N 11 + 08A 11V = i QuST, + i Ny

where pf = F; [(1 — 0)BA 41 (R — RE) + 08M 141 W“Hl} is the value of expand-

ing assets by one unit financed by deposits and puf* = E¢ |(1 — 0)8As 111 Rt+1 + 08141 Nliiﬁl K4

is the value of expanding net worth by one unit holding assets constant.
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The optimisation of the banker is subject to the moral hazard constraint V; > AQtS’ft. Under
positive net worth, the constraint binds as long as 0 < p® < A. A binding incentive constraint
restricts the leverage ratio of the bank which can be expressed as
B
QuS7y e

o= Ny  A—up

The evolution of net worth and assets can also be reformulated in terms of ¢; and as growth

rates: AN, = Nitt1 _ (R )¢ +R A Qﬂ"t+15§t+1 _ PeaNjepr ¢t+1A
ates: ti+g = N t+1 t+1 t t+19 tt+q Qj,tSjBt - &tNj+ tt+q-

Banking sector aggregates are obtained by the sum of the individual banks. Aggregate
bank net worth comprises the net worth of banks in operation N and newly entering banks

N} receiving an endowment w@;SP2 ;:

Ny =NF + NN =0[(Ry — RP)¢r—1 + RP] Ny—1 +w@iSE .

C Overview of equilibrium equations

Description Equation
Households
CM consumption oM = ﬁ =X
t
QCM
Stochastic discount factor Apig1 = thiwl,
t
DM consumption CPM = min [((nmM; +npDy)Bo; AIRt+1) , Y]
BQt v UsDM
CBDC demand 1= CM Ry (1+onu e L
opM
) ﬁgtcwlf W UCDM
Deposit demand 1= 2340 (1 —onp) R, + UV?DRt+1C7
oy DM
CM
Bond demand 1= %REA
Banks
Balance sheet QS8 = N, + D,
o
Leverage ot = Af;gs

Continued on next page

ECB Working Paper Series No 2811 65



Deposits Dy = (¢t — 1) Ny

Growth rate of net worth Ai\ftﬂ =R} + (RS, — Rﬂl)%
Growth rate of assets A = AN %tl
Value of banks assets uf =FE [(1 - G)BAt,tH(RfH - Rﬁ_l) + QBAt,tHAZg,H-le-H]
Value of bank equity pi = Ey [(1—0)BAnes1 RO + 08BN ii1 Ao p1 pii1]
Total net worth Ny =0 [(RfH —RE g + Rﬂl] Ny 4+ wQeSE
Firms
CM production function YM = A (UL K™ L~
Capital securities QiK1 = QiSt
Return on capital Rf+1 = (a;t:lliKiJ: + Qi1 — 5(Ut+1)) %
Depreciation function 0(Us) = 0c + 1+¢ Ut

Optimal capacity utilisation apPM th =8 (Up)& Ky

Labour demand (1—a)PM Ytt =W
Law of motion of capital Ky = K& + 1V
Net investment I' =1 — 6(Ur) & Ky
2
. . _ o | TN 4158 N 4158 N 4159
Price of capital Qi=1+3 {W - 1} +e [Itzleﬂss - 1} I{Vf,lﬂss

1N 4158 1N, +15%
—EiBAt 410 {m — 1 | 7 s

Retail output YtCM = P?,Zp

Final goods price dispersion PP — y pdisp(pOMYIe(rCOMYe L (1 — 5) 17W(ﬂtc_lvf)wpl(i;7)“rfM)%l =
Inflation (M) = ()P 4 (1= ) (M)

Inflation optimal adjustment ao M — e 7 B g OM

Optimal price adjustment (1/2) F; = Y,°MPM + ByAsiq (7Tt+1 )€ (TI'?M)’YP<17€)F15+1

Optimal price adjustment (2/2) Z; = ;M + ByAsq1 (nEX) S H(mE M) (=9 7, 4

Central Bank & Government

Taylor rule it = [177 (m) " (Y20P)"] e [i?]pexp(si)

Continued on next page
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Fisher equation bonds 1+ ztﬂ = RB %
Fisher equation CBDC 1+ zt“ = RM %
Fisher equation deposits 1+ ZH_l = RD %
CB capital purchases M, = Q:S{®8
Central bank budget M+ RESER = TFP + RY M,y + QuSEP
Government budget G+ RPBi1+ T, =TF" + B,
Government bond issuance G =B
Aggregation

Total capital securities S, =8P + 858
CM GDP VM =CEM 4+ L+ fF()IN +I9%) + G
DM GDP Y,PM — o pPM DM

CoDM
DM prices pPM = m
DM inflation M =M ﬁﬁﬁ
Total GDP VEPP =y oM 4 y,PM
Total inflation m = (mf MY e (P M)

Table 2: Overview of model equations in equilibrium
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