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Abstract

This study investigates the macroeconomic implications of introduc-
ing a Central Bank Digital Currency (CBDC) while considering potential
valuation disparities between the CBDC and its physical currency counter-
part. In the early stages of CBDC deployment, an implicit assumption of
equivalence in value to existing physical currency is made, with no explicit
policy directive to ensure parity. Employing a conventional New Keyne-
sian general equilibrium model with money in the utility function and an
exchange rate mechanism to account for potential valuation disparities, we
scrutinize the efficacy of this assumption and its implications for monetary
policy. The principal finding of this research is a new channel for monetary
policy, namely the “CBDC value/remuneration channel.” The effective-
ness of established monetary policy tools is shown to be contingent on the
preference for CBDC, a preference that the choice of underlying CBDC
technology may influence. The assumption of parity between physical and
digital currency inadvertently imposes policy reactions for physical cur-
rency, the direction and magnitude of which are contingent upon CBDC
preference. Furthermore, the model suggests that the introduction of a
CBDC paves the way for the implementation of negative interest rate
policies, with the potential for amplifying the magnitude of policy trans-
mission below the zero lower bound. These findings offer insights into the
multifaceted relationship between CBDC design choices, valuation, and
their implications for monetary policy in a dynamic economic landscape.
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1 Introduction

The advent of crypto-assets, most notably Bitcoin and the underlying blockchain
technology introduced in 2009, has engendered a surge in interest among both
academic scholars and industry practitioners. This increased interest has stim-
ulated the exploration of the concept of a central bank counterpart aimed at
either supplementing or supplanting the existing physical legal tender. These
digital currencies, known as Central Bank Digital Currencies (CBDCs), exist
solely in digital form, representing a financial liability duly recorded on the cen-
tral bank’s balance sheet (Kosse et al., 2022). The deployment of CBDCs can
be facilitated through the utilization of blockchain technologies, or through the
current digital payment infrastructure.

The choice of the underlying technology, in conjunction with other critical
design considerations, holds the potential to introduce substantial variances
in the utility of CBDCs compared to privately issued digital currencies and
traditional physical cash. Such disparities in utility naturally lead to variations
in the valuation of CBDCs.

CBDCs are broadly categorized into two main types: “general purpose” (or
“retail”) and “wholesale,” contingent upon their intended user base, which may
encompass the general public or specialized users, such as financial institutions
tasked with facilitating large-scale interbank transactions. Notably, CBDCs are
experiencing rapid deployment across numerous global jurisdictions, with 16
countries/regions having already implemented 17 distinct CBDCs as of January
2023 (as detailed in (2). Notably, two of these digital currencies are fully opera-
tional, while others remain in pilot status. It is crucial to underscore that only
one among these CBDCs has been explicitly designated as a wholesale variant.
As of January 2023, all the introduced CBDCs are designed to emulate the
valuation and functionalities of their physical currency counterparts (Soderberg
et al., 2022). Nevertheless, it is imperative to underscore the significance of
delving into potential disparities in valuation between CBDCs and their physi-
cal counterparts, as well as the potential monetary policy adaptations that may
accompany the introduction of these novel payment instruments.

The public has raised numerous concerns about the CBDC design choices
being pursued. In particular, the issue of anonymity and programmability of the
currency has been highlighted as two major concerns. Therefore, many central
banks have had to factor in and weigh the desirable features of the public against
those of the government.

“We seek to ensure high standards of privacy for digital euro users.
But full anonymity – such as offered by cash – does not appear a
viable option in my opinion (Lagarde, 2022).”

“The government has no plans to program any future UK central
bank digital currency (CBDC) or restrict how money is spent (HM
Treasury, 2022).”
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Table 1: Digital versus Physical Currency

Physical Currency Digital Currency

• Bearer instrument

• User-identified security fea-
tures

• Serial number recorded on a
central ledger

• Authenticated occasionally
and physically through the
central ledger.

• Costly to secure and trans-
port.

• Order instrument.

• Intrinsic security features like
encryption.

• Serial number and ownership
recorded on a central or dis-
tributed ledger.

• Authenticated at each trans-
action through the wallet
and periodically through the
ledger(s).

• Storage and transportation is
almost cost-less.

• Numerous design options
like programmability and
anonymity.

The principal objective of this research is to analyze the monetary policy
implications stemming from conceivable valuation discrepancies between retail
CBDCs and their digital counterparts. This inquiry examines the ramifications
of the prevailing implementation strategy, implicitly assuming the parity in
value between physical and digital currencies. Furthermore, the study delves
into the implications of diverse design choices and technological underpinnings,
recognizing their potential to yield significant disparities in end-user utility, and
thereby aims to elucidate the optimal strategies for monetary policy.

The key finding of our study is a new channel for monetary policy—termed
the “CBDC value/remuneration channel.” The preference for CBDC plays an
important role in shaping the value of CBDC and in determining the transmis-
sion of monetary policy. Notably, our research underscores the potential for
implementing negative interest rate policies, thereby offering an opportunity to
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Table 2: Countries that have piloted or launched CBDCs

Digital currency Country/Region Year Status
1 France wholesale France 2022 Pilot

CBDC
2 Project Ubin+ Singapore 2022 Pilot
3 Digital Rupee India 2022 Pilot
4 Sand Dollar Bahamas 2022 Launched
5 e-CNY China 2022 Pilot
6 e-Naira Nigeria 2022 Pilot
7 JAM-DEX Jamaica 2022 Launched
8 France CBDC France 2022 Pilot
9 DCash Eastern Caribbean 2022 Pilot

Economic and Currency
Union (ECCU)

10 E-cedi Ghana 2021 Pilot
11 France and Tunisia France and Tunisia 2021 Pilot

CBDC
12 France and Singapore France and Singapore 2021 Pilot

CBDC
13 France CBDC France 2019 Pilot
14 Jasper Canada 2016 Pilot
15 Aber United Arab Emirates 2019 Pilot
16 Aber Saudi Arabia 2019 Pilot
17 e-Peso Uruguay 2014 Pilot

a

Source CBDC project (2023)

augment the magnitude of policy transmission below the zero lower bound. This
paper’s principal contribution lies in providing a foundational theoretical frame-
work instrumental in analyzing the intricate interplay between CBDC design,
valuation, and the evolving landscape of monetary policy. Notably, it represents
the first attempt at systematically examining potential disparities in valuation
that could materialize between the physical and digital currencies issued by a
single central bank. This valuation differential may primarily emanate from the
diverse pricing strategies adopted by goods producers for physical and digital
currency payments, which in turn mirror the distinctive cost structures and con-
veniences inherent to these payment methods. Furthermore, the intermediate
nature of CBDC, situated between traditional cash and modern debit cards on
the spectrum of payment instruments, underscores the likelihood of CBDC and
physical currency affording consumers distinctly divergent utilities.

The rest of the study is organized as follows: Section 2 covers the review of
literature; Section 3 outlines the theoretical model; Section 4 details the results;
Section 5 provides the summary and conclusions of the study.
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2 Related literature

The surge of interest surrounding CBDCs has spurred a burgeoning literature
that delves into the multifaceted implications of introducing these digital forms
of currency. This review synthesizes key findings and insights across a spec-
trum of studies that probe the potential transformative impacts of CBDCs on
monetary policy, the banking system, and financial stability. These effects are
intricately linked to the choices made in the design and the technology under-
pinning these digital currencies.

2.1 Monetary Policy

One of the pivotal research directions has centered on how CBDCs have the
potential to reshape the monetary system and enhance the efficacy of monetary
policy. Bordo and Levin (2017) emerged as seminal contributors in this domain,
postulating the idea that an interest-bearing CBDC can serve as a practically
costless medium of exchange, a secure store of value, and a stable unit of account.
This, in turn, enhances the overall effectiveness of monetary policy.

Benigno (2019) delved into the competition between CBDC and other do-
mestic digital currencies, particularly its implications for policy interest rates
and attainable inflation rates. Their findings revealed the potential for remu-
nerating CBDCs to mitigate the risk of government currency losing its medium-
of-exchange property while it may challenge the central bank’s inflation control.

Yang and Zhou (2022) explored how CBDCs, by improving the transmis-
sion effect of existing monetary policy tools, can enhance the effectiveness of
monetary policy. This underscores the intricate interplay between CBDCs and
established monetary policy mechanisms.

2.1.1 Negative Interest Rate Policy

A notable aspect of the evolving monetary policy landscape is the exploration
of more effective utilization of negative interest rate policies (NIRPs) with the
introduction of CBDCs. Grasselli and Lipton (2019) presented insights into the
efficacy of NIRPs using a macroeconomic model. They suggest that the zero
lower bound (ZLB) is principally due to the fact that negative returns can be
avoided by switching from holdings to physical cash, which is a zero-interest
bearer instrument. Digital currency overcomes the ZLB limitations inherent in
physical cash, allowing NIRPs to be incorporated into the central bank’s policy
toolkit.

2.2 Financial stability

The literature has also addressed the repercussions of CBDCs on financial sta-
bility. Brunnermeier and Niepelt (2019) examined conditions under which a
swap between private and public money would maintain equilibrium allocation
and price stability. They established that the reduction in loanable funds to
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banks due to CBDCs could have implications for financial stability, which could
be mitigated based on the market operations used to fund the CBDC.

Davoodalhosseini (2022) introduced a model to assess the optimal monetary
policy with both cash and CBDC accessible to agents. The study considered
different CBDC designs and their impact on welfare, highlighting the significance
of considering the implications of concurrent access to both physical and digital
currencies.

Williamson (2022) finds that a CBDC can increase welfare by competing
with private means of payment and shifting safe assets from the private banking
sector to what is effectively a narrow banking facility. However, he also finds that
an interest-bearing CBDC does not offer an advantage in terms of improving
the attainable set of equilibrium allocations.

Keister and Sanches (2023) studies how introducing a CBDC affects equilib-
rium allocations and welfare in an environment where both currency and bank
deposits are used in exchange. He finds that a digital currency can enhance
exchange efficiency but may also displace bank deposits, increase funding costs,
and reduce investment. Targeted digital currencies can increase welfare, but if
not feasible, a single universal digital currency involves policy tradeoffs.

Kim and Kwon (2023) explored the implications of CBDC for credit supply
and financial stability, emphasizing the potential role of central banks in lending
funds in CBDC accounts to commercial banks, which could mitigate potential
reductions in loanable funds and bolster financial stability.

2.3 Design choices and exchange rate

The design choices inherent to CBDCs have been a pivotal point of analysis.
Board of Governors of the Federal Reserve System (2022) highlighted the po-
tential risks and benefits associated with CBDC design choices and underscored
the critical role of these choices in mitigating or exacerbating monetary policy
and financial market issues.

Allen et al. (2020) emphasized that central banks’ objectives for deploying
CBDCs play a fundamental role in shaping their design choices, with primary
objectives spanning from enhancing financial inclusion to regulatory compliance.
The choice of technologies, ranging from decentralized ledgers to centralized
systems, was also explored as a key facet of CBDC design.

Uhlig and Xie (2020) delved into the implications of multiple domestic cur-
rencies coexisting in a sticky price-setting environment, highlighting the poten-
tial impact on price rigidity and persistent redistribution in an environment
where firms can set prices in multiple available currencies.

Agur et al. (2022) considered network effects, anonymity, and security in
users’ preferences, exploring the optimal design of CBDC in the context of
these factors and its impact on the network effects of payment methods.
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2.4 Connection to literature

This paper’s contribution lies in adding an innovative dimension to the literature
by exploring the interplay between CBDC design, valuation, and consumer pref-
erences, which may affect the relative prices of digital and physical currencies.
It enhances the understanding of the potential impacts of CBDCs on monetary
policy and their broader implications for the economic landscape. The evolving
literature surrounding CBDCs, enriched by these insights, underscores the need
to consider the intricate design choices and their consequences in a dynamic
financial and monetary environment.

3 Model

The model specification adopted is in the spirit of Mankiw and Weinzierl (2011),
where there are two periods in which prices are sticky in the short run and
flexible in the long run.

3.1 Household

The model consists of a representative household that discounts a flow of util-
ity (disutility) from a consumption good Ct, real money balances or liquidity
Dt, and labor supply Nt. The period utility function, U(Ct, Dt, Nt), is con-
cave, continuous, twice differentiable, and strictly increasing (decreasing) in all
arguments that generate utility (disutility). Formally, the household’s lifetime
utility is

U(Ct, Dt, Nt) =

T∑
t=1

βt

(
C1−θ

t

1− θ
+

(Dt/Pt)
1−χ

1− χ
− N1+γ

t

1 + γ

)
(1)

where T = 2, and β ∈ (0, 1) is the discount factor. The parameters θ and χ are
the relative risk aversion parameters associated with consumption and liquidity,
respectively, while γ is the Frisch labor elasticity parameter. Dt in each period is
determined by combining physical Mt, and digital M̃t money, where α ∈ (0, 1),
gives the share of digital currency in liquidity.

Dt =M1−α
t (EtM̃t)

α (2)

The preference choice, α, can be viewed as a function of factors such as the
underpinning technology of the CBDC, the diffusion of the supporting infras-
tructure, and the acceptance of digital currency in the economy. Therefore, it is
reasonable to assume that ceteris paribus α would be lower in an economy where
the central bank chooses a technology that eliminates or reduces the anonymity
for digital currency, than in the case where the technology preserves anonymity
usually associated with cash. The modeling of α in this way allows for assessing
the effects of this preference/technology on monetary policy. To accommodate
potential valuation differences in the different types of money, an exchange rate
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Et is included to convert all prices to the physical currency value. This exchange
rate need not be explicitly determined in a market but may reflect the average
discount or premium applied to the use and acceptance of this type of currency.
Physical money is chosen as the numeraire, and Pt is the price of goods in units
of physical money.

In each period, the maximization problem is subject to the sequence of
budget constraints,

t = 1 :P1C1 + P1B1 +M1 + E1M̃1 =W1N1

t = 2 :P2C2 +M2 + E2M̃2 = (1 + rg1)P2B1 +M1 + (1 + im1 )E2M̃1

+W2N2

(3)

where the government bond pays a gross real return of 1 + rg1 , while M̃ pays a
gross return of 1 + im1 . The real gross return on physical currency held from 1
to 2 is P1/P2.

Converting the second-period budget constraint to period-1 terms, then
adding it to the period-1 constraint, gives the present value lifetime budget
constraint:

P1C1 +
1

1 + rg1

P1

P2
P2C2 +

(
1− 1

1 + rg1

P1

P2

)
M1 +

1

1 + rg1

P1

P2
M2

+

(
1− P1

P2

E2
E1

1 + im1
1 + rg1

)
M̃1E1 +

1

1 + rg1

P1

P2
E2M̃2 =W1N1

+
1

1 + rg1

P1

P2
W2N2

(4)

The first-order conditions (FOCs) from the household’s Lagrangian problem
are:

C1 : βC−θ
1 = λP1 (5)

C2 : β2C−θ
2 =

1

1 + rg1

P1

P2
λP2 (6)

N1 : βNγ
1 = λW1 (7)

N2 : β2Nγ
2 =

1

1 + rg1

P1

P2
λW2 (8)

M1 :(1− α)β

{
1

P1

}1−χ

{M1}−(χ+α(1−χ))
{
E1M̃1

}α(1−χ)

=

(
1− 1

1 + rg1

P1

P2

)
λ

(9)
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M2 : (1− α)β2

{
1

P2

}1−χ

{M2}−(χ+α(1−χ))
{
E2M̃2

}α(1−χ)

=
1

1 + rg1

P1

P2
λ (10)

M̃1 :αβ

{
1

P1

}1−χ

{M1}(1−α)(1−χ) Eα(1−χ)
1

{
M̃1

}α(1−χ)−1

=

[
1− 1 + im1

1 + rg1

E2
E1
P1

P2

]
E1λ

(11)

M̃2 :αβ2

{
1

P2

}1−χ

{M2}(1−α)(1−χ) Eα(1−χ)
2

{
M̃2

}α(1−χ)−1

=
1

1 + rg1

P1

P2
E2λ

(12)

The associated money demand functions, expressed in real physical currency
units, are obtained by combining equations (5) and (6) with equations (9) to
(12).

M1

P1
= C

θ
χ+α(1−χ)

1

{
1

1− α

}− 1
χ+α(1−χ)

{
1− 1

1 + rg1

P1

P2

}− 1
χ+α(1−χ)

{
E1M̃1

P1

} α(1−χ)
χ+α(1−χ)

(13)

M2

P2
= C

θ
χ+α(1−χ)

2

{
1

1− α

}− 1
χ+α(1−χ)

{
E2M̃2

P2

} α(1−χ)
χ+α(1−χ)

(14)

E1M̃1

P1
= C

θ
1−α(1−χ)

1

{
1

α

}− 1
1−α(1−χ)

{
1− P1

P2

E2
E1

1 + im1
1 + rg1

}− 1
1−α(1−χ)

{
M1

P1

} (1−α)(1−χ)
1−α(1−χ)

(15)

E2M̃2

P2
= C

θ
1−α(1−χ)

2

{
1

α

}− 1
1−α(1−χ)

{
M2

P2

} (1−α)(1−χ)
1−α(1−χ)

(16)

The money demand functions for each type of currency have the expected
relationships with their determinants. Consumption is positively related to the
demand for each type of currency in each period. The interest rate on physical
currency is negatively related to the demand for both types of currency in period
t = 1. The interest rate on CBDC has a positive relationship with the demand
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for that currency. In period t = 2, neither interest rates have an effect on the
demand for any currency type. Given the assumed Cobb-Douglas functional
form for liquidity, physical and digital money are complements. Therefore, the
demand for each currency type is positively related to the other currency type.1

For the case where α = 0, the demand for physical money in each period is
identical to the familiar canonical specification of the model without CBDC.

3.2 Consolidated government

The government finances its stream of real purchases Gt, financed through taxes
τt, bond issues Bt, and seignorage revenue from issuing both physical and digital
money. Therefore, the consolidated government’s budget constraint in each
period is given by

t = 1 :P1G1 = P1τ1 + P1B1 +M1 + E1M̃1

t = 2 :P2G2 + (1 + rg1)P2B1 +M1 + (1 + im1 )E2M̃1 = P2τ2

+M2 + E2M̃2

(17)

Rewriting the period-2 budget constraint in period-1 terms and assuming
a balanced budget (PtGt = Ptτt) in all periods, then the consolidated govern-
ment’s budget for all periods is

[
1

1 + rg1

P1

P2
− 1

]
M1 +

[
1 + im1
1 + rg1

P1

P2

E2
E1

− 1

]
E1M̃1 =

1

1 + rg1

P1

P2
M2

+
1

1 + rg1

P1

P2
E2M̃2

(18)

3.3 Endogenous price determination

Price determination is endogenized by adopting the Rotemberg (1982) approach
to modeling sticky prices.2 The final consumption good Yt is produced through
two sectors: an intermediate goods sector and a final good sector.

3.3.1 Final goods

A representative final good firm aggregates intermediate goods according to
the constant elasticity of substitution (CES) technology to produce the final
good Yt. Intermediate goods, Yt(j), are indexed on a continuum of j ∈ [0, 1].
Therefore, the final output good is defined as follows:

1The less restrictive constant elasticity of substitution specification is also solved, and the
results are provided in the online appendix.

2While producer prices are sticky in both periods, the model is still in the spirit of Mankiw
and Weinzierl (2011) as all other prices are flexible to allow for full employment equilibrium
in the final period.
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Yt =

(∫ 1

0

Yt(j)
ϵ−1
ϵ dj

) ϵ
ϵ−1

(19)

where ϵ > 1 is the elasticity of substitution between goods.
The final goods firm’s profit-maximizing problem is choosing the optimal

output of each j intermediate good, Yt(j), given the overall price level Pt yields
the demand function.

Yt(j) =

(
Pt(j)

Pt

)−ϵ

Yt (20)

This result indicates that the final goods firm’s relative demand for the jth

intermediate good, Yt(j), is proportional to aggregate output, Yt, determined
by its relative price and the price elasticity of demand.

Using the formula that nominal output is the sum of prices times quantities,
the expression for the aggregate price index can be obtained using the result in
equation (20) as follows:

Pt =

(∫ 1

0

Pt(j)
1−ϵdj

) 1
1−ϵ

(21)

3.3.2 Intermediate goods

For the intermediate goods, each firm produces a single differentiated output
according to constant returns to scale technology in labor, with a common
productivity shock, At:

Yt(j) = AtNt(j) (22)

Given wages are identical, and assuming At = 1 for all t, MCt = φt, the
marginal costs are identical across firms. All firms can adjust their price in
each period to maximize profits. However, they face a quadratic cost of price
adjustment. Therefore, the real flow profit for each jth firm is:

πt(j) = Pt(j)

(
Pt(j)

Pt

)−ϵ
Yt
Pt

−mctPt(j)
−ϵP ϵ

t Yt −
ψ

2

(
Pt(j)

Pt−1(j)
− 1

)2

Yt (23)

where ψ ≥ 0 is the cost of price adjustment, measured in units of the final
goods, and mct = φt/Pt = wt

Therefore, in each period, firms choose their price to maximize the expected
present discounted value of flow profit, where discounting is by the household’s
discount factor. The FOCs from this profit maximization problem are
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P1(j) : βψ
Y2
Y1

[(
P2(j)

P1(j)
− 1

)
P2(j)

P1(j)

]
− ψ

(
P1(j)

P0(j)
− 1

)
P1

P0(j)
=

(ϵ− 1)

(
P1

P1(j)

)(ϵ)

− ϵmc1

(
P1

P1(j)

)(ϵ+1)
(24)

P2(j) : (ϵ− 1)

(
P2(j)

P2

)(1−ϵ)

= ϵmc2

(
P2

P2(j)

)ϵ

− ψ

(
P2(j)

P1(j)
− 1

)
P2(j)

P1(j)

(25)

All firms behave identically in equilibrium, setting the same price and pro-
ducing the same output, Pt(j) = Pt for all j and all t. Therefore, the optimal
condition for prices can be written in terms of inflation rates as follows:(

P1

P0
− 1

)
P1

P0
=

1

ψ
[1 + ϵ (mc1 − 1)] + β

[(
P2

P1
− 1

)
P2

P1

]
Y2
Y1

(26)

(
P2

P1
− 1

)
P2

P1
=

1

ψ
[1 + ϵ (mc2 − 1)]

or (
P2

P1
− 1

)
P2

P1
=

1

ψ

[
1 + ϵ

(
Y θ+γ
2 − 1

)]
(27)

It follows that(
P1

P0
− 1

)
P1

P0
=

1

ψ

{
1 + β + ϵ

[
(mc1 − 1) + β (mc2 − 1)

Y2
Y1

]}
or

(
P1

P0
− 1

)
P1

P0
=

1

ψ

{
1 + β + ϵ

[(
Y θ+γ
1 − 1

)
+ β

(
Y θ+γ
2 − 1

) Y2
Y1

]}
(28)

We assume an initial price P0 = 1.

4 Results

4.1 Equilibrium and solutions

We can obtain solutions for each of the endogenous variables if we assume the
following:
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1. The stocks of money and remuneration, M1, M2, M̃1, M̃2, and im1 , are
chosen by the central bank.

2. Market clearing, Ct = Yt, and labor supply equals labor demand Nt, for
all t.

From equations (5) and (6), and assuming market clearing Ct = Yt, gives
the investment-savings (IS) condition.

IS : 1 + rg1 =
1

β

(
Y1
Y2

)−θ

(29)

The liquidity-money LMt equations, for t = 1, 2 are obtained by combining
equations (13) with (15) and (14) with (16).

LM1 :
M1

P1
= Y

θ
χ

1

{
1

1− α

}− 1−α(1−χ)
χ

{
1

α

}−α(1−χ)
χ

{
1− 1

1 + rg1

P1

P2

}− 1−α(1−χ)
χ

{
1− 1 + im1

1 + rg1

E2
E1
P1

P2

}−α(1−χ)
χ

(30)

LM2 :
M2

P2
= Y

θ
χ

2

{
1

1− α

}− 1−α(1−χ)
χ

{
1

α

}−α(1−χ)
χ

(31)

Solutions for Y1 and Y2 can therefore be obtained from equations (29 (30)
and (31).

Using equations (29), (30), and (31), gives the monetary policy relationship.

(1 + rg1)

{
1− 1

1 + rg1

P1

P2

}{
1− 1

1 + rg1

P1

P2

}−α(1−χ)

{
1− 1 + im1

1 + rg1

E2
E1
P1

P2

}α(1−χ)

=
1

β

{
M2P1

P2M1

}χ
(32)

It is noted that for α = 0 and P1 = P2, equation (32) gives the familiar
result that,

rg1 + 1 =
1

β

{
M2

M1

}χ

+ 1

Therefore, the results from equation (32) indicate that introducing a CBDC
adds two additional terms to the monetary policy relationship. The first term
E2

E1

P2

P1
is the change in the real value of the CBDC in physical currency units.

The second term is the relative return of CBDC to bond holdings.
Using equations (9) with (11) and (10) with (12), then the values of Et are

determined by
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E1
{
1− 1 + im1

1 + rg1

E2
E1
P1

P2

}
=

α

1− α

M1

M̃1

{
1− 1

1 + rg1

P1

P2

}
E1 =

α

1− α

M1

M̃1

{
1− 1

1 + rg1

P1

P2

}
+

1 + im1
1 + rg1

E2
P1

P2

(33)

E2 =
α

1− α

M2

M̃2

(34)

Therefore, the solution for E1 in equation (33) can be rewritten

E1 =
α

1− α

M1

M̃1

{
1− 1

1 + rg1

P1

P2

}
+

1 + im1
1 + rg1

α

1− α

M2

M̃2

P1

P2

=
α

1− α

{
M1

M̃1

[
1− 1

1 + rg1

P1

P2

]
+

1 + im1
1 + rg1

M2

M̃2

P1

P2

} (35)

For the labor market, from equations (5 and (7)

N1 =

(
W1

P1
Y −θ
1

) 1
γ

(36)

From equations (6) and (8)

N2 =

(
W2

P2
Y −θ
2

) 1
γ

(37)

Therefore, the wage in each period is given by

W1

P1
= Y θ+γ

1 (38)

W2

P2
= Y θ+γ

2 (39)

Therefore, the system of equations that solve the model for Y1, Y2, r
g
1 , W1,

W2, E1, E2, P1 and P2 are (30), (31), (32), (35),(34),(38), (39), (28) and (27),
respectively. Note, in this setup, the values of Y1, r

g
1 , E1, P1 are determined

simultaneously.

4.2 Numerical solutions

In period 0, the central bank chooses and announces the technology for CBDC.
The household then chooses the liquidity preference parameter, α. In period
1, the central bank announces its policy choices for M1, M̃1 M2, M̃2, and i

m
1 .

Based on these initial conditions and policy choices, solutions for the optimal
quantities and prices for periods 1 and 2 are determined for the economy. Table
3 outlines the calibration for the parameters, adopted from Leeper et al. (2021).
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Table 3: Parameters

Parameter Value Definition
β 0.995 Quarterly discount factor - household, and firms
θ 2.00 Relative risk aversion coefficient - consumption
χ 2.00 Relative risk aversion coefficient - liquidity
γ 3.00 Inverse Frisch elasticity of labor supply
ϵ 14.33 Elasticity of substitution between varieties
ψ 50.00 or 10.00 Rotemberg adjustment cost coefficient

The monetary policy variables are calibrated such that the provision of
CBDC as a share of total money supplied is approximately in line with the
preference share, α, in all preference states. The total money supply and the
stock of each type of currency are assumed to be the same in all states and
periods. Therefore, all adjustments to monetary policy are through the CBDC
remuneration. CBDC remuneration, is set to 3 values, im1 ∈ {−0.50, 0.00, 0.50},
to simulate an extreme negative interest rate policy, the current standard prac-
tice, and an extreme policy to stimulate CBDC demand. This range is also
consistent with the values explored in Chiu et al. (2023), in a similar exercise
on CBDC remuneration rates. Table (4) provides solution results for selected
variables for three levels of α and CBDC remuneration.3

The relationship between CBDC remuneration, im1 , and the interest rate
on bonds rg1 is negative. This result reflects the fact that CBDCs and bonds
are competing assets. The CBDC remuneration is positively related to output
as the higher remuneration is an injection of liquidity into the economy and
is therefore associated with a loosening of monetary conditions. This looser
policy is also related to the specification that digital and physical currencies
are complements. Therefore, higher CBDC remuneration increases demand for
both currency types. Column 4 of Table (4), shows the baseline results, where
im1 = 0. Of note, E2 is invariant to remuneration of physical or digital currency
as its level is determined by CBDC preference, α, and the ratio of physical to
digital currency. As expected, only at α = 1/2 is there parity between physical
and digital currency.

Of note, the short-run price of CBDC, is at parity E1 = 1, and the interest
rate on bonds is higher in the calibration with α = 0.50. For the preferences
with α = 0.33 and 0.67, the short-run exchange rate is below and above parity,
respectively. Therefore, if the central bank chooses a technology that leads to
a preference choice where households prefer holding physical relative to digi-
tal currency, α < 1/2, then a relatively tight policy on CBDC is required to
achieve parity. For, α > 1/2, the policy on CBDC would require relatively less
remuneration to achieve parity.

These results can be seen from equations (34) and (35) indicate that the
preference parameter is an important determinant of the valuation of the CBDC

3Solutions were derived using Matlab® 2023b Symbolic Math Toolbox.
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Table 4: Parameters

Variable CBDC Preference im1 = −0.5 im1 = 0 im1 = 0.5
rg1 α = 0.33 0.40 0.34 0.30

α = 0.50 0.44 0.35 0.29
α = 0.67 0.45 0.33 0.25

E1 α = 0.33 0.72 0.99 1.27
α = 0.50 0.74 1.00 1.30
α = 0.67 0.75 1.02 1.32

E2 α = 0.33 0.99 0.99 0.99
α = 0.50 1.00 1.00 1.00
α = 0.67 1.02 1.02 1.02

P1 α = 0.33 1.38 1.39 1.40
α = 0.50 1.36 1.37 1.38
α = 0.67 1.39 1.40 1.41

P2 α = 0.33 1.82 1.83 1.83
α = 0.50 1.79 1.79 1.80
α = 0.67 1.84 1.85 1.86

Y1 α = 0.33 1.01 1.03 1.04
α = 0.50 0.99 1.02 1.04
α = 0.67 1.00 1.04 1.07

Y2 α = 0.33 1.19 1.19 1.19
α = 0.50 1.19 1.18 1.18
α = 0.67 1.20 1.19 1.19

and its relationship to monetary policy. Specifically,

1. α = 0, there is no price for the CBDC in any period.

2. α ∈
(
0, 12

)
, → α

1−α < 1.

3. α = 1/2, → α
1−α = 1.

4. α ∈
(
1
2 , 1
)
, then → α

1−α > 1.

Note, a technology choice that results in an equal preference for CBDC and
physical currency, α = 1/2, then the selected monetary aggregates would result
in E2 = 1. However, the value for E1 would differ from one, depending on
the prices and the spread between rg1 and im1 . Any policy action on CBDC
or physical currency levers will affect the short-run CBDC value, given the
preference relationship α, as seen in equation (35). This result also suggests
that the magnitude of the reaction of E1 to the policy lever is also a function of
α.

The results also suggest that negative CBDC remuneration has a larger
impact on bond rates than positive CBDC remuneration. The reverse is the
case for CBDC valuation.
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(d) Exchange rate - more flexible prices.

Notes: (i) Subscript “l” indicates α = 0.33 and subscript “h” indicates α = 0.67. (ii) All

variables are plotted against the solutions for α = 0.50.

Figure 1: Interest rate and exchange rate dynamics

4.3 Comparative statics

4.3.1 Monetary aggregates policy

An exercise was also conducted to assess the monetary policy transmission pro-
cess under sticky and more flexible prices. In that regard, the Rotemberg ad-
justment cost coefficient, ψ is changed to 10 to simulate a more efficient price
adjustment. The results of this exercise are contained in Figures (1) and (2).
All results are plotted as differences between high CBDC preference calibration,
α = 0.67, or low preference, α = 0.33, with the indifference preference calibra-
tion, α = 0.50. Sticky price adjustments, ψ = 50, are in the left panels, while the
more flexible price adjustments, ψ = 10, are in the right panels. The solutions
are calculated over a grid of CBDC remuneration, im1 ∈ {−0.50, 0.00, 0.50, 1.00}
to show the reaction of the variables to extreme negative and positive interest
rates on CBDC.

The findings illustrated in the first and second rows, as represented by Fig-
ures (1b), (1a), (1c), and (1d), pertain to the variables rg1 and E1, respectively.
These figures provide a detailed account of the outcomes observed across var-
ious scenarios. It is noteworthy that the disparity in interest rates between
the high CBDC preference calibration and the indifferent CBDC calibration
exhibits an inversely proportional relationship with the parameter im1 . Con-
versely, the same spread shows a directly proportional relationship with the
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Figure 2: Output and prices under sticky and more flexible prices

low preference calibration. This observation underscores the pivotal role that
CBDC preference plays in the context of monetary policy and its transmission
mechanism. Furthermore, the slope of this relationship becomes steeper as the
CBDC remuneration rate becomes more negative, indicating a more pronounced
transmission of rates below the ZLB.

In an environment where price adjustments are more flexible, the dynam-
ics of economic variables between periods 1 and 2 tend to display a smoother
trajectory. This is due to the enhanced capacity for prices to adjust promptly,
leading to a relatively less turbulent path for inflation and output.

Conversely, in an economy characterized by stickier price adjustments, a
more substantial degree of adjustment is required in both interest rates and the
value of CBDC to attain optimal equilibrium outcomes. This, in turn, results in
more significant fluctuations in short-term output. It is worth emphasizing that
the magnitude and direction of these fluctuations in the sticky price environment
are heavily contingent on the prevailing preference for CBDC.

In summary, the findings shed light on the intricate interplay between price
adjustment mechanisms, CBDC preference, and their consequential impact on
monetary policy transmission. The evidence underscores the importance of
these factors in shaping the economic landscape, highlighting the nuances of
equilibrium attainment and the subsequent influence on output fluctuations.
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Figure 3: Money demand under sticky and more flexible prices

4.3.2 Interest rate policy

Given modern central banks usually implement policy through interest rates
instead of monetary aggregates, the exercise was repeated with interest rates.
Following Pintér (2023), the central bank is assumed to have perfect control over
the real interest rate, rg1 and sets this rate to be equal to the rates consistent
with the technology, α and price flexibility levels ψ, derived in Section (4.3.1).
Additionally, the central bank sets the remuneration rate for CBDC, im1 , period
1 CBDC level, M̃1. I follow Mankiw and Weinzierl (2011) and assume that
the central bank uses the total money supply, M2 + M̃2, as the second-period
monetary policy variable. This allows for a cleaner comparison with Section
(4.3.1).

The results of the changes in demand for physical currency in period 1,
given the changes in rg1 in both sticky and more flexible pricing environments,
are shown in Figure (3). Given liquidity services of physical and digital currency
are complementary, the household’s demand for physical currency is positively
related to CBDC remuneration in both pricing environments. For the case where
CBDC is more desirable than physical currency, α = 0.67, the level and rate
of adjustment to the change in CBDC remuneration is lower than in the case
where the relative preference is low, α = 0.33.

Next, the interest rate policy simulation results for output, inflation, and
exchange rate are compared with the monetary aggregates simulation results
and shown in Figure (4). The first row, Figures (4a), (4b) and (4c) are the
sticky price results, and the second row, Figures (4d), (4e), and (4f) are the
more flexible price results.
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For the interest rate policy simulations, relative to the monetary aggregate
policy, with the exception of the CBDC exchange rate, most variables were not
responsive to the CBDC remuneration rate. With the exception of the CBDC
exchange rate. The interest rate policy resulted in higher output and prices for
the high CBDC preference calibration under both stick and more flexible price
adjustment environments.

These results are consistent with Bordo and Levin (2017) and Yang and
Zhou (2022), who found that CBDCs can enhance the overall effectiveness of
monetary policy and improve the transmission effect of existing monetary policy
tools. We also find evidence in support of Grasselli and Lipton (2019) and Chiu
et al. (2023) that CBDCs do, in fact, provide an avenue to overcome the ZLB
limitations inherent in physical cash, allowing NIRPs to be incorporated into
the central bank’s policy toolkit.

5 Conclusions and Future Research

In conclusion, this study sheds light on several pivotal determinants and impli-
cations concerning introducing CBDC within the monetary and financial policy
landscape. A significant finding of the research is the key role of α in shaping
the value of CBDC and its intricate interplay with monetary policy, specifically
affecting price levels and output.

The study underscores the critical policy choice of parity between digital and
physical currency. This choice implies a need for a more restrictive policy stance
on digital currency, necessitating the implementation of a positive remuneration
rate for CBDC. The common practice of not remunerating CBDC results in
adjustments in other economic variables to attain equilibrium.

Furthermore, the study highlights the potential of CBDC to facilitate NIRPs,
thereby increasing the magnitude of policy transmission, especially below the
ZLB. The introduction of CBDC also introduces an additional dimension to
households’ consumption-saving dynamics, known as the “CBDC value- remu-
neration channel.” The value of α emerges as a crucial factor influencing the
strength of the relationship between the policy rate and price levels, thereby
impacting the efficiency of the monetary transmission mechanism. This chan-
nel’s importance is positively related to the stickiness of prices in the economy,
as CBDC value and interest rate changes to compensate for limited efficiencies
for price adjustments.

As central banks are currently in the experimental phase, piloting CBDC
before full-scale deployment, these findings suggest the need for vigilance in
transitioning from pilot to full deployment. Fundamental disparities in the
technologies underpinning CBDC, and their effects on preferences may intro-
duce policy shocks if the final technology is changed, which may necessitate
corresponding adjustments in monetary policy actions.

The model abstracts from potential direct implications of the “CBDC remu-
neration -value channel” on inflation, commercial bank financial intermediation,
and resulting changes that may be required for monetary policy design. There-
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fore, an immediate extension is planned to allow firms to add pricing in CBDC
to their optimization toolkit as outlined in Uhlig and Xie (2020). In addition,
incorporating a banking sector with access to central bank CBDC accounts as
suggested by, Kim and Kwon (2023) would provide a richer picture and valuable
insights into the effect of this new channel policy channel on firms and bank’s
optimizing decisions.

Overall, the study underscores the intricate and multifaceted dynamics at
play regarding CBDC introduction. These findings offer valuable insights into
the design, valuation, and policy implications of CBDC, thus contributing sig-
nificantly to the evolving literature on the subject. As central banks continue to
explore the potentials of CBDC, these insights will prove instrumental in nav-
igating the complex terrain of digital currency integration within the modern
financial ecosystem.
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Allen, S., Čapkun, S., Eyal, I., Fanti, G., Ford, B. A., Grimmelmann, J., Juels,
A., Kostiainen, K., Meiklejohn, S., Miller, A., Prasad, E., Wüst, K., and
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6 Appendix

6.1 Households

The Lagrangian for the household’s maximization problem is given by:

L =

T∑
t=1

βt

C
1−θ
t

1− θ
+

([
M1−α

t (EtM̃t)
α
]
/Pt

)1−χ

1− χ
− N1+γ

t

1 + γ


− λ

{
P1C1 +

1

1 + rg1

P1

P2
P2C2 +

[
1− 1

1 + rg1

P1

P2

]
M1 +

1

1 + rg1

P1

P2
M2+[

1− 1 + im1
1 + rg1

E2
E1
P1

P2

]
M̃1E1 +

1

1 + rg1

P1

P2
E2M̃2 −W1N1 −

1

1 + rg1

P1

P2
W2N2

}
(40)

6.2 Less restrictive liquidity specification

For this specification, we use a more general constant elasticity of substitution
specification for Dt, where α ∈ (0, 1), gives the share of digital currency in
liquidity.

Dt = (1− α)Mt
1−χ + α

(
EtM̃t

)1−χ

(41)

The FOCs for the household’s problem for each type of currency in each
period are given by

M1 : (1− α)β (1− χ)M1
−χ

(
1

P1

)1−χ

(
(1− α)M1

1−χ + α
(
E1M̃1

)1−χ
)−χ

=

(
1− 1

1 + rg1

P1

P2

)
λ

(42)

M2 : (1− α)β2 (1− χ)M2
−χ

(
1

P2

)1−χ

(
(1− α)M1

1−χ + α
(
E2M̃2

)1−χ
)−χ

=
1

1 + rg1

P1

P2
λ

(43)
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M̃1 :α (1− χ)βE1
(

1

P1

)1−χ(
(1− α)M1

1−χ + α
(
E1M̃1

)1−χ
)−χ

(
E1M̃1

)−χ

=

[
1− 1 + im1

1 + rg1

E2
E1
P1

P2

]
E1λ

(44)

M̃2 :α (1− χ)β2E2
(

1

P2

)1−χ(
(1− α)M2

1−χ + α
(
E2M̃2

)1−χ
)−χ

(
E2M̃2

)−χ

=
1

1 + rg1

P1

P2
E2λ

(45)

Therefore, the money demands for each currency type in each period are as
follows:

For M1

(1− α) (1− χ)

(
M1

P1

)−χ(
(1− α)M1

1−χ + α
(
E1M̃1

)1−χ
)−χ

=

(
1− 1

1 + rg1

P1

P2

)
C−θ

1

M1

P1
= C

θ
χ

1

(
1

1− α

)− 1
χ
(

1

1− χ

)− 1
χ

(
1− 1

1+rg1

P1

P2

)− 1
χ(

(1− α)M1
1−χ + α

(
E1M̃1

)1−χ
)

(46)

For M2

(1− α) (1− χ)

(
M2

P2

)−χ(
(1− α)M2

1−χ + α
(
E2M̃2

)1−χ
)−χ

= C−θ
2

M2

P2
= C

θ
χ

2

(
1

1− α

)− 1
χ
(

1

1− χ

)− 1
χ 1(

(1− α)M2
1−χ + α

(
E2M̃2

)1−χ
) (47)

For M̃1

α (1− χ)

(
(1− α)M1

1−χ + α
(
E1M̃1

)1−χ
)−χ

(
E1M̃1

P1

)−χ

=

(
1− 1 + im1

1 + rg1

E2
E1
P1

P2

)
C−θ

1

E1M̃1

P1
= C

θ
χ

1

(
1

α

)− 1
χ
(

1

1− χ

)− 1
χ

(
1− 1+im1

1+rg1

E2

E1

P1

P2

)− 1
χ(

(1− α)M1
1−χ + α

(
E1M̃1

)1−χ
)

(48)
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For M̃2

α (1− χ)

(
E2M̃2

P2

)−χ(
(1− α)M2

1−χ + α
(
E2M̃2

)1−χ
)−χ

= C−θ
2

E2M̃2

P2
= C

θ
χ

2

(
1

α

)− 1
χ
(

1

1− χ

)− 1
χ 1(

(1− α)M2
1−χ + α

(
E2M̃2

)1−χ
) (49)

6.3 Production

6.3.1 Final good

Aggregate price index

PtYt =

∫ 1

0

Pt(j)Yt(j)dj

=

∫ 1

0

Pt(j)

(
Pt(j)

Pt

)−ϵ

Ytdj

=

∫ 1

0

Pt(j)
1−ϵP ϵ

t Ytdj

= P ϵ
t Yt

∫ 1

0

Pt(j)
1−ϵdj

Pt =

(∫ 1

0

Pt(j)
1−ϵdj

) 1
1−ϵ

(50)

The FOCs from this profit maximization problem are:

Pt
ϵ

ϵ− 1

(∫ 1

0

Yt(j)
ϵ−1
ϵ dj

) ϵ
ϵ−1−1

ϵ− 1

ϵ
Yt(j)

ϵ−1
ϵ −1 = Pt(j) (51)

Grouping prices and output gives the result,

(∫ 1

0

Yt(j)
ϵ−1
ϵ dj

) 1
ϵ−1

Yt(j)
− 1

ϵ =
Pt(j)

Pt(∫ 1

0

Yt(j)
ϵ−1
ϵ dj

)− ϵ
ϵ−1

Yt(j) =

(
Pt(j)

Pt

)−ϵ
(52)

6.3.2 Intermediate goods

Firms face a common wage and therefore choose labor to minimize total cost
subject to the constraint of producing enough to meet its demand from the final
goods firm:
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min
Nt(j)

WtNt(j) (53)

AtNt(j) ≥
(
Pt(j)

Pt

)−ϵ

Yt (54)

The Lagrangian equation for the cost minimization problem is

L =WtNt(j)− φt(j)

(
AtNt(j)−

(
Pt(j)

Pt

)−ϵ

Yt

)
(55)

The FOC of the cost minimization problem is:

Wt = φt(j)At (56)

where φ(j)t, the Lagrange multiplier, can be interpreted as the nominal marginal
labor cost.

MC(j)t = φt(j) =
Wt

At
(57)

max
Pt(j)

2∑
t=1

βtπt(j) = βY1

[
P1(j)

(1−ϵ)P
(ϵ−1)
1 −mc1P1(j)

−ϵP ϵ
1

− ψ

2

(
P1(j)

P0(j)
− 1

)2
]
+ β2Y2

[
P2(j)

(1−ϵ)P
(ϵ−1)
2

−mc2P2(j)
−ϵP ϵ

2 − ψ

2

(
P2(j)

P1(j)
− 1

)2
] (58)

FOCs for the problem of choosing profit-maximizing prices given the cost of
adjustments.
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P1(j) : Y1

[
(1− ϵ)P1(j)

(−ϵ)P
(ϵ−1)
1 + ϵmc1P1(j)

−(ϵ+1)P ϵ
1

− ψ

P0(j)

(
P1(j)

P0(j)
− 1

)]
+ βY2

[
ψ

(
P2(j)

P1(j)
− 1

)
P2(j)

P1(j)2

]
= 0

Y1
P1

[
(1− ϵ)

(
P1

P1(j)

)(ϵ)

+ ϵmc1

(
P1

P1(j)

)(ϵ+1)

− ψ

(
P1(j)

P0(j)
− 1

)
P1

P0(j)

]
+ β

Y2
P1

[
ψ

(
P2(j)

P1(j)
− 1

)
P2(j)

P1(j)

]
= 0

βψ
Y2
Y1

[(
P2(j)

P1(j)
− 1

)
P2(j)

P1(j)

]
− ψ

(
P1(j)

P0(j)
− 1

)
P1

P0(j)
=

(ϵ− 1)

(
P1

P1(j)

)(ϵ)

− ϵmc1

(
P1

P1(j)

)(ϵ+1)

(59)

P2(j) : (ϵ− 1)

(
P2(j)

P2

)(1−ϵ)

= ϵmc2

(
P2

P2(j)

)ϵ

− ψ

(
P2(j)

P1(j)
− 1

)
P2(j)

P1(j)

(60)

28


