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Abstract

This paper develops a general equilibrium model to assess central bank digital currency (CBDC)
design in a monetary system where traditional banks and “crypto banks” (i.e., banks that issue
stablecoins) coexist. We compare tokenized and non-tokenized CBDC, showing that their desirability
depends on the reliability of private money provision, the availability of collateral assets and the
features of the crypto sector. Crucially, we show that the tokenization decision of CBDC matters for
the equilubrium outcomes only when collateral use differs across sectors, identifying conditions under
which tokenization is necessary to improve welfare. Tokenized CBDC can crowd out stablecoins and
improve efficiency when crypto banks are not that trustworthy and crypto assets are scarce. Non-
tokenized CBDC may be preferred when crypto transactions are less desirable or when reallocating
reserves from traditional to crypto banks is beneficial. Our results highlight a trade-off between
gains in payment efficiency and potential reductions in bank lending. These findings offer new
policy insights on CBDC design under evolving financial conditions.
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1 Introduction

A central question in the design of a central bank digital currency (CBDC) is whether it should be
tokenized or not.! A non-tokenized CBDC competes with bank deposits as a means of payment in
traditional (off-chain) markets; a tokenized CBDC can be used on programmable ledgers and competes
with stablecoins in the crypto sector. The choice affects payment efficiency in the traditional sector, the
level of activities in the crypto sector, the allocation of collateral across traditional and crypto banks,
and the supply of bank credit to firms. This paper develops a general equilibrium model to assess CBDC
design when traditional and crypto banks coexist and to identify conditions under which tokenization is
necessary to improve welfare.

Central bankers and policymakers are actively considering the optimal design of the future monetary
system.? New technologies such as distributed ledger technology (DLT), smart contracts, and stablecoins
are reshaping payments and monetary systems. At the same time, transactions in crypto sector are
pseudonymous and border-less, posing challenges for regulation. Given these developments, it is crucial
to investigate whether and how central banks should redesign the monetary system to accommodate new
technologies. Central banks play a pivotal role in ensuring payment efficiency and stability. As such, they
must consider the potential benefits and risks of integrating new technologies into the monetary system.
In particular, to harness the benefits of technological advancements while mitigating the associated
risks, the central bank needs to prepare a blueprint for the future monetary system as a function of
future developments. Some central bankers argue for crowding stablecoins out of existence by issuing
central bank digital currencies (CBDC).? Against this context, this paper develops a general equilibrium
monetary model to study the following questions and derive the optimal policy in a calibrated model

under different scenarios:

!By tokenization, we mean representing a claim (e.g., a payment balance or an underlying asset) as a digital token
recorded on a programmable ledger, such that ownership and transfer of the claim are executed by ledger updates (and,
when relevant, smart-contract rules), rather than through updates on a conventional account-based system.

2For example, the U.S. Department of the Treasury published a report on “The Future of Money and Pay-
ments” in September 2022 (https://home.treasury.gov/system/files/136 /Future-of-Money-and-Payments.pdf). Also, the
2023 Bank for International Settlements Annual Report discussed the “Blueprint for the future monetary system”
(https://www.bis.org/publ/arpdf/ar2023e.pdf).

3Federal Reserve Chair Jerome Powell argued that the introduction of a CBDC would eliminate the use case for
cryptocurrencies. He stated, “You wouldn’t need stablecoins; you wouldn’t need cryptocurrencies if you had a digital U.S.
currency. [ think that’s one of the stronger arguments in its favor.” Also, Reserve Bank of India Deputy Governor T. Rabi
Sankar also asserted that a CBDC would “kill whatever little case there could be” for cryptocurrencies. Academics like
Gary Gorton suggest that the government could “introduce a central bank digital currency and tax private stablecoins out
of existence” (Gorton, 2023).



e What roles should traditional banks, crypto banks and central banks play in the future monetary

system?*
e Should a central bank issue a CBDC? Should it be tokenized or not?
e What are the implications for traditional and tokenized monetary systems?

Our model extends the framework in Chiu and Monnet (2025) to consider an economy consisting of
two sectors: a traditional sector (for conventional “off-chain” transactions) and a crypto sector (for “on-
chain” transactions). In the traditional sector, sector, households use cash and bank deposits, which are
issued respectively by the central bank and traditional banks, as a means of payment. In the crypto
sector, traditional, non-tokenized deposits are not feasible. Therefore households use stablecoins issued
by crypto banks as a means of payment. Banks, in both traditional and crypto sectors, are susceptible
to an agency problem, giving rise to an incentive constraint according to which they must secure their
issuance of means of payments with collateral.

The crypto sector differs from the traditional sector in three aspects. First, some crypto transactions
may be socially undesirable (e.g., involving criminal activities). Second, traditional banks are more
tightly regulated and monitored than crypto banks. Third, traditional banks specialize in credit creation
but are not allowed to invest in crypto assets (e.g., Bitcoin, Ether), which crypto banks can hold as reserve
assets. Overall, the regulation over traditional and crypto banks and the characteristics of their collateral
holdings determine the tightness of their incentive constraints.

After characterizing the basic model in Sections 2 and 3, we examine how the features of the crypto
sector (e.g., size of the sector and the abundance of crypto assets) affect the whole economy, including
the traditional sector in Section 4. We then use the model to discuss two potential future monetary
systems. Section 5 considers the central bank issuing a non-tokenized CBDC used exclusively in the
traditional sector. The exercise can be interpreted as an extension of Keister and Sanches (2023) by
examining the implications for the crypto sector. We found that a CBDC can have complex effects on
the crypto sector, crowding in or crowding out stablecoins depending on economic conditions.

Section 6 allows the central bank to issue a tokenized CBDC for use in the crypto sector. The exercise

can be interpreted as an extension of Chiu and Monnet (2025) by considering a generalized environment

4Here, we use the term “crypto banks” to refer to banks that issue stablecoins.



with cash, bank credit creation and endogenous crypto asset prices. While issuing a tokenized CBDC
generally lowers crypto asset prices, it can crowd in or crowd out traditional bank deposit and credit
creations depending on the role of bonds and CBDC in the crypto sector. We also consider the case
where the central bank issues both a tokenized and a non-tokenized CBDC and provide a condition
under which issuing a tokenized CBDC is equivalent to an issuance of a non-tokenized CBDC.

Section 7 examines the quantitative implications of these two CBDC systems and compares com-
putationally the relative desirability of introducing these two new money balances in a parameterized
model. We find that it tends to be optimal to issue a tokenized CBDC when the crypto transactions are

socially desirable, crypto banks are not trustworthy and crypto assets are scarce.

Literature Our paper contributes to several lines of research in the literature. First of all, papers
such as Ahnert et al. (2025), Andolfatto (2020), Chiu and Davoodalhosseini (2021), Chiu et al. (2023a),
Keister and Sanches (2023), and Williamson (2022a) study the effects of CBDC issuance on traditional
bank intermediation in normal times. In addition, Fernandez-Villaverde et al. (2020), Keister and
Monnet (2022), Monnet et al. (2020), Schilling et al. (2020), and Williamson (2022b) examines the
effects on bank stability in crisis times. Wang (2023) studies the implications of money laundering for
the optimal design of a CBDC and Tinn (2024) considers a CBDC with asymmetric privacy. None of
these papers examine the role of tokenized CBDC on blockchains in serving the crypto sector.” The
most related paper is Chiu and Monnet (2025). This paper generalizes their model by incorporating
cash, bank loans and endogenous crypto asset prices, which are important for computational work. Also,
this paper considers not only tokenized money for the crypto sector but also the potential impacts of a
non-tokenized CBDC on the crypto sector. Another related paper is Huang and Keister (forthcoming)
which studies the narrow banking debate between stablecoins and tokenized deposits.

Our work is also related to the emerging literature on stablecoin and decentralized finance. The-
oretical papers by D’Avernas, Bourany, and Vandeweyer (2021), Li and Mayer (2021), Kozhan and
Viswanath-Natraj (2021)) study decentralized stablecoins such as Dai issued by the MakerDAO. Bertsch
(2023) analyses stablecoins adoption and fragility and Carapella (2024) studies regulatory arrangements.

Other DeFi platforms are also actively studied. For example, Aoyagi and Itoy (2021), Capponi and Jia

5See Auer et al. (2022) for a review of some policy issues and the academic literature.



(2021), Lehar and Parlour (2021) study decentralized exchanges in the form of automated market makers
(e.g., Uniswap), while Chiu, et al (2022) and Lehar and Parlour (2022) focus on lending platforms. Chiu
et al. (2023b) use a network model to investigate the relationships among different crypto tokens and
DeFi activities. Cong and Mayer (2022) study the competition among national fiat currencies, cryp-
tocurrencies, and central bank digital currencies. None of these papers evaluate the general-equilibrium

impact of a CBDC on crypto activities, which is the main contribution of our analysis.

2 Benchmark Economy

The model is an extension of Chiu and Monnet (2025). Time is discrete and continues forever: ¢ =
0,1,2,.... Each period consists of two sub-periods with two alternating markets, a la Lagos and Wright
(2005). In the first sub-period, segmented frictional markets open, and we call them AM. In the second
sub-period, a Walrasian centralized market opens, and we call it PM. The discount factor between the
PM and the next AM is § < 1.

The economy consists of a measure 2 of infinitely lived buyers and sellers, as well as large measures of
short-lived bankers, and entrepreneurs, who enter the economy in each PM and exit in the following PM.
The bankers can run a “traditional” or a “crypto” bank. Traditional banks offer loans to entrepreneurs
while crypto banks do not offer loans. All agents trade a common numeraire good in the PM. Buyers
and sellers derive utility V(y) from consuming y units of the numeraire and suffer a linear cost —h from
producing h units of the numeraire. We assume V'(y) > 0 and V" (y) < 0. Bankers and entrepreneurs
have a linear utility from consuming the numeraire. There is also a government and a central bank.

Young bankers enter the economy in the PM and exit in the following PM. In the PM, bankers can
produce and consume the numeraire good with linear utility. Each banker chooses to operate either a
traditional bank or a crypto bank and issues deposits or stablecoins as payment instruments. Traditional
banks also extend loans to entrepreneurs.

The AM consists of two segmented sectors: traditional sector and crypto sectors. In the traditional
sector, buyers and sellers interact directly to trade physical goods. In the crypto sector, they interact
on a digital ledger called a “blockchain” to trade crypto goods e.g., digital collectibles in the form of
NFTs, decentralized finance services, decentralized services like data indexing and cloud storage. We

add a “tilde” (X) to denote all “on-chain” variables X in the crypto sector. As explained below, buyers



can use three different means of payments: cash, z, issued by the central bank, deposits, d, issued by
traditional bankers, and stablecoins, 3, issued by crypto bankers.® We start with an economy where cash
and deposits are used in the traditional sector as they can only be transferred off-chain, while stablecoins
can only be used in the crypto sector as they are tokens recorded on the blockchain. The interpretation
is that, due to technological barriers, regulatory restrictions, or transaction costs, deposits and cash
are off-chain payment instruments and thus cannot be directly used to settle on-chain transactions.
Conversely, stablecoins, recorded and transacted exclusively on blockchain ledgers, cannot be used in
off-chain traditional markets.

Later, we will consider a design where central bank money can also be “tokenized” (i.e., have a digital
representation on the blockchain) to be used on-chain. The three means of payment are created to trade
three goods. In the traditional sector, there are cash goods, ., and deposit goods, x, that buyers can
purchase off-chain from sellers using cash and deposits respectively; In the crypto sector, there are crypto
goods, Z, that buyers can purchase on-chain using stablecoins. Buyers derive utility U(z.,z,Z) from
consuming these goods in the AM. Sellers incur a marginal cost of 1 when producing the three goods.

In the benchmark model, we assume
Uz, x, &) = uy(z,) + u(z) + 0(z)

Each period in the PM, the government issues a fixed supply, B, of illiquid one-period bonds trading
at a price ¢ (in terms of the numeraire good), which is endogenously determined. The rate of return of
bonds is R, = 1/qp. Each unit of bonds pays one unit of numeraire good in the following PM, financed by
lump-sum taxation in the PM. In addition, in each PM, buyers are endowed with one unit of a 1-period
crypto asset that pays E units of numeraire goods in the next PM.” These assets, denoted by &, are
traded at the equilibrium price g, in the PM.

In this sense, the “crypto asset” in the model is best interpreted as a representative on-chain asset

that serves as a collateral /reserve instrument for the crypto sector. E' summarizes the (possibly indirect)

6The existence of cash goods and cash is not critical for our analytical results. They are introduced just to match
empirical data in the calibration exercise.

"Here, the return to holding the crypto asset can arise either from an explicit cash-flow-like payout or from expected price
appreciation generated by protocol mechanisms: (i) staking or similar protocol rewards (e.g., staked ETH or liquid-staking
tokens), (ii) buybacks/burning financed by protocol revenues that reduce token supply (e.g., MKR burns or fee burning
under EIP-1559), or (iii) interest earned when the asset is supplied to decentralized lending markets (e.g., Aave/Compound).
Also, E should be interpreted as the expected value as the market value of crypto assets can be random. As long as the
random payoff is realized after AM transactions, uncertainty does not matter for our analysis due to risk neutrality in the
PM.



flow of value associated with holding such an asset in practice.

The role of the central bank and bankers, both traditional and crypto, is to provide buyers with
a means of payment. We use z, d and § to denote the real payment balances of cash, deposits and
stablecoins. The central bank issues cash with a fixed growth rate 7. Traditional bankers issue deposits
d in the PM and promise to redeem them in the following PM. However, they cannot commit to repaying
their outstanding claims, and they need to back them by holding government bonds b7 and loans ¢ as
reserve assets. Banks can abscond with a fraction 1 — p of reserve assets, so we call p the pledgeability
parameter of traditional banks. Loans are borrowed by n, competitive entrepreneurs at rate Ry, to
finance a project that can hire sellers in the AM to incur £ units of disutility to produce F'(¢) units of
numeraire goods in the next PM. The price of each unit of loans is g = 1/ Ry.

Similar to traditional banks, crypto bankers can issue stablecoins s backed by crypto assets € and
government bonds bc. Crypto bankers cannot commit, and they can abscond with a fraction 1 — x of
their off-chain assets and 1 — & of their on-chain assets. The case of K < p captures the idea that, unlike
traditional banks, crypto banks are unregulated.® The case of kK < & captures the idea that on-chain
assets can be monitored more easily than off-chain assets.

The timeline is the following: In the PM, traditional bankers acquire government bonds, make loans
to entrepreneurs and issue deposits to buyers while crypto bankers acquire crypto assets and government
bonds and issue stablecoins to buyers. The central bank also buys bonds to back the issuance of cash.
In the next AM, buyers trade x and x, in the traditional sector and Z in the crypto sector using the
corresponding means of payment. Entrepreneurs use bank loans to hire sellers for their projects. In the
following PM, entrepreneurs repay loans and holders of deposits and stablecoins redeem their tokens
with the respective issuer. The government repays bonds. Figure 2 is a succinct representation of our

economy. The balance sheets of the traditional, crypto and central banks are given by the following

table:
Trad. bank Crypto bank Central bank
Assets | Liabilities Assets | Liabilities Assets | Liabilities
eT d e S bCB z
br Equity be Equity

Balance Sheets of Traditional, Crypto and Central Banks

8In practice, regulation typically precludes, or discourages, traditional banks from holding crypto assets.
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Figure 1: Model Setup

3 Equilibrium Characterization

3.1 Buyers’ problems

In the PM, each buyer makes an offer (ar, d, {7, br) to a competitive traditional banker where ar is an
initial payment to the banker in the PM, d is the quantity of deposits issued by the banker to be used
off-chain by the buyer in the following AM, ¢7 and by are loans and bonds that the banker will hold to
back its issuance of deposits. The offer must satisfy the participation constraint (PC) and the incentive

constraint (IC), respectively:

(ar — qelr — @ubr) + B(lr +bp —d) >0 (1)

plr +pbr > d. (2)

The terms on the left-hand-side of the PC capture the traditional banker’s payoffs in the first and the
next PMs. Specifically, the PC requires that the discounted payoff be non-negative. The IC requires

that, to incentivize the bankers to redeem the deposits, the value of the pledgeable reserve assets on the



left-hand-side needs to be higher than the redemption value of the deposits on the right-hand-side.
Similarly, the buyer makes an offer (ac, §, €, b¢) to a competitive crypto banker where a¢ is an initial
payment to the banker in the PM, s is the quantity of stablecoins issued by the banker to be used on-
chain by the buyer in the following AM, € and by are crypto assets and bonds that the banker will hold
to back its issuance of stablecoins. The offer needs to satisfy respectively the participation constraint

(PC) and the incentive constraint (IC) of the crypto banker:

Y
=

3)

Ré 4+ kbe > & (4)

(ac — qe€ — @bc) + B(€+ bo — §)

The two constraints (3) and (4) have similar interpretations as those discussed above. In addition, the
buyer needs to carry cash z to buy cash goods subject to an inflation rate of 7. Given monetary policy

T, asset prices ¢, g, ge, the buyer chooses (z,ac, 8, €,bc, ar,d, by, {r) to maximize

—ac —ar — (1 + T)Z+5U(l‘z,$,f)

PM payoff AM payoff

subject to (1), (2), (3) and (4), and liquidity constraints with respect to cash, deposits and stablecoins

xz, <z, x <d, T < 3.

Clearly, constraints (1) and (3) will bind. Otherwise, it is optimal to reduce a7 and ac. In addition, it

is obvious that all the liquidity constraints will bind when

Ui(z,,2,Z) = p U(zy,z,2) > 1,
UQ(xzaxai) = %U(xmxa‘%) > 17
Us(zy,2,%) = %U(xz,x,;%) > 1.

Otherwise, it is optimal to increase the consumption of one or more goods. We assume these inequalities

hold and provide a condition below to justify them. With this understanding and replacing ar and ac



using the PC at equality, we can rewrite the problem as

max —(1+71)z+BU(z,d,5)

z,6,bc,38,0T,br,d

—qc€ — qpbe + B(é+ be — 3) + SAc(Ré + kbe — 3)

—qelr — @by + B(ly + by — d) + BAr(plr + pbr — d)

where SAr and SA¢ are respectively the Lagrange multipliers on the traditional and crypto bank’s
IC. The first-order conditions are given in the online appendix. Note that the liquidity constraints are
binding when min{gs, ¢e, q¢, 1 + 7} > 5. When this condition is satisfied, it is straightforward to obtain

the following result from the FOC.

Lemma 1. All the liquidity constraints bind. The optimal reserve decision of a traditional bank is

(d/p7 0)7 1f qe > Qv,
(bT7£T) = (Ovd/p)a Zf qr < Qv, (5)
{or, lp(br +br) =d},  if ¢ = qo,

and the optimal reserve decision of a crypto bank is

(3/5,0), if (%5 -1)2>(%-1) 4,
(bCaé): (0’5//%)7 lf %_1 %< %_1 %a (6)
{be,elbor+er =3}, if (% —1)1=(2 1)L

The optimal portfolio of the buyer satisfies

@) = 1+min{i<(§’1),;<qﬂel)}, (7)
J(d) = 1+;<Hﬁ“{§"’%}_1), (8)
e = ©)

3.2 Steady State equilibrium

We now derive the equilibrium conditions for the rest of the economy.
(i) Loan market clearing

Entrepreneurs take g; as given and choose the size of loan repayment, ¢, to solve

max F(L)-¢,

10



where L = g,/ is the size of the bank loan. Hence, the FOC implies that F'(L)g, = 1. The loan market

clears when entrepreneurs’ demand for loans equals banks’ supply of loans

qEZT = TL[L,
which implies:
14
F(EL)g, = 1. (10)
ng

(ii) Bond market clearing
The central bank needs to satisfy a balance-sheet constraint which requires that its cash issuance is

fully backed by government bonds:

bep = 2. (11)

Note that feasibility requires z < B. Otherwise the implied private-sector bond holdings would be nega-
tive. Here, we focus on parameterizations in which the inflation (money growth) policy is feasible given
the available bond supply. In general, bond supply places an upper bound on real cash balances under
full backing, which in turn implies a lower bound on the inflation rate required to support equilibrium
when bonds are scarce.

Hence, the bond market clears when total demand for bonds (from central, traditional, and crypto

banks) equals the fixed government bond supply:
B =0br+bc+bep. (12)

Through out the paper, we impose parameter values so that the private sector holds some bonds, or
B—-bep=br+bc>0.

(iii) Crypto asset market clearing

The crypto market clears when

E=E. (13)

Definition 2. A steady state monetary equilibrium consists of prices (g, ¢e, g»), quantities of means of

payments (d, §, z), quantities of reserve assets (br, bc, bep, ¢, €) satisfying conditions (5)-(13).

11



Finally, we define the social welfare by allowing the social planner to assign a weight on the surplus
from consuming crypto goods to capture the fact that some activities conducted in the crypto sector

can be less desirable. With a weight w € (0, 1] on crypto goods, the social welfare function is
W = [uz(z2) — 2] + [u(z) — 2] + wla() — 2] + ne[F(L) — L.

Hence, the regulator may want to discourage crypto goods transactions when w < 1. We denote by
(z%,2*, 2%, L*) the efficient level of consumption in each sector that equates the marginal utility of

consumption to the marginal cost of production.

4 Effects of introducing the Crypto Sector

To further characterize the equilibrium outcome, we specify the forms of the utility and production

functions. Suppose the utility in the AM is
U(z,,z, ) = uy(z,) +u(z) + a(),

where

l1-0o l1-0o sl—0o

JjZ
uy () =15 u(zx) = al —

And the utility function in the PM is given by
V(y) = Alogy.
The production function of entrepreneurs is
L'=x

=1y
with x < 1. ? The optimal loan repayment size for the firm is given by

F(L)
l=q ' ~,
and the loan market clears when
by = neqel_TX-

Consider first an economy where the crypto sector is absent (@ = 0). Proposition 3 summarizes the

key comparative statics. The following proposition is proved in the appendix:

9% < 1 also implies that £ decreases with the loan rate 1/q, (i.e., dér/dge > 0).

12



Proposition 3. Comparative statics in an economy without a crypto sector.
(1) A higher B reduces q, and ¢ , but raises d and br.
(2) A higher ng reduces qp, but raises d and .

(3) A high T reduces @y, z and L, but raises d and br.

Note that results (1) and (3) are similar. In this simplified setup, cash issuance is fully backed by
government bonds, so the central bank holds bop = z, where z denotes real cash balances demanded
by households. Bond-market clearing then implies that the quantity of bonds available to back private
payment instruments is the net supply B — bcp = B — 2. Since deposit issuance (and the associated
balance-sheet allocations) depends on the availability of backing collateral only through this net quantity,
an increase in bond supply B and a decrease in cash demand z have identical effects on deposits through
the same channel: both relax the collateral constraint faced by banks.

In addition, results (1) and (2) highlight that the composition and supply of backing assets matter for
both the scale of deposit issuance and the portfolio mix used to back deposits: increasing the availability
of bonds versus entrepreneurs’ loan claims shifts not only the quantity of deposits that banks can supply,

but also whether deposits are predominantly backed by public bonds or by private lending assets.

4.1 Equilibrium Outcomes with the Crypto Sector

As shown in the appendix, there are three possible equilibrium outcomes depends on whether by > 0

and bc > 0 bind or not:!?

| | [ br [ bo |
Eq. A Bonds are held by all banks + | +
Eqg. B Bonds are not held by crypto banks + 10
Eqg. C | Bonds are not held by traditional banks | 0 | +

For example, in Eq. A , both traditional and crypto banks hold bonds. The equilibrium ¢, satisfies

B= [ —nea'T) + [T (5

10Under our assumption that B > bop, we rule out Eq. D where bonds are not held by any private banks.

s—FEkK 14+7_1

) 3

13



where

4.2 Effects of increasing the Crypto Sector

Figure 2 reports the distribution of the equilibrium outcomes over the (&, E) space, when ny is not too
high so that the case with b = by = 0 is ruled out. Eq. B is uniquely supported when the size of the
crypto sector is small relative to the endowment of crypto assets. Crypto banks do not rely on bonds
to issue stablecoins. Eq. A arises when the size of the crypto sector increases, with both traditional
and crypto banks holding bonds. Eq. C emerges when the crypto sector becomes even larger, with
traditional bonds holding only loans. The result is summarized by the following proposition. Depending
on the values of the remaining parameters, some regions may be empty.

E

A

Type B
bp >0, bc=0
Type A
br >0, b >0

Type C
br =0, be >0

A 4
A

Figure 2: Equilibrium Outcomes with a Crypto Sector
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Proposition 4. Given our assumption on parameter values, for each (&, E) there exists a unique
steady-state equilibrium, and it belongs to exactly one of equilibria A—C. The regions in the (&, E)-plane
associated with equilibria A-C are characterized by the complementary-slackness conditions for bond
holdings by > 0 and bo > 0. Depending on the values of the remaining parameters, some regions may

be empty.

5 Non-tokenized CBDC

This section considers the case where the central bank issues a non-tokenized CBDC with a (gross) return
rate R, (see Figure 3). After setting the CBDC return rate, the central supplies CBDC to satisfy the
market demand. Like deposits, CBDC can be used in the traditional sector to buy good z. Given R,,,
buyers endogenously choose the amount of CBDC balance denoted by m. Note that both crypto and
traditional banks have no incentives to hold CBDC as reserves as R,, < R, = 1/¢. The buyer’s problem

is modified: a buyer chooses (z,ac, s, §,€,bc, ar, d, by, {7, m) to maximize

—ac —ar — (1 +7)z —m+ Pu.(x.) + Bu(x) + Bu(z)

subject to
T, =z, (LC of cash consumption)
T =3, (LC of crypto consumption)
r=mR,, +d, (LC of trad. consumption)
ac > qe€+ qpbe — Bl€+bo — 8], (PC of crypto banks)

Ré+kbc > 3. (IC of crypto banks)

ar > qelr + q@br — Bllr +br —d, (PC of trad. banks)

plr + pbyr > d. (IC of trad. banks)
The central bank’s demand of bonds becomes

becg = Rpnm + z.

15



The following tables capture the balance sheets of banks:

Trad. bank Crypto bank Central bank
Assets | Liabilities Assets | Liabilities Assets | Liabilities
€T d é .§ bCB z
br Equity be Equity m

Balance Sheets of Traditional, Crypto and Central Banks

Trad.
goods
mkt

Crypto
goods
mkt

d+z+m /
x+x,

Trad.
Bank

Loan
mkt

Bond
mkt

Crypto
asset
mkt

qr

Figure 3: Non-Tokenized CBDC

The buyer’s problem becomes

mzax[—(l +7)z + fu,(2)]

+ max [~q.8 — gube + B(E + be — 3) + Bi(3) + BAc(RE + rbo — 5)]

ébc,3

+ max [-m — qlr — @br + Bl + by — d) 4+ Bu(d + mR,,) + BAr(plr + pbr — d)] .

Lr,br,d,m

The first-order conditions and the other equilibrium conditions are given in the online appendix.
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Given the policy rate R,, set by the central bank, we need to consider different cases depending on
whether the following inequalities are binding or not: m > 0,b7 > 0,bc > 0. As shown in the

appendix, there are six possible equilibrium outcomes:'!

| [ m [ br [ be ]
Eq A| 0| + | +
Eqa. B| 0| 0 | +
Eq. C| 0|+ | O
Eq. E | + | + | +
Eq F |+ | 0 | +
Eq. G|+ |+ |0

In the first three cases, m = 0. Hence the allocations are just equivalent to those in Section 4.1, with
an additional condition on R,, to ensure zero demand for CBDC. In contrast, the remaining three

cases are characterized by positive CBDC demand (m > 0).
Effects of non-tokenized CBDC

Proposition 5. When there is a positive demand for non-tokenized CBDC, increasing the interest rate
R, always crowds out bank loans. In addition,

(1) when by > 0,bc > 0, it crowds in stablecoins and lowers both q, and q.;

(2) when by > 0,bc = 0, it has no impacts on stablecoins and q. but lowers qp;

(8) when by = 0,bc > 0, it crowds out stablecoins, and raises both q, and q..

| [ L[5 [g]
(1) br >0,bc >0 | — | — | + | —
(2) by >0,bc =0 — | — | 0 0
B br=0,bc>0 | — |+ |-+

Note that the CBDC competes with bank deposits as a means of payment. This will relax buyers’
liquidity constraints in the traditional sector, lowering traditional banks’ demand for reserve assets,
including loans. Moreover, when the CBDC is issued, the central bank needs to acquire bonds from the
two sectors to back the CBDC creation. If the central bank acquires these bonds from traditional
banks to issue the CBDC, these reallocated collateral assets are now used more efficiently by the
central bank who faces no incentive constraints. With more efficient usage of bonds, the bond market

becomes less tight and the bond price drops. If the crypto sector does not use bonds (case 2), there are

HUnder our assumption that B > bcp, we rule out Eq. D and Eq. H where bonds are not held by any private banks.

17



no spillover effects. If the crypto sector uses bonds (case 1), this induces more stablecoin creation and
hence lowers the demand for crypto asset as a collateral. When the new CBDC is backed completely
by bonds acquired from the crypto sector (case 3), the bond market becomes tighter and the bond

price rises, driving up the crypto asset price as well. As a result, stablecoins are crowded out.

6 Tokenized CBDC

Suppose the central bank issues tokenized CBDC with a return rate R,, (see Figure 4). Notice that
CBDC can be used for crypto goods transactions or used by crypto banks as a reserve asset (subject to
pledgeability ). We denote them as m and M respectively. Crypto banks may have an incentive to
hold M as reserve asset when & > k. By managing the ledger, the central bank has an option to impose
surveillance on transactions facilitated by CBDC. This, however, will lead to a privacy discount so that
the value of CBDC balances is discounted by p € (0, 1). Hence, the degree of surveillance is captured
by 1 — . The central bank should set a lower p if it intends to discourage the use of CBDC for crypto
transactions. Note that traditional banks have no incentive to hold CBDC as reserves as these balances

are always dominated by bonds. A buyer chooses (ac, 2, §, €, bc, ar,d, by, bp,m, M) to maximize

—ac —ar — (1 +7)z — 1+ Bu.(z.) + Bu(z) + Bu(Z)

subject to
T, =z, (LC of cash consumption)
i =5+ pmRm, (LC of crypto consumption)
r=d, (LC of trad. consumption)
ac > M+ qeé+ qbe — B | MRy, + &+ be — 5} , (PC of crypto banks)

ke 4 Kkbe +EMR,, > 3. (IC of crypto banks)

ar > qelr + q@br — Bllr +br —d], (PC of trad. banks)

plr + pbr > d. (IC of trad. banks)
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The central bank’s demand of bonds becomes

bop = 2 + Ry (i + M).

The balance sheets of different banks are:

Trad. bank Crypto bank Central bank
Assets | Liabilities Assets | Liabilities Assets | Liabilities
€T d I3 s bCB z
br Equity be Equity m
M

Balance Sheets of Traditional, Crypto and Central Banks

Trad.
goods
mkt

d+z

X+ x,

Loan
mkt

Bond
mkt

qe

qp

Crypto
asset
mkt

de

___________________________________________________________________________

Figure 4: Tokenized CBDC

The buyer’s problem can be simplified as the following problem:
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mzax[—(l + 7))z + Bu,(2)]
+ max [—m — N — q.é — qpbo + B [Mfzm +é+bo — 8| + Bu(3 + pmRy,) + BAc(RE + RM Ry, + kbe — 3)
&.be, M5
+ max, [—qelr — qubr + B(lr + by — d) + Bu(d) + BAr(plr + pbr — d)].

T,br,

The first-order conditions and the other equilibrium conditions are given in the online appendix.
Given the policy rate R,, set by the central bank, we need to consider different cases depending on
whether the following inequalities are binding or not: m; > 0, M, > 0,br > 0,bc > 0. As shown in the

appendix, there are twelve possible equilibrium outcomes:!'?

| [m | M [ br [ be | [ m [ M ] br [ bo |
Eqq A|O|O |+ |+ ]| Eaql|O|+ |+ |+
Eq. B| 0|0 ]| 0|+ |EqJ|O|+ ]| 0]+
Eq. C| 0] 0|+ |0 |EqgK|]O|+]|+]|0
Eq E|+| 0|+ |+ |EaM|+ |+ |+ |+
Eq. F | + | O O |+ | EaN|+]| +] 0|+
Eq. G|+ | 0|+ ] 0 |Eq.O|+ ]|+ | +]0

First, we show in the next lemma that, in equilibrium, the CBDC can be used either as a collateral or
as a means of payment, but not both. Hence, equilibria M-O are not feasible under generic parameter

values.

Lemma 6. m, M > 0 is a non-generic (measure zero) outcome in the parameter space.

Proof. When mm, M > 0,

- - 1
M: @5+ pmnR,) = ( = —1> —+1,
R'Nl K
- 1
m: U (8+pmRy,) = ——0
BuRm
implying
1 . -
which is a knife-edge case. O

12Under our assumption that B > bop, we rule out Eq. D, H, L P where bonds are not held by any private banks.
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Next, we characterize when a CBDC is used as a means of payment and not a collateral. A necessary

condition for /> 0 and M = 0 is

M : a’(§+umém)<< ! —1>}+1,
BRm K
S s, o 1
m: 45+ pumRy,) = ———
BuRm

implying
1 ~ -
(; + BRm):‘% <1+ BRm
which requires £ small and p large. Finally, the following proposition characterizes the effects of raising

the CBDC interest rate.
Effects of tokenized CBDC

Proposition 7. When there is a positive demand for a tokenized CBDC (m + M > 0), an increase in
the interest rate always lowers crypto asset price. In addition,

(1) when by > 0,bc > 0, it crowds in d, crowds out L and lowers qp;

(2) when by = 0,bc > 0, it crowds out d, but has no impacts on L and d;

(8) when by > 0,bc = 0, it crowds in d, crowds in L and lowers qp.

| [ e [a | L] d]
(1) bp >0,bc >0 | — | — | — | +
(2)br=0,bc>0|— | —|101|0
(3) br >0,bc =0 | — | + | +

The intuition is similar to those of Proposition 5. The tokenized CBDC relaxes buyers’ liquidity
constraint in the crypto sector, lowering crypto banks’ demand for crypto assets. Again, the central
bank needs to acquire bonds from the two sectors to back the CBDC creation. If the central bank
acquires these bonds from crypto banks, the overall allocation of bonds becomes more efficient, the
bond market becomes less tight and the bond price drops. There will be a spillover effect to the
traditional sector when traditional banks use bonds (case 3), and no spillover effects if traditional
banks do not use bonds (case 2). When the bonds are acquired completely from the traditional sector

(case 3), the bond market becomes tighter as a result, bank deposits are crowded out.
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The equivalence and coexistence of tokenized and non-tokenized CBDC

After characterizing the effects of a non-tokenized and a tokenized CBDC, we now examine when they
are similar and when they are different. The following proposition establishes a condition under which

the two systems are equivalent.

Proposition 8. When p = k, any equilibrium allocation with a positive supply of CBDC and
br,bc > 0 can be supported by issuing only a tokenized CBDC with pn = 1, only a non-tokenized CBDC,

or a miz of both.

When p = &k, traditional and crypto banks are equally reliable. The only difference between them is the
set of collateral assets they can use—yet this distinction becomes irrelevant when both banks hold
bonds. According to Propositions 5 and 7, CBDC introduced in one sector generates spillover effects to
the other sector whenever by, bc > 0. In such cases, the entry point of the CBDC—whether it is
introduced via traditional or crypto sectors—does not affect the set of implementable allocations.
However, when bonds are not used in both sectors, the entry point becomes crucial. In particular,
when traditional banks do not hold bonds, only a tokenized CBDC can correct inefficiencies in the
crypto sector. The following proposition characterizes the condition under which it is socially optimal

to introduce a tokenized CBDC to crowd out stablecoins.

Proposition 9. When bo > 0,bp = 0, it is welfare-improving to issue a tokenized CBDC with p =1

to crowd out stablecoins.

More generally, Propositions 5 and 7 imply that, when br,bc > 0, issuing a tokenized or a
non-tokenized CBDC lowers ¢, driving both  and Z closer to their first-best levels. Loans, however,
will decline. When there was originally under-investment in the economy, issuing a CBDC will lead to
a trade-off between consumption and investment efficiencies, related to that studied by Keister and
Sanches (2023).

Another natural question is whether to add another type of CBDC or not. This is equivalent to asking
whether it is optimal to issue both a tokenized and a non-tokenized CBDC. In general, the answer to
this question depends on the complex trade-offs between the impacts on z, & and L.

However, one can establish simple sufficient conditions under which issuing an additional CBDC can

improve welfare:
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Proposition 10. 1. If bp = 0,bc > 0 when there is only a non-tokenized CBDC, then issuing a

tokenized CBDC' can improve welfare when

wli@' () — 1] > 0.

2. Suppose ny = 0. If by > 0,bc = 0 when there is only a tokenized CBDC, then issuing a

non-tokenized CBDC' can improve welfare when

[/ (z) —1] > 0.

3. Suppose np = 0. If by > 0,bc = 0 when there is only a non-tokenized CBDC, then issuing a

tokenized CBDC' can improve welfare when
plu'(z) — 1] < wlw'(z) — 1].

This proposition characterizes the conditions under which introducing an additional CBDC instrument
raises welfare by improving x and/or Z locally, depending on which sector holds bonds. The intuition is
that a second CBDC type relaxes a binding liquidity constraint in the sector that the existing CBDC
does not serve. In (1), only non-tokenized CBDC is present and bonds sit with crypto banks; adding
tokenized CBDC lets the central bank supply liquidity on-chain and improves welfare when crypto
consumption is valued (w[@’ — 1] > 0). In (2) and (3), with no bank loans (n, = 0), one sector holds all
bonds and the other is liquidity-constrained; introducing the missing CBDC type eases that constraint.
The inequality in (3) says that adding tokenized CBDC is welfare-improving when the weighted
marginal gain in crypto consumption exceeds the marginal loss in traditional consumption, given the
pledgeability p of traditional banks.

Note that there are practical considerations that may limit the central bank’s ability to set different
interest rates for the two types of CBDC. For example, if both are available to households and the two
rates are constrained to be equal, then the household’s intratemporal optimality conditions imply an
equalization of marginal utilities across the two consumption margins (informally, v/(z) = @/(Z))). But
the optimality generally does not call for that equalization for a given w. Hence, if the goal is to
implement the socially desired tradeoff between traditional and crypto activity, differential effective

remuneration across the two CBDC is a natural instrument, allowing the central bank to tilt the
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relative attractiveness of liquidity across sectors. In practice, offering two “forms” of CBDC is
conceptually feasible (e.g., a retail, account-based /off-chain CBDC and a tokenized /on-chain CBDC for
specialized settlement use cases). One natural implementation is that users maintain an account-based
CBDC balance and “withdraw” into a tokenized wallet when on-ledger use is required, then redeem
back. Arbitrage/sweeping if conversion is frictionless: If the two forms are freely convertible 1:1 at all
times, and conversion can be done costlessly between two PM markets, then a rate differential tends to
induce “sweeping” into the higher-remunerated form when interest accrues, with the lower-rate form
held only transiently for payments. This is the practical analogue of why some wedge is typically
needed to sustain two coexisting forms with different returns (e.g., time delays, quantity limits, fees, or

compliance checks on conversion/withdrawals).

7 Quantitative Exercises

This section conducts a quantitative exercise to study the effects of introducing a CBDC in a

calibrated model.

7.1 Calibration: Economy without the Crypto Sector

We calibrate the model to the U.S. economy prior to the introduction of crypto assets (i.e.,
& = E = 0). Hence, we have

F=é=bo=0.

We focus on an equilibrium where traditional banks hold both loans and bonds on their balance sheets:

ET>O,bT >0,
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Hence, the equilibrium quantities and prices (qp, ¢, d, b, T, 2, bo ) satisfy the following seven

conditions:

db = 4o,
p(br + L) = d,
_ 1 (a )
ad":1+(—1 ,
p\B
Y 1+7
A = s
B
1-x
by =ngqe %,
bCB:Z7
B =br+bep.

It is then straightforward to show that the equilibrium g, satisfies

where

The table below summarizes all the parameter values along with their calibration targets. Three
parameters (i.e., 8, 7 and p) are set directly. The rest are calibrated internally. The calibration of
production and preference parameters (, o) is based on money and loan time series data from 2000 to
2015. The rest, (4, o, B,ny), are calibrated to match targets of money velocity, the share of deposits in

money and the asset composition of banks.

List of Parameters

] Parameter | Notation | Value | Notes
Discount factor B 0.96 Standard in literature
Money growth rate T 0.02 Average inflation is 2%
Traditional bank pledgeability P 0.9 Asset-liability ratio of banks in 2015 is 1.12
Curvature of production X 0.81 | Interest elasticity of loans (2000-2015) is -0.236
Curvature of preference o 3.17 Interest elasticity of money demand
(2000-2015) is -0.087
Scale of the PM market A 98 Income velocity of money in 2015 is 25.74
Preference for x « 23.17 Deposits-money ratio 2015 is 0.66
Bond and loan supplies B 2.83 Real interest rate is 0.5%
Tp 1.1 Loan-bond ratio of banks in 2015 is 85%
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To parameterize the economy with the crypto sector, we set £ = 0.12, @ = 0.0015, x = 0.8 so that the
market capitalization of stablecoins is about 4.5% of that of bank deposits, that the fraction of bonds
held by stablecoin issuers is less than 1%, and that the pledgeability parameters for stablecoin issuers
are such that kK = 0.8 < K = p = 0.9, so that bonds are more pledgeable for banks than for stablecoin

issuers while tokenized assets have the same pledgeability parameter as that of bank reserves. Also we

assume that p = 1, so that the new money design preserves privacy.
Non-tokenized CBDC

Figure 5 reports the effects of increasing R, on asset prices (gp, q¢, ¢c ), money balances (d, §,m),and
reserve assets (br, bc, ). The last panel reports the impacts on the social welfare in terms of
consumption equivalence A measured in percentage of consumption. In our example, by, b > 0 for the
relevant region of parameter values. An increase of R,, lowers all asset prices, crowds out bank loans
and deposits but crowds in stablecoin creation. Also, the FOC with respect to m implies that, as R,,
increases, the total real balances used to purchase traditional good, d + mR,,,, must go up when m > 0.
Welfare goes up for R,, not too high as consumption in both traditional and crypto sectors improves,

despite a smaller banking sector.

i —
g4 —_— Nz 25
N =
2 | |eme— 4
Z
< 0.95 2
0.9 0.95 1 0.9 0.95 1
Ry, Ry
0.128 05
= 0.127 g
0.126 0
0.9 0.95 1 0.9 0.95 1
Ry, Ry
2
1.1
£15 \ &
1 5
0.9 0.95 1 1
Ry,
£0.024
0.022 0
0.9 0.95 1 0.9 0.95 1
Ry, Ry

Figure 5: Comparative statics with a non-Tokenized CBDC
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Tokenized CBDC

Figure 6 reports the effects of increasing R,,. There are three regions. When R,, is sufficiently low,
there are no effects as m = M = 0. For an intermediate range of Rm, tokenized CBDC is held as a
means of payment. When b stays positive, all asset prices drop, crowding out stablecoins and bank
loans but crowds in deposits. Welfare goes up as the scarce bond supply is allocated more efficiently
from the crypto sector to the central bank and traditional banks. Also, the FOC with respect to m
implies that, as R,, increases, the total real balances used to purchase crypto good, s + mR,,, must go
up when 7 > 0. For a sufficiently higher R,, however, further increase in the CBDC rate starts to
move bond holdings from traditional banks to the central bank, crowding out bank deposits and
crowding in bank loans, while stablecoins are not affected. As a result, welfare declines.

To understand the results reported in Figures 5 and 6, note that in the calibrated economy without
CBDC, F'(L) = 1/q; < 1, implying that the supply of bank loans is inefficiently high. Hence, when a
non-tokenized CBDC is issued, it is optimal to set a high interest rate R, to support an efficient level
of = consumption, while crowding out bank deposits and bank loans. When a tokenized CBDC is
issued, it is optimal to increase R,, to crowd out stablecoins, driving b to zero. This is
welfare-improving as both x and z¢ will increase, and bank loans are optimally crowded out. Once
zc = 0, however, any further increase in R,, will start to reduce br, crowding out d and crowding in
(1. Since the supply of loans is already inefficiently high, further increase in R,, is not optimal even
when w is high. This explains why the optimal interest rate on CBDC in Figure 6 is so much lower

than in Figure 5, and why the optimal interest rate not seem to depend on w.

Design choice between tokenized and non-tokenized CBDC

Figure 7 reports the welfare effects of introducing different types of CBDC (when it is sub-optimal to
introduce a CBDC, the corresponding curve is not shown). When the pledgeability parameter of
crypto banks, «, is relatively large as shown in panels (1) and (2), it is optimal to introduce a
non-tokenized CBDC to crowd out bank deposits and loans, reallocating bonds from the traditional to
the crypto sector and crowding in stablecoins. The welfare benefit drops as crypto transactions
becomes more desirable. Overall, the welfare gain is around 0.3% to 0.6% of consumption, depending

on the availability of crypto collateral.
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When the pledgeability parameter of crypto banks, , is much smaller as shown in panels (3) and (4),
introducing non-tokenized CBDC becomes less desirable as the bonds reallocated to the crypto sector
cannot be used efficiently to create stablecoins. When crypto transactions are socially more desirable
(i-e., a large w), it becomes optimal to issue a tokenized CBDC to support crypto consumption. Issuing
a tokenized CBDC is especially desirable when F is low. In the extreme and somewhat unrealistic case,
the welfare gain of introducing a tokenized CBDC can be as high as 9% of consumption when the
crypto transactions are considered as desirable as traditional ones but the crypto banks are very

unreliable and the supply of crypto collateral is very limited.

8 Conclusion

This paper develops a general equilibrium framework to evaluate the optimal design of central bank
digital currencies in an economy where traditional finance and decentralized finance coexist. We show
that the issuance of a CBDC—whether tokenized or not—can have complex effects on financial
intermediation, asset prices, and the allocation of collateral across sectors. Tokenized CBDC crowd out
stablecoins and improve welfare when crypto banks are less trustworthy and crypto assets are scarce.
In contrast, non-tokenized may be more effective when crypto activity is less socially desirable or when
reallocating collateral to the crypto sector is welfare-improving. Our quantitative analysis highlights
key trade-offs: CBDC can enhance payment efficiency, but may reduce bank lending depending on how
reserve assets are redistributed. These findings provide timely insights for central banks weighing how
to incorporate new forms of public money into evolving financial ecosystems.

A key policy implication of our analysis is that central banks must account for the general equilibrium
effects that link the balance sheets of money issuers—traditional banks, crypto banks, and the central
bank itself. The introduction of a CBDC affects not only payment efficiency but also the allocation of
reserve assets and the viability of private money creation across sectors. The optimal design of the
future monetary system thus depends critically on three structural factors: the supply of reserve assets
(such as bonds, private investment projects, and crypto collateral), the reliability of crypto banks (as
measured by pledgeability x and &), and the social desirability of crypto transactions (w).
Policymakers should recognize that decisions about whether and how to tokenize CBDCs will

reverberate through both traditional and decentralized financial sectors, influencing the stability,
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efficiency, and composition of the overall monetary architecture.
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Appendix
Proof of proposition 3

Proof:
(1) Effect of Higher B:

From bond market clearing, we have

dbr dz
rte=ag = ap =Y
and, from loan market clearing, we obtain
x dir 1—x x-1 dg
E = X —_ = T X A —
T ="q," = aB - » ay iB

The deposit demand implies that

1 dd 1 dd do+t
ad*f’:1+; <qﬁb—1) i—aadig*ld—qb:p—ﬁﬁ dn = oapd <0,
implying that % = j—;b . % < 0if % > 0, and vice versa. The collateral constraint implies that
P(bT+€T):d;‘% = %%*%
Now equate the above two expressions for %, we obtain
L T S )
pdB X dB
Substituting %, we yield

1 dett dqp 1—x L=x_-1 dg
— — 1 =Ny - x - _
P

"~ oapB dB X T dB’

which implies

1—x >0  d7tN T dg, dq,
—=q, " =1 — < 0.
{W X b cap?B| dB ~ 4B <
Therefore,
dd dlr
— >0, — <0
dB =" 4B =

(2) Effect of Higher ny:
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From the loan market equilibrium, we have

and from the collateral constraint, we obtain

dbr 1 dd
b br)=d=> — = ———
p(br + L1) = dng  pdng’

since by is fixed. The deposit demand then implies that

Lo \_ dd_ a7  dd _ dd dg
dgy — ocapBf " dng  dgy dng

ad =14+ -
p \ B

Using the above expressions, we yield

S lox e dg P dgy
ny  ———— —_— = = - —_—
b ¢ X B dny cap2B  dny
which implies
1—x x1 g7t dap x gy
X N L . )
e X b cap?B| dnyg b dny
Hence, we have
dd dlr
— >0, — >0.
dng dng

(3) Effect of Higher Inflation 7:

From cash demand, we have

1/o
d
201;7—:>2< s ) :>—Z<O,

and, from bond market clearing, we have

dbr dz
B=b = —=——>0.
T e dr dr
The deposit demand implies that
_ 1 (q ) dd dd
ad?=1+-|=>-1]=—<0=— >0,
p <5 dgp dr

while the collateral constraint implies that

dr ldd db
o2 TT .
dr pdr dr
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Using the loan market condition, we then obtain

dlr —n 1—x %—1 dqb

ar X b dr
or

dd dbr dz

S0 huied

dr =5 dr >0, dr <0,
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Proof of proposition 4

Proof. We use the banks’ FOCs together with complementary slackness for by > 0 and bo > 0.

(i) Equilibrium B. From the crypto bank’s FOC, equilibrium B (in which the crypto sector does not
hold bonds, bc = 0) is supported when
e P 1 (ge L(q
'G)—1=a(RE) " —-1==-(—=-1)<~(2%-1), 14
#(5) - 1 = &(7E) H(%-1)<2(2 (1)
where ¢; is the equilibrium bond price under the candidate equilibrium with bc = 0. Hence,

equilibrium B is supported when & is low and F is high.

(ii) Equilibrium C. To support equilibrium C (in which the traditional sector does not hold bonds,

br = 0), we need

G <aq= n(&(/?aE)_ﬁ" -1+ 1, (15)

where ¢; is the equilibrium loan price under the candidate equilibrium with b7 = 0. This happens

when & is high and F is small.

(iii) Equilibrium A. If neither (14) nor (15) holds, then both nonnegativity constraints on bond
holdings are slack, so b7 > 0 and bo > 0 and equilibrium A is supported. In other words,

equilibrium A arises for intermediate values of (&, E).

Uniqueness and “exactly one case applies.” Conditions (14) and (15) are precisely the
complementary-slackness inequalities that deliver bc = 0 (for B) and by = 0 (for C), respectively. If
both were to hold, we would have by = b = 0, which is ruled out by the maintained restriction
excluding equilibrium D. Therefore at most one of B or C can apply. If neither holds, A applies. Hence

for each (&, E) exactly one of A—C obtains.

Possible empty regions. The cutoff loci implied by (14)—(15) may be degenerate for extreme
configurations of the parameters (e.g., if bonds are always strictly dominated or always strictly

preferred as reserves/collateral), in which case some regimes may be absent. O
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Proof of proposition 5

Proof. (1) Note that ¢r > 0 implies d > 0. Hence, when by, m > 0, we have

W(d+mRp) —1=1/BRpm —1=Ap = (?-1)2— <qg—1> %.

Hence an increase in R,, implies lower ¢, and ¢,. Hence, as ¢7q, = nyq;x declines. When, in addition,

e (5o) = (50)

the drop in bond price implies a lower ¢, and a higher . Hence be = §/k — RE /K goes up.

bc>0,

(2) When b = 0, however, we have

=g
/-:
\_/l
|
—_
I
‘»Q
o
|
—_
"
B

and hence there are no effects on stablecoins or crypto asset prices.

(3) When by = 0,m > 0, we have

W(d+mRy)—1=1/8Ry —1=\p = (qé—l)ll)

-
Hence an increase in R, implies a lower ¢4, leading to a lower {7 = ngquX for x < 1. Hence, deposit
d drops. This means mR,,, and bcg = 2 + mR,, must rise. As a result, bo = B — bcg and

§ = ke + kbo must decline, leading to higher ¢. and g. O
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Proof of proposition 7

Proof. (1) When b, m > 0, we have

1 SE L T @ 1 Ge
_ —1=da(5+ mR,,)—1=A\ :<_1>:<_1)
Bukom, ( H ) C -

An increase in uf%m lowers gy, g.. When by > 0, we have

(e _\r_(e_\1_.,
AT_(ﬂ 1>p (/3 l)p w(d),

implying a lower q;, {rqp = ngqe%and a higher d.

| =

When be, M > 0, we have

11’(5)1/\0(‘181>

_(® _\1_(_ L
3 (6 1>I~e (m?zm 1)

An increase in R,, lowers ¢y, ¢, and raises 5. When by > 0, we have

e (83 (55

implying a lower qg, ¢1qp = nqu% and a higher d.

I =
x| =

(2) When be > 0,bp = 0, the mechanisms in (1) still apply, except that there will be no effects on
deposits and loans as traditional banks do not use bonds.
(3) When be = 0,m > 0, we have
1
BuRn,

An increase in R, lowers ge- Since § = RE stays unchanged while & = 5 4 ,urh]%m goes up, m and

—1 =@ (5+ pnRy) —1= (‘E—l) 1

=

ﬁsz must increase. Hence more bonds will be held by the central bank bop = z + Rmm, and less left

for traditional banks b7 = B — bog. To determine bank deposits, we use
1 qe 1
(31 (5)}
() B p B p
d = plr + pbr,
r =nege ~

Notice that d cannot go up. If it were true, then 7 = (d/p — by) must increase. When x < 1, this
requires gy increase as well. But this is inconsistent with the assumption of a higher d. Hence, it must

be true that d drops while g, ¢ and g¢¢1 both go up.
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When b = 0, M > 0, we have

-2 (5) ()

An increase in R, lowers ¢, and raises §. This means M R,,, = §/k — E must go up. Hence

R
x| =

bes = z + R, M increases as well, implying a lower by = B — beg. As shown above, it must be true

that d drops while g3, g¢ and g¢f7 both go up.
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Proof of proposition 8

Proof. When by, b > 0, an allocation with a positive supply of non-tokenized CBDC, m", satisfies

o~ U=wld@) =1 = o= (L o1) = (B o) = (£ 1) £ =i+ 2) - 11 = 2

A =R,,m",
P+ pblp — d" = 0,
R + Kbl — 5" =0,
B =bp + b5 + b
bep =2+ A,

where the superscript “n” is used to denote the endogenous variables when there is a non-tokenized

CBDC. An allocation with a positive supply of tokenized CBDC, m!, with u = 1 satisfies

H[ﬂ}%m—lzﬁ[ﬂ/(?—&-A)—l] = R\ :<q§_ )g_@;— )—(fg— )szT=p[u’(dt)—1],
A:RmNtv

B = bk + bl + b,

th‘B:Z+A,

where the superscript “t” is used to denote the endogenous variables when there is a tokenized CBDC.

When p = &, the two allocations are equivalent by setting

g +A=3"
d'=d" + A,

p(bly — bp) = p(b — b)) = A.
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Proof of proposition 9
Proof. Recall that the welfare is given by
W= [uy(x,) — x.] + [u(z) — 2] + wla(z) — ] + ng[F(L) — L.

When b7 = 0, Proposition 7 implies a tokenized CBDC has no effects on the traditional sector. The
welfare hence depends on the response of Z. Note that, when bc > 0, @'(Z) — 1 = A¢ > 0, implying
that Z is below the first-best level. Then, the FOC in Sections 4 and 5 imply that issuing a tokenized
CBDC with p =1 is most effective as the central bank can avoid the deadweight loss due to u and k.

From the FOC of a tokenized CBDC, we know that when m > 0,

1 j—
SR,

1=4d/(z) -1,

implying that introducing a CBDC with R,, can drive & closer to the first-best level. Finally, the

quantity of equilibrium stablecoins is
§=RE+ kbt =RE+ k(B —2z—A)

implying that acquiring A = mR,, to back the tokenized CBDC crowds out stablecoins. O

Proof of proposition 10

Proof. First consider the case with by = 0,b¢ > 0 when there is only a non-tokenized CBDC. By
offering a tokenized CBDC with a sufficiently high R,,, the central bank can induce m/ = A > 0 (small
enough that the equilibrium remains in the same region) backed by bonds channeled from the crypto
sector, without any effects on the traditional sector. Hence, by, = bc — A. As a result, crypto

consumption goes up

P =i+ (1-r)A.

This is welfare improving as long as

Wl (7) — 1] > 0.

Second, suppose ny = 0, and assume by > 0,bc = 0 when there is only a tokenized CBDC. By offering

a non-tokenized CBDC with a sufficiently high R,,, the central bank can induce m’ = A > 0 backed by
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bonds channeled from the traditional sector, without any effects on the crypto sector. Hence,

b = by — A. As a result, traditional consumption goes up to
T
z=z+ (1—pA.

This is welfare improving as long as

[W(z)—1] >0

Third, suppose ny = 0, and assume by > 0,bc = 0 when there is only a non-tokenized CBDC. By
offering a tokenized CBDC with a sufficiently high R,,, the central bank can induce /' = A > 0
backed by bonds channeled from the traditional sector. Hence, b7 = by — A. As a result, traditional
consumption goes down to

T =1x— pA,

while crypto consumption goes up to

This is welfare improving as long as

plu' () — 1] < wl@'(z) — 1].
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For Outline Appendix

Section 3.1: First-order conditions

The first-order conditions are

5: Us(z,d,8) = 1+ Ac,
d: Us(z,d,5) = 1+Ar,
z: BU(z,d,8) = 1+,

1

s < (§-1)5

ETS >\T S <(]e_1>1’

B p

- e 1

i Ao < = _-1)=

o e < (F)%

bo: e < (Loq)l

—_ /8 K?

/\T[pr+pr7d} =0

)\C'[Ré + kbo — 5} = 0.

Section 4: Four Possible Equilibrium Outcomes with the Crypto Sector

| | [ br [ bc |
Eq. A Bonds are held by all banks + | +
Eqg. B Bonds are not held by crypto banks + 10
Eq. C | Bonds are not held by traditional banks | 0 | +
Eq. D Bonds are not held by both banks 0 0

Eq. A: Bonds are held by all banks

This is an equilibrium where traditional banks hold both loans and bonds on their balance sheets and

crypto banks hold both bonds and crypto assets on their balance sheets:

0r > 0,br > 0,

é>0,bc > 0.
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Hence, the equilibrium quantities and prices (qp, g¢, ge, d, §, b1, bo, b1, €, z,bcp) satisfy the following

eleven conditions:

o 1 (a
1421
as +n(ﬁ )
_ 1 (a )
adU:1+<—1 ,
p\pB
Y 1+7
Z = )
B
1-x
by = npqe %,
bC’B:Z,
e=F

B =0br+bc+bep.

It is then straightforward to show that the equilibrium g, satisfies

d 1-x s — Fk 1+7,_ 1

B=[ =g X+ [+ ()7
where
et (e N7
S=a [1+n(ﬁ 1)} ,
1 1 (q 7
d=a- 1+<—1)]
{ p\B

Eq. B: Bonds are not held by crypto banks

This is an equilibrium where traditional banks hold both loans and bonds on their balance sheets and

crypto banks hold only crypto assets on their balance sheets:

£T>O,bT>O,

€>0,bc =0.
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Hence, the equilibrium quantities and prices (qp, g¢, ge, d, §, b1, bo, b1, €, z,bcp) satisfy the following

eleven conditions:

db = qu,
1 b 1 de
(1) > (21
H(B )>%</3 )
p(br + 1) =d
€k = 8§
. 1 (qe
LT [ (|
as +f€(ﬂ )
_ 1 a )
ad"—1+<1 ,
p\B
Z_U_1+T
/87

1—x
by = neqe X,

bCB:Z7
e=F,
B=bpr+bcp

where
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Eq. C: Bonds are not held by traditional banks

This is an equilibrium where traditional banks hold loans but no bonds on their balance sheets and

crypto banks hold both bonds and crypto assets on their balance sheets:
{r > O7 br = 0,
€>0,bc > 0.

Hence, the equilibrium quantities and prices (gp, q¢, ¢, d, 8, b1, be, b1, €, 2, bo ) satisfy the following

eleven conditions:

v > qe,
1 b 1 Ge
—=—-1)==(=-1
(5-1)-:(5-1)
pET:d
bck +eérk =35
e 1 (g
c=14-(L
as +/‘5<5 )
- 1 (q )
ad”zl—i—(—l ,
p\B
Z_a_l—l—T
6 b
i
by = npqe <,
bCB_Za
éE=F,
B =bc +bep

B[ ()
where
ol (w7
S=a |:1+/€<ﬂ 1>} ,
pngqgl_TX = a% {1—}- 1 <(H — 1)}_i
p\B ’



with the following condition satisfied:
b > qe-
Eq. D: Bonds held only by the central bank
This is an equilibrium where traditional banks hold both loans and bonds on their balance sheets and
crypto banks hold both bonds and crypto assets on their balance sheets:
by > 0, br = 0,
€>0,bc =0.

Hence, the equilibrium quantities and prices (gp, q¢, ¢, d, $, b1, bc, b1, €, 2, bo ) satisfy the following

eleven conditions:

v > qe,
1 dv 1 Je
—(Z-1)>=(=-1
H(B >>k(6 )
pET—d
ek =35
. 1 (qe
T=14+=(=-1
as +"~f<5 )
_ 1 (qe >
ad“_1+(—1 ,
p\B
Z*JflJrT
ﬁ bl

1-x

by = npqe <,

bCB =z,
é=E,
B =beg.

It is then straightforward to show that the equilibrium ¢, satisfies

1+7 _1

B= (5
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where

[
|
<

PNeqe X

with the following condition satisfied:

d

By

B

Qb > qe,

)

e

50
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8.1 Section 5: First-order conditions and equilibrium conditions

5. @GE) = 14 Ao,
d w(d+mRy) < 14 A,
m: u(d+mRy) < 1/8R,,
147
z: ul(z) = ,
(2) 5
br Ar < %— 1) -,

™
>
Q
IN
I
—

Il = DI DI

bc : )\C

IN
\
—

~
~
>~
3
IA
7 N N7 N N
S
[
—
N—— N~

>®[e R

=

AT [pr + pbr — d] =

)\c[l%é + libc — .§] =

=

and the other equilibrium conditions are

1-x
by = ngqe %,
bop =z + mRm7

€

E,
B =br + be + bep,

g (bcp — z) < m,

where the last condition ensures that the central bank raises sufficient resources to buy bonds to back

non-tokenized CBDC from their issuance.
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Section 5: Eight Possible Equilibrium Outcomes with Non-Tokenized CBDC

Given the policy rate R,, set by the central bank, we need to consider eight different cases depending

on whether the following inequalities are binding or not.

As shown in the appendix, there are eight possible equilibrium outcomes:

| [ m [ br [ be ]
Eq A| 0| + | +
E¢. B|O | -] 0
Eq.C| 0| 0 | +
Eq.. D0 ] 0] 0
Eq. E| + | + | +
Eq. F |+ |+ |0
Eq- G|+ | 0 | +
Eq H| +] 0] 0

In the first four cases, m = 0. Hence they are just equivalent to those in Section 4.1, with an

additional condition on R,,. In the next four cases, m > 0.
Eq. A: CBDC is not held and bonds are held by all banks

This is an equilibrium where no one holds CBDC, traditional banks hold both loans and bonds on their

balance sheets and crypto banks hold both bonds and crypto assets on their balance sheets:

m=0,0r > 0,bp > 0,

ée>0,bc > 0.
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Hence, the equilibrium quantities and prices (¢s, q¢, Ge, Rin, d, 8, b1, be, b1, €, 2, bop) satisfy the following

conditions:

ad™? < 1/BRy,,
9y = 4o,
1 ab 1 Ge
—=-1)==(=-1
(52 (51)
p(br + Lr) = d,
bok + ek =3,
e 1 (q
T=1+=-(—=-1
as +E; 3 ),
ad—”=1+1<q”—1),
p\B
27‘7—14—7—
/B )
1—x

¢=E,

B =br+bc +bep.

It is then straightforward to show that the equilibrium g, satisfies

d 1-x s — FEk 1+7._1
Bzf— X R
5 = e T+ =1+ ()
where
1 _1
L o.1 b 7
—q-l1+=2(2 -1
e {%(ﬁ ﬂ ’
1 _1
d:ai[l+<q”—1)]
p\B
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Eq. B: CBDC is not held and bonds are not held by crypto banks

This is an equilibrium where no one holds CBDC, traditional banks hold both loans and bonds on their

balance sheets and crypto banks hold only crypto assets on their balance sheets:

m =0,y > 0,bp >0,

€>0,bc =0.

Hence, the equilibrium quantities and prices (gv, q¢, e, Bm, d, $, b1, be, b1, €, 2, bo g) satisty the following

conditions:

ad™? <1/BRy,,
db = qu,
1 db 1 Ge
—(=-1 —(=-1
n</3 )>%<6 )
p(bT+£T)_d>
er = §,
1 (g
WS o=14+=-=-1
as +,f; 3 >,
_ 1 a )
ad"zl—l—(—l ,
p\B
Z_U_l—i—ﬁ'
B’
1—x
by = npqe X,
bC’B:Z7
e=F,
B=br+bcp.

It is then straightforward to show that the equilibrium g, satisfies
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where

with the following condition satisfied:

R
7 N
@[S

|

—
~~_

Vv
e
/N
ISYES

|

—
~~_

Eq. C: CBDC is not held and bonds are not held by traditional banks

This is an equilibrium where no one holds CBDC, traditional banks hold both loans and bonds on their

balance sheets and crypto banks hold both bonds and crypto assets on their balance sheets:

m =0,y >0,bpr =0,

e >0,bc > 0.

95



Hence, the equilibrium quantities and prices (¢s, q¢, Ge, Rin, d, 8, b1, be, b1, €, 2, bop) satisfy the following

conditions:

ad™? < 1/BRy,,

o 1 (a
co14 - (L
as +/<;<ﬁ ),
_ 1 (qe )
ad"=1+<—1 ,

B
e 1+T
277 = ,
B
1=x
br =g
bCB:Z7
e=1F,
B =bc +bep-

It is then straightforward to show that the equilibrium g, satisfies

s—Er 1+7 1
+ o

B =" ()
where
gzai{wi(qﬂb—lﬂ_g,
Pnﬂul;x —av [1+1 (qz - 1)}é,
p\pB

with the following condition satisfied:

v > qe-
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Eq. D: CBDC is not held and bonds held only by the central bank
This is an equilibrium where no one holds CBDC, traditional banks hold both loans and bonds on their

balance sheets and crypto banks hold both bonds and crypto assets on their balance sheets:

m =0,y >0,bpr =0,

€>0,bc =0.

Hence, the equilibrium quantities and prices (gv, q¢, e, Bm, d, $, b1, be, b1, €, 2, bo g) satisty the following

conditions:

ad™? <1/BRy,
Qb>(1£7
1 ) 1 Ge
—(=-1 —(=-1
H(ﬁ >>%<B >
péT—d
ek =35
1 (qe
WSl =14+=-=-1
as +Fz 3 )
- 1 (q )
ad"zl—i—(—l ,
p\B
z_”—1+T
/B b

bCB:Za
)
B =bcp

It is then straightforward to show that the equilibrium g, satisfies

147, 1

B=(—1)*
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where

[
|
<

1
R
1 1
prugqe x = [1+
p

with the following condition satisfied:
av > qe,

(3929

Eq. E: CBDC is held and bonds are held by all banks

e

This is an equilibrium where CBDC is held, traditional banks hold both loans and bonds on their balance

sheets and crypto banks hold both bonds and crypto assets on their balance sheets:

m > 0,4y > 0,bp > 0,

e>0,bc > 0.
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Hence, the equilibrium quantities and prices (qp, g¢, ge, m, d, 3, b1, be, b1, €, 2, bop) satisty the following

conditions:

o 1 /(g
T=14+=-(=-1
as +R(ﬁ >,
_ 1 (g
ald+mR,, ":1—}—(—1),
( ) p\B
270_1—}—7'
ﬁ )

B =br+bc+bep.

Eq. F: CBDC is held and bonds are not held by crypto banks

This is an equilibrium where CBDC is held, traditional banks hold both loans and bonds on their balance

sheets and crypto banks hold only crypto assets on their balance sheets:

m > 0,4r > 0,bp > 0,

¢>0,bc = 0.
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Hence, the equilibrium quantities and prices (qp, g¢, ge, m, d, 3, b1, be, b1, €, 2, bop) satisty the following

conditions:

qb = qe,
1 b 1 Ge
(o) s> (E1),
(5-1)>2(51)
p(br + lr) = d,
6k = 3,
- 1 (qe
L R
as —|—I~~€ 3 ),
_ 1 /g
ald+mR,, ":1—|—(—1)7
( ) p\B
Z?J_1—|—T
B b
i
bp =ngqe %,

Eq. G: CBDC is held and bonds are not held by traditional banks

This is an equilibrium where CBDC is held, traditional banks hold both loans and bonds on their balance

sheets and crypto banks hold both bonds and crypto assets on their balance sheets:

m > 0,0r > 0,bpr =0,

€>0,bc > 0.
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Hence, the equilibrium quantities and prices (qp, g¢, ge, m, d, 3, b1, be, b1, €, 2, bop) satisty the following

conditions:

o 1 /(g
L R |
as +n(ﬁ >,
_ 1 (q
ald+mR,, ":1—}—(—1),
( ) p\B
270_1—&—7'
ﬁ )
i
bp =g

B =bc +bep.

It is then straightforward to show that the equilibrium g, satisfies

s—Er 1+7 1
+ o

B =" ()
where
gzai{wi(qﬂb—lﬂ_g,
Pnﬂul;x —av [1+1 (qz - 1)}é,
p\pB

with the following condition satisfied:

v > qe-
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Eq. H: CBDC is held and bonds held only by the central bank

This is an equilibrium where CBDC is held, traditional banks hold both loans and bonds on their balance

sheets and crypto banks hold both bonds and crypto assets on their balance sheets:

m > 0,4y > 0,bpr =0,

€>0,bc =0.

Hence, the equilibrium quantities and prices (s, q¢, ge, m, d, 8, b1, be, b1, €, 2, bo ) satisfy the following

conditions:

Oé(d + mRm)ig = 1/6Rm7

Qb>QZa
1 db 1 de
- =-1 - =-1
n(ﬂ >>R(ﬁ )
pr—d
ek =3§
-~ 1 /qe
T4 (L
as +’~€<5 )
_ 1 (q
ald+mR,, ”:1—1—(—1),
( ) p\B
1+7

w
I
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8.2 Section 6: First-order conditions and equilibrium conditions

The first-order conditions are

§: W (54 wnR,) = 14X,
d: W(d) < 1+Ap,
. 1
m: @ (5+pumRy,) < ——,
B,
1+7
z uy(z) = ,
(2) 5
1
br: Ar < (qgl>p,
lp Ar < (qz_1>17
B p
~ Ge 1
: < (L _q)=
e = (55
bt Ao < (2-1)L
< (3 -
N 1 1
M: M < ( — — 1] =.
BRm K

The other equilibrium conditions are

where the last condition ensures that the central bank raises sufficient resources to buy bonds to back

tokenized CBDC from their issuance.
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Section 6: Sixteen Possible Equilibrium Outcomes with Tokenized CBDC

Given the policy rate R,, set by the central bank, we need to consider sixteen different cases depending

on whether the following inequalities are binding or not.

mt207
Mt207
bTZO>

be > 0.

As shown in the appendix, there are sixteen possible equilibrium outcomes:

| [ | M | br [ be | [ m | M ] br [ bo |
Eqq A|O|O |+ |+ ]| EaqI|O|+ |+ |+
Eq. B| 0| 0|0 ]|+ ]|EqJ]|O|+ ]| 0]+
Eq. C| 0] 0|+ ] 0 |EqK|O|+|+]|0
Eq D|O| 0| 0|0 |EqgL|O|+]0]O0
Eqq E|+ | 0|+ |+ |EqM|+ |+ |+ |+
Eq F|+| 0|0 |+ |EqaN|+]|+] 0]+
Eq G| +] 0| +]|]0 |EqO|+]|+|+10
Eq H|{+] 0| 0|0 |EqP |+ |+ |00

Eq. A: Tokenized CBDC is not held as means of payments or collateral, and bonds are
held by all banks

m=0,M=0,br>0,bc>0

Hence, the equilibrium quantities and prices (qy, ¢z, ge, Rm, d, 8,70, M, bp, be, £, €, z, bop) satisfy the
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following conditions:

s~ =0

as

ad™?

with m=M = 0.

Eq. B: Tokenized CBDC is not held as means of payments or collateral, and bonds are not

held by crypto banks

m=0,M=0,br>0bc=0

Hence, the equilibrium quantities and prices (gy, ¢, ge, R, d, §, M, M, by, be, br, E, 2, bop) satisty the
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following conditions:

s~ =0

as

ad™?

with m=M = 0.

Eq. C: Tokenized CBDC is not held as means of payments or collateral, and bonds are not

held by traditional banks

m=0,M=0,br=0,bc>0

Hence, the equilibrium quantities and prices (gy, ¢, ge, R, d, §, M, M, by, be, br, E, 2, bop) satisty the
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following conditions:

1 (ge
ST = 14+=-=-1]),
as + P (,@ )
_ 1 (qe )
ad™? = 1+<1 ,
p\B
Y 1+7
z = ,
B
b > q,
o N1 _ (e )L
B K B R
1—x
by = mnqe X,
bCB = Z,
e = FE,
B = bc+bes,
pET = d7
bok + ek = 8§,
o 1
as < —_—,
ulRpy,
R, < 1

with m=M = 0.

Eq. D: Tokenized CBDC is not held as means of payments or collateral, and bonds are
held only by the central bank

m=0,M=0,br=0,bc=0

Hence, the equilibrium quantities and prices (gy, ¢, ge, R, d, §, M, M, by, be, br, E, 2, bop) satisty the
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following conditions:

with m=M = 0.

Eq. E: Tokenized CBDC is held only as

banks

s~ =0

as

ad™?

means of payments, and bonds are held by all

m>0,M=0,br>0,bc>0

Hence, the equilibrium quantities and prices (gy, ¢, ge, R, d, §, M, M, by, be, br, E, 2, bop) satisty the
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following conditions:

. 1 /q.
&(5+ pmRy) ™ = 1+R<q—1),
_ 1 (aq )
ad=® = 1+(1 ,
p\B
o 1+7
ﬁ b
b = Qqu,
db 1 Ge 1
H_1)12 = e _1)=
(5-1)5 - (5-1)%
1—x
by = ngqx,
ch = Z+Rmm7
¢ = E,
B = br+bc+bes,
p(bT-‘reT) = d,
bok +éR = 3,
o o~ 1
(8 +pmhBy,) 7 = =
B,URm
geRm < 1

with M = 0.

Eq. F: Tokenized CBDC is held only as means of payments, and bonds are not held by
crypto banks

m>0,M=0,br>0,bc=0

Hence, the equilibrium quantities and prices (gy, ¢, ge, R, d, §, M, M, by, be, br, E, 2, bop) satisty the
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following conditions:

. 1 /q.
&(5+ pmRy) ™ = 1+R<q—1),
_ 1 (aq )
ad™® = 1+(1 ,
p\B
o 1+7
ﬁ b
9 = dqu,
b 1 Ge 1
B_g)> s (g
(5-1% > (5-1)=
1—x
by = ngqx,
ch = Z+Rmm7
¢ - E,
B = br+bes,
p(bT-‘reT) = d,
6k = 3,
o o~ 1
a(s+ pumRy,)"7 = —
B,URm
Ry < 1

with M = 0.

Eq. G: Tokenized CBDC is held only as means of payments, and bonds are not held by
traditional banks

m>0,M=0,br=0,bc>0

Hence, the equilibrium quantities and prices (gy, ¢, ge, R, d, §, M, M, by, be, br, E, 2, bop) satisty the
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following conditions:

. I 1 (qe
Rm 7 - ]. = 7_1 5
a(s+ pmR,,) + = (ﬁ )
. 1 (q >
ad ? = 1+ - (1 ,
p\B
o 1+7
ﬁ b
@w» > e,
b 1 Ge 1
H 1) = e 1) =
(5-1)% - (5%
1—x
by = ngqx,
ch = Z+Rmm7
e = F,
B = bec+bes,
PZT = d7
bok +erx = 8,
L Lo 1
a(S$+ pumRy,)™ 7 = —,
B,URm
Ry < 1.

with M = 0.

Eq. H: Tokenized CBDC is held only as means of payments, and bonds are held only by
the central bank

m>0,M=0,br=0,bc=0

Hence, the equilibrium quantities and prices (gy, ¢, ge, R, d, §, M, M, by, be, br, €, 2, bop) satisty the
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following conditions:

. I 1 (qe
Rm 7 - ]. = 7_1 5
a(s+ pmR,,) +H<ﬁ )
_ 1 (qe >
ad=® = 1+(1 ,
p\B
o 1+7
ﬁ b
% > qu,
v 1 Qe 1
L_1)= s> (g
(5-1% > (5-1)=
1—x
by = ngqx,
ch = Z+Rmm7
¢ = E,
B = \b¢s,
PZT = d7
ek = 3
o o~ 1
(8 +pmhBy,)"7 = =
B,URm
el < 1

with M = 0.

Eq. I: Tokenized CBDC is held only as collateral, and bonds are held by all banks

m=0,M>0,br>0,bc>0

Hence, the equilibrium quantities and prices (qy, ¢z, ge, Rm, d, 8,70, M, by, be, b, €, z, bop) satisfy the
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following conditions:

o 1 (qe
T = 14 (2
o +F€<ﬁ )
- 1 (a >
ad™® = 1+(1 ,
p\B
Lo 1+7
6 b)
9 = dqu,
db de 1
L _1)12 = € _11=
(5-1% - (5-1)=
1=x
by = mngqx,
bCB = Z+RmM,
e = FE,
B = br+bc+bes,
p(bT—"eT) = da
MR, +beck +ék = 3§,
.o 1
as < —,
uRp,
Ry = 1.

with m=0.

Eq. J: Tokenized CBDC is held only as collateral, and bonds are not held by crypto banks

m=0,M>0,br>0,bc=0

Hence, the equilibrium quantities and prices (qy, ¢z, ge, Rm, d, 8,70, M, by, be, b, €, z, bop) satisfy the
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following conditions:

. 1 (qe

7 = 14+4=(=-1

as —|—/% 3 ),

_ 1 (a )

ad ? = 1+<1 ,
p\B

o 1+7
ﬁ )

b = dqu,

b 1 Ge 1

=~ —1)- > = -1 =,

(5-1: > (5-)3
1-x

b = ngq x

bCB = Z+Rm]\;[7

e = F,

B = br+bes,
p(bT+£T> = d7
MR,&+ék = 3,

U 1

as < —,
Ry

QGRm = 1

with m=0.

Eq. K: Tokenized CBDC is held only as collateral, and bonds are not held by traditional
banks

m=0,M>0,br=0,bc>0

Hence, the equilibrium quantities and prices (gy, ¢, ge, R, d, §, M, M, by, be, br, E, 2, bop) satisty the
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following conditions:

s a—0o

as

ad™?

plr
MR, i + bok + ék

S~ o0

as

qeRm

with m=0.

Eq. L: Tokenized CBDC is held only as collateral, and bonds are

bank

m=0,M>0,br=0,bc=0

held only by the central

Hence, the equilibrium quantities and prices (gy, ¢, ge, R, d, §, M, M, by, be, br, €, 2, bop) satisty the
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following conditions:

. 1 (qe
4 1+= (% -1
as + z (/3 )
_ 1 (qe >
ad™° 1+ - ( -1
p\pB
o 1+71
ﬁ )
ab qe,
db 1 Ge 1
L _1)2 € _1)=
(5-1)% > (5%
1-x
by neqe X
bCB Z+Rm]\;[7
e E,
B bea,
PeT d7
MR, & + éi 3,
R 1
as —,
Ry
qe R 1.

with m=0.

Eq. M: Tokenized CBDC is held as both means of payments and collateral, and bonds are
held by all banks

m>0,M>0,br>0,bc>0

Hence, the equilibrium quantities and prices (gy, ¢, ge, R, d, §, M, M, by, be, br, E, 2, bop) satisty the
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following conditions:

- 1/q.
a5+ pmbn) " = 14 q—1>7
_ 1 (a )
ad™® = 1+<1 ,
p\B
o 1+7
/B b
9 = Qqu,
b 1 Ge 1
D 112 = e 1) =
(5-1)5 - (5%
1—x
by = mneqe X,
bep = Z+Rm(ﬁl+]\;[),
¢ = E,
B = br+bc+bes,
p(bT-i-fT) = d,
MRun&+bok+ék = 3,
~ 1
&(3+ pmRy)™" = _
BuLRm

Ge Rm, = 1L

Eq. N: Tokenized CBDC is held as both means of payments and collateral, and bonds are
not held by crypto banks

m>0,M>0,br>0,bc=0

Hence, the equilibrium quantities and prices (gy, ¢, ge, R, d, §, M, M, by, be, br, €, 2, bop) satisty the
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following conditions:

. = 1 (qe
Rm g == ]. = *—1 5
a(s + pmR,y,) +’€<5 >
ad = 1+1<qb1>,
p\B
Lo 1+7
/B )
b = Qqq,
b 1 Ge 1
S N = R -
(5-1)% > (5-1)
1—x
by = mneqe X,
bCB = Z+Rm(ﬁl+M),
e = E,
B = br+bca,
p<bT+€T) = da
MR, i+ ek = 3,
~ 1
a5+ pmRy)™" = —,
BuRy,
¢Rn = 1.

Eq. O: Tokenized CBDC is held as both means of payments and collateral, and bonds are
not held by traditional banks

m>0,M>0,br=0,bc>0

Hence, the equilibrium quantities and prices (gy, ¢, ge, R, d, §, M, M, by, be, br, €, 2, bop) satisty the
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following conditions:

. = 1 /(qe
Rm g - ]. = *—1 5
a(s+ pmR,y,) +;§ 5 )
_ 1 (q )
ad ? = 1+<1 ,
p\B
o 1+7
/B b
Q > Qe
qv 1 e 1
A T e 1) =
(5-1% - (5-1)%
1—x
by = mneqe X,
bep = Z+Rm(ﬁl+]\;[),
e = F,
B = bec+bes,
pZT = da
MRun&+bok+ék = 3,
~ 1
a(§+ pmRy,)~° = =
BuRy,
qeRm, = 1

Eq. P: Tokenized CBDC is held as both means of payments and collateral, and bonds are
held only by the central bank

m>0,M>0,br=0,bc=0

Hence, the equilibrium quantities and prices (gy, ¢, ge, R, d, §, M, M, by, be, br, E, 2, bop) satisty the
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following conditions:
&(5 + pnRy,) 7

ad™?

plr
MR,k + ék
&(5 + piRm) 7

geRm
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