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Abstract

We study competition between an inflation-prone currency whose supply expands via central bank
transfers, say the Dollar, and a fixed-supply currency, say Bitcoin, using a model a la Kareken-Wallace,
but with currency-specific transaction costs. Absent costs, a multiplier in the Dollar supply leads not
only to higher Dollar prices across time but also to a crowding-out effect of Bitcoin, an increase in the
Dollar trade share, and an increase in Bitcoin prices. Transaction costs can undo the montary policy ef-
fect on the trade share, crowding out the Dollar, but amplify the multiplier effect on Dollar prices. We
study all four treatments in theory and show that the predictions hold in a laboratory environment in a
group experiment with student subjects.

key words: currency competition, dominant currency, transaction costs, crowding out of currency, infla-
tion, monetary policy

1 Introduction

How does within-country competition of Dollars with Bitcoin as a medium of exchange affect the Federal
Reserve’s capacity to steer Dollar prices? (How) Does monetary policy affect the Dollar trade share, i.e.
the share of all goods purchased with Dollars as opposed to Bitcoin? How do transaction costs affect
monetary policy effectiveness and trade shares? We study these questions in theory and in the lab.

Here Bitcoin stands representative for a currency that is an alternative medium of exchange next to
the Dollar in an economy, but its supply is not governed by the same central bank. Moreover, in our
experiment, we assume that the Bitcoin supply is fixed over time. We are interested in how economic
agents and subjects in the lab react to monetary policy if there exists an alternative medium of exchange
against which sellers can decide to sell goods and buyers can decide to use for goods purchases versus
savings.

As our main contribution, we show both in theory and in the lab that if the central bank multiplies

every Dollar in the economy overnight by a factor m > 1, monetary policy is still effective when Dollars
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compete with Bitcoin for usage. Dollar prices increase. However, in top of that, the central bank mon-
etary policy increases the Dollar trade share, i.e. the share of goods sold for Dollars versus Bitcoin, and
also leads to an increase in the Bitcoin price through a scarcity effect. Further, the Bitcoin price in Dol-
lars (exchange rate) grows at the rate of the Dollar multiplier. Overall, Dollar monetary policy indirectly
works as Bitcoin monetary policy. As the second main contribution, though, transaction costs can undo
or amplify Dollar monetary policy. When sellers allocate goods to the Bitcoin-or Dollar market, they try
to undo transaction costs in anticipation of becoming a buyer in the next period, selling for the currency
at which they prefer to buy next. As a consequence, the Dollar trade share collapses, since we model
asymmetric, currency specific transaction costs, that are increasing in the quantity of goods bought in
Dollars. For buyers, on the other hand, the anticipation of changes in the trade share wuth implications
for intertemporal costs can amplify the Dollar monetary policy such that with transaction costs, Dollar

prices rise even faster than without transaction costs.

Despite its omnipresence in the modern economic landscape, currency competition for payments be-
tween two media of exchange, say the Dollar and Bitcoin, has been surprisingly under-researched. This
topic has gained renewed importance with the rise of alternative monies, such as (central bank) digital
currencies and cryptocurrencies, which challenge the dominance of traditional, national fiat currencies.
Currency competition has the potential to alter the effectiveness of traditional monetary policy chan-
nels used by central banks to target inflation. Vice versa, central bank monetary policy and currency-
specific transaction costs may affect the way currencies compete for usage or adoption in goods trans-
actions. In this paper, we study in theory and in the lab how supply-oriented Dollar monetary policy and
currency-specific transaction costs impact the way the Dollar competes with an alternate central bank
-independent currency, say Bitcoin.

Traditional quantity theory of money (Friedman) for one currency teaches how changes in the Dol-
lar supply or output pass through into the Dollar price, and the Dollar velocity. With two competiting
currencies in the economy, these relationship no longer hold as clearly, since the agents can choose the
currency they want to use for transactions or against which to sell their goods. The theoretical results in
Schilling and Uhlig (2019a) show, that Dollar monetary policy can pass through into the Bitcoin price,
potentially lessening the effect on the Dollar price. The results in (Schilling and Uhlig, 2019b) show that
currency-specific transaction costs on payments can impact the dominance of one currency over the
other by altering by altering the quantity of goods transacted in one currency versus the other.

Building on the theoretical frameworks in (Kareken and Wallace, 1981; Manuelli and Peck, 1990b;
Schilling and Uhlig, 2019a,b), we develop a theoretical framework of currency competition with mone-
tary policy, or transaction costs, or both, which we then test using a lab experimental design. The aim of
this paper is to test how changes in the Dollar supply and transaction costs pass through not only into
the Dollar price, and velocity, but also the quantity of goods traded for Dollars versus Bitcoin, the Bitcoin
price, Bitcoin velocity, and the Bitcoin exchange rate. Ultimately, we are interested in how Dollar mone-
tary policy and transaction costs affects crowding out, or the dominance of one currency over the other,
where dominance means the quantity of goods traded in each currency. We believe this is an important
measure since trade volume in either currency is a real measure, and is affected by the willingness of
both sides of the market - buyers and sellers- to trade at a given price, whereas prices can be substan-
tially perturbed by changes in the Dollar supply, a reaction in the Bitcoin and Dollar velocity, and sellers’
willingness to trade against particular currency.

In this paper, the Dollar should be understood as a represenative of a central bank controlled money

that can be flexibly steered up and down regarding its supply. In contrast, Bitcoin should be understood



as a placeholder of a currency with unflexible supply. That is, either the supply cannot be changed or
changes in a foreseeable way, as is the case for Bitcoin and its protocol. In the case of transaction costs,
the Dollar is a represenative of a currency for which the transaction costs increase in the intensity with
which the currency is used. For instance, the costs of privacy loss may increase in the usage of unanony-
mous money since online retailers or banks learn more about their customers, the more the customers
transact. Bitcoin, in the context of transaction costs, stands as a representative of a (semi)anonymous
currency where transaction costs apply but in a proportional form to total transactions, as may be the

case with mining fees.

In our economy, buyers and sellers can simultaneously interact in two currency-specific goods mar-
kets, denominated in either Dollars or Bitcoin. The buyers and sellers alternate in each role across time,
which prevents the double coincidence of wants and creates a role for money as a medium of exchange.
The sellers are endowed with an exogenous amount of perishable chips packages, the single consump-
tion good in the economy. The agents do not enjoy consuming chips in periods in which they are sellers
which prevents them from consuming their endowment, and creates a motive for trade in exchange for
Bitcoins or Dollars. The sales proceeds allow them to buy chips packages in the next period when they
are buyers.

In the lab, we study four treatments regarding Dollar monetary policy and transaction costs. In a first,
benchmark treatment, there is neither Dollar monetary policy nor transaction costs. In that treatment,
Dollar and Bitcoins are perfect substitutes. In a second treatment, we implement Dollar monetary policy
without imposing transaction costs. We let the central bank grow the subjects’ Dollar balances over time
while we leave the Bitcoin quantity unchanged. In a third treatment, we impose currency-and quantity
specific transaction costs for Bitcoin and Dollar purchases, but leave Dollar monetary policy mute, keep-
ing the Dollar supply stable as the Bitcoin supply. In a fourth treatment, we combine Dollar monetary

policy with transaction costs.

Investigating currency competition using field data is particularly challenging. Naturally occurring
data are inherently noisy since many more than two currencies may co-exist, and are subject to dis-
tinct regulatory frameworks, affecting currency adoption and circulation. Comprehensive micro-level
transaction data are usually unobserbable and trading in Bitcoin and other alternative currencies has
primarily been limited to clandestine activities or countries with a poor track record of data collection.
Given this lack of empirical data, the laboratory appears as an appealing environment to explore our
research question. The underlying model that disciplines the lab economies features a continuum of
equilibria where quantities, prices or both can adjust to the introduction of transaction costs or the in-
crease of the money supply. This ‘anything-goes’ result provides an ideal playground for an exploratory
endeavor where we intend to ‘let the laboratory speak.’ In our experiment, groups of participants trade
a single consumption good across two currency-specific goods markets, denominated in Bitcoin or Dol-
lars within a continuous double auction (CDA) market mechanism. In a two-by-two design, we consider
markets with and without currency-specific transaction costs and economies with and without a cen-
tral bank that inflates the quantity of Dollars in each period. We emulate strong impatience in the game
so that currencies should compete for being the medium of exchange rather than a store of value since

savings is discouraged.

Our results are as follows. The introduction of Dollar monetary policy by increasing the Dollar quan-
tity increases both the Dollar and the Bitcoin price of goods relative to the benchmark case without mon-
etary policy. There is strong Dollar inflation across trading rounds but no Bitcoin inflation. The number

of goods traded against Dollars rises sharply relative to goods traded for Bitcoin (crowding out of Bitcoin).



However, also the Dollar savings increase whereas Bitcoin savings rates go down across rounds, implying
an increase in the Bitcoin velocity in response to the increasing Dollar supply. The impact on the Dollar
velocity is uncertain. In addition, the Bitcoin exchange rate rises fast across trading rounds, i.e. Bitcoin
becomes more valuable against the Dollar.

Second, the introduction of transaction costs on both Bitcoin and Dollar purchases without monetary
policy increases both the Bitcoin and the Dollar price of goods relative to the benchmark without costs.
The quantity of goods traded against either currency is unchanged. The savings rates in Dollars, Bitcoins,
and the Bitcoin exchange rate are unaltered.

Third, when adding transaction costs on the monetary policy scenario, the transaction volume in
Dollars crashes down, meaning there are fewer goods purchased in Dollars versus Bitcoin (crowding
out Dollars). Essentially the transaction costs undo the increase of the Dollar’s market share regarding
purchases. Adding transaction costs on the monetary policy scenario additionally increases both the
Bitcoin and the Dollar price, and preserves the strong inflation on the Dollar. The savings rates in Dollar
remain unchanged whereas the savings rate in Bitcoin declines, and falls below the benchmark without
transaction costs or monetary policy. Thus, adding the transaction costs to monetary policy increases
the Bitcoin velocity.

We conclude, in a world in which transaction costs on payments seem to become inevitable due to
privacy loss, value added tax, and the risk of identity theft, Dollar monetary policy is not a straight for-
ward tool when agents can evade the Dollar by making purchases using Bitcoin. The experimental results
show that under currency competition, an increase in the Dollar supply without adding transaction costs
benefits the Dollar with regard to its dominance, i.e. total transaction volume, and preserves, but pos-
sibly weakens the traditional monetary policy channel between the Dollar supply and the Dollar price.
However, transaction costs have strong effects on the economy, and weaken the Dollar’s role as the dom-

inant medium of exchange, by lowering the Dollar trade volume and amplifying Dollar inflation.

The rest of the paper is organized as follows. After discussing the related literature, Section 2 presents

the experimental environment, Section 6 discusses the results and Section 7 concludes.

1.1 Literature

Unlike in SU, where there exists a continuum of consumption goods, our model features only one con-
sumption good. We choose a single good instead of multiple goods, because trading many different
goods at different prices would result in an excessively high cognitive load for the participating subjects.
To study currency substitution under transaction costs, we implement transaction costs as quantity- and
currency specific. Specifically, transaction costs may vary not only by currency but also in the quantity of
goods purchased with one currency, whereas in (Schilling and Uhlig, 2019b), there exists a variety of con-
sumption goods, and the transaction costs vary with the good but are constant in the purchased quantity

of a good.

Our work lies at the cross-road between theoretical models of currency competition and the experi-
mental finance literature exploring the use of money in the laboratory. The theory front has grown in the
wake of the well-known result of Kareken and Wallace (1981) who establish that when two fiat monies
coexist in a free-trade environment, the exchange rate between the two is indeterminate and pinned
down by the initial price levels. Related contributions include Manuelli and Peck (1990a), the turnpike
models (see, e.g., Manuelli and Sargent 2010 for an discussion), and the earlier generation of monetary

search models a la Kiyotaki and Wright (1989); see, e.g., Camera and Corbae (1999). These models study



the transition from barter to currency-based systems where an intrinsically worthless object becomes a
medium of exchange in a world with fixed prices, frictions such as storage constraints and decentralized
trades. Yet, the theoretical literature on currency competition has remained surprisingly scare.

The closest to our theoretical environment is the model of Camera et al. (2004) where one currency
carrying a ‘bad’ money that carries a purchasing power risk through stochastic taxation co-exists with a
‘sood’ money that does not, mimicking situations of Dollarization in countries with impaired financial
systems. Like in our model, multiple equilibria exist, and agents tend to spend the ‘good’ money in the
presence of trade frictions when the risk of the ‘bad’ money is relatively high, but may also choose to
spend the ‘bad’ money otherwise.

The rise of crypto-currencies has renewed the interest in models of money search and currency com-
petition.! Ferndndez-Villaverde and Sanches (2019) develop a frictionless model of competition between
privately issued, decentralized monies. In such a model, Rahman (2018) shows how the unconstrained
issuance of these decentralized monies prevents the Friedman rule from implementing the social opti-
mum. Zhu and Hendry (2018) transpose a model of technology adoption with increasing returns to scale
to the competition between the Dollar and an E-money, possibly a CBDC. They show that, in an inflation-
ary environment, agents may switch to trading in E-money, which weakens the control of the CB over the
Dollar inflation. Garratt and Wallace (2018) study an overlapping-generation (OLG) economy with com-
peting currencies but absent monetary policy. The underlying framework of our experiment builds upon
the model of Schilling and Uhlig (2019a), which is a stochastic and infinite-horizon extension of Kareken
and Wallace (1981) where competition takes place between the centrally controlled currency (say, Dollar)
and a decentralized currency (say, Bitcoin). In a deterministic version of this framework, Schilling and
Uhlig (2019b) introduce currency-specific transaction costs.

This class of models features multiplicity of equilibria, so that ‘anything goes’ in theory: depending
on initial conditions, trade may occur in only one of the two currencies, or the market share of each cur-
rency is anywhere between these two nested cases, depending on whether relative prices or quantities
adjust in the presence of transaction costs or monetary policy. When theory results in this indeterminacy,
there is a long tradition of using either learning models or laboratory experiments as selection device to
help discriminate between multiple equilibra.> Within the context of the model of Kareken and Wallace
(1981), Marimon et al. (1990) study classifiers systems and Sargent (1993) shows that the exchange rate
does converge to a constant value pinned down by initial beliefs by using a stochastic approximation
algorithm. Arifovic (1996) combines experimental evidence with simulations of genetic-algorithm learn-
ing and shows that the exchange rate persistently fluctuates in both settings, contrary to the theoretical
prediction. When introducing seignorage, Arifovic (2001) shows that this learning mechanism results in
the currency that finances the highest deficit to be driven out, again in sharp opposition to the perfect-
foresight results. Given the discrepant conclusions under learning, the lab constitutes an empirical test
of the validity of these learning theories, and the relevance of the selected equilibria. Therefore, our pa-
per is closely related to the literature on experimental tests of monetary models (see Duffy et al. 2016,

Section 4.1 for a survey).® While the framework of Kareken and Wallace (1981) has been renewed by the

'We abstract here from the somewhat vast literature on crypto-currencies in general (see, inter alia, Lee 2015; Bohme et al.
2015), the valuation of crypto-currencies (see, e.g., Bolt and Van Oordt 2020; Van Oordt 2024 and the literature herein, con-
centrated on models of rational bubbles), or the potential vulnerability and practical challenges associated to the blockchain
technology underlying crypto-currencies (see, e.g., Huberman et al. 2019). The framework derived from Schilling and Uhlig
(2019a,b) that we develop in this paper proxies a world where those issues have been resolved and do not prevent the use of a
crypto-currency, both as a mean of exchange and as a speculative holding.

ZSee the discussion in Lucas Jr (1986), the survey of Camerer (2003) for application of this approach to games, and earlier
contributions of, inter alia Marimon and Sunder (1993, 1994); Van Huyck et al. (1990).

3This line of research is part of the (much) broader finance literature that investigates asset (mis)pricing and excess volatility



theoretical contributions of Schilling and Uhlig (2019a,b) for an application on competition between fiat
monies and crypto-currencies, learning or experimental implementations within this context has yet to
take place, and our experiment is the first attempt to do so. Experiments within money-search models to
study the emergence of money as a medium of exchange are much more common; see, inter alia, Brown
(1996); Duffy and Ochs (1999, 2002); Camera et al. (2003); Camera and Casari (2014) on experimental tests
of the model of Kiyotaki and Wright (1989). Duffy and Puzzello (2014a) test the model of Lagos and Wright
(2005), which is tractable and generates endogenous prices, and find that money is welfare-improving,
while the theory predicts no impact on welfare. Duffy and Puzzello (2014b) additionally show that prices
tend to increase proportionally to the increase in the quantity of money, in line with the quantity theory
of money. Jiang et al. (2024) use finite-horizon experimental economies to investigate the effect of using
fiat currency on welfare in various settings and show that the results are consistent with the theory.

Our study also relates to the literature on multi-country experiments. The study of Noussair et al.
(2007) considers a three-country-three-currency experimental environment to study general equilibrium
dynamics but does not investigate currency competition. Ding and Puzzello (2020) set up an experiment
based on the model of Lagos and Wright (2005) with two countries and two currencies to study exchange
frictions; see also the related study of Jiang and Zhang (2018). Finally, a related literature on the use
of lab experiments for monetary policy design is reviewed in Cornand and Heinemann (2019) but these
studies focus on expectations, usually within New Keynesian models. To the best of our knowledge and at
the time of writing, none of these papers focuses on currency competition, its implication for monetary
policy implementation or how equilibrium selection is affected by trade frictions, as is the case in the
models of Schilling and Uhlig (2019a,b).

Earlier accounts of currency competition come from Medieval Europe and early modern England up
until the eighteenth century or the U.S. in the nineteenth century under the bimetallic standard. The so-
called Gresham’s law that ‘bad money drives out good’ emerged in this context: when two currencies are
in circulation and have the same value by law, the currency with lower intrinsic value (bad money) tends
to be used more in transactions, while the currency with higher intrinsic value (good money) is hoarded
or removed from circulation. However, many empirical exceptions to this law have been documented
and disagreements persist as to its interpretation. The alternative sometimes referred to as the Thiers’
law that ‘good money drives out bad’ has also been formulated, for instance in post WWI-Europe where
the bad monies refer to the currencies of countries subject to hyperinflation, and the good monies to
those offering a stable store of value (League of Nations, 1946; Bernholz, 1989). While fascinating, this
early line of research offers limited insights into to the competition between fiat and alternative monies

in today’s financial world.

2 The model

The experiment is based on a perfect foresight version of the currency competition model of Schilling and
Uhlig (2019a) (hereafter, SSBE) and the currency substitution model with transaction costs in Schilling
and Uhlig (2019b) (hereafter, SU). While SSBE also implement monetary policy, this paper differs with

regard to the implementation of monetary transfers since we use a multiplier so that transfers to agents,

in experimental markets; see Noussair and Tucker (2013); Weitzel and Kirchler (2023) for reviews and, e.g., (Haruvy and Noussair,
2006; Haruvy et al., 2007; Kopanyi-Peuker and Weber, 2021) for examples.

4See, e.g., Fetter (1932); Rolnick and Weber (1986); Greenfield and Rockoff (1995). In a fascinating piece, Radford (1945) wrote
an account of the ‘market developments’ in a prison camp during WWII after his own experience as a prisoner and economist.
His account is in line with Gresham’s law: the ‘bad money’ (cigarettes of poor quality) drove out the ‘good’ (cigarettes of premium
quality) as the prisoners’ preferred medium of exchange and unit of account.



here, can be asymmetric and grow in proportion to their Dollar balances. SU also implement transaction
costs. However, that model features infinitely man goods, transaction costs per good in either currency
are quantity independent, and costs are monetary, added on the purchase price like a tax. Here, we only
feature one good, as in SSBE, but transaction costs for one currency are quantity dependent, increasing
in the number of goods purchased in that currency whereas the other cost applies flat. Further, we differ
from the implementation there since here costs incur in the form of frictions, actling like an endogenous
supply shock. Moreover, unlike in SSBE and SU, here the sellers preallocate packages to currency mar-
kets, and cannot be redistributed as trade opens whereas in SSBE and SU, every goods is simultaneously
for sale against Bitcoin and Dollars. While SSBE is a stochastic model, here, we have perfect foresight as
in SU.

We consider an infinite-horizon economy with discrete time ¢ = 1,2,...,. There is a single, perishable

consumption good, which we call packages of “chips.”

Media of exchange Buyers can purchase chips packages with either of two competing currencies. We
follow SSBE, by calling these currencies Bitcoin and Dollars in the theory model. In the experiment,
however, we call the currencies “Currency A” for Dollars and “Currency B” for Bitcoin to avoid any kind
of predisposition the subjects may have towards Bitcoins or Dollars. In the model, the name “Bitcoin”
should be thought of as a placeholder for currencies for which no institution such as a central bank
exists that could manipulate its supply up or down to impact the price level.> The name “Dollar” stands
representative for a currency whose supply is at the discretion of a monetary institution i.e. a central
bank or a smart contract that can react spontaneously to specific market situation.® Bitcoin and Dollars

compete for usage in trade for chips packages.

Buyers and Sellers To match the experiment, unlike in SSBE and SU, we consider a discrete and fi-
nite number of agents in the economy. In the economy, there are two equally sized, infinitely-lived agent
groups of six green and six red agents. Both agent types enjoy utility u(c;,;) from chips package con-
sumption c;,; = 0. The utiltiy function is positive, strictly increasing, concave and twice differentiable
with u(0) = 0. Agents have no utility over money. To create a role for money as a medium of exchange,
following SSBE, we assume that the agent groups alternate in consuming and producing the consump-
tion good across time periods, see Figure 1. In even periods, every red agent is exogenously endowed
with a constant quantity y; = y;; = 5 of packages to sell against either Bitcoin or Dollars to the green
agents who are buyers in that period, and thus can consume. In odd periods, the roles revert, and green
agents are each endowed with 5 packages to sell to the red agents. With six sellers in the economy, the
total chips package supply at any time ¢ equals Y; = 30. In the benchmark case without transaction costs,
every package contains 100 chips. Chips are only sold by package which later facilitates the implemen-
tation of transaction costs, see below. When later introducing transaction costs, the content of a package
can be reduced but the package endowment per seller, and the total package supply in the economy
remains the same. Transaction costs in our model, thus, incur in the form of frictions, reducing con-
sumption whereas in the model of SU, costs are added as a tax on the purchase price of a package. We

follow SSBE and SU in assuming that either agent groups does not enjoy consuming chips in periods in

SNote, the Bitcoin protocol can be thought of as a constrained central bank since it prescribes the increase in the Bitcoin
quantity across time, until 21mn Bitcoins are mined. However, unlike for the Dollar, the total Bitcoin quantity cannot be changed
discretionary in a way that deviates from the protocol. We abstract from “lost” Bitcoins.

5Think, for instance, of the Terra-Luna swap contract that allowed swapping Terra for Luna and vice versa by mining or burning
Luna at a rate that did depend on the current Luna price.
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Figure 1: Schematic representation of the structure of the SU model
Notes: Two types of agents, the red and the green agents, alternate in the role of sellers and buyers of the
goods, referred to as chip packages in the experiment.

which they are sellers (cannot consume in the lab when they are a seller). Because goods are perishable
the sellers, therefore, do not hold pack goods from the market, and instead have an incentive to sell all
of their package endowment to the buyers against Dollars or Bitcoins. By selling goods, the sellers raise
funds for financing their goods purchases in the next period when they turn into buyers. The alternating
roles of green and red agents as buyers and sellers prevent a double coincidence of wants and induces a
motive for trade between the two agent types using money. There exist important search-based micro-
foundations for using money in trade, however, our set-up requires less structure which is appealing in
the lab where subjects have constrained capacity.

In ¢ =1, the buyers in the economy (red agents) are each endowed with b; = 100 Bitcoin and d; = 100
Dollars, implying B = 600 and D; = 600. For ¢t > 1, the money balances by, d; evolve according to the
trades by the agents, see below. In the benchmark economy, both currencies are perfect substitutes,
and are equally accepted for goods purchases from sellers. There exists no Bitcoin central bank. Since
we abstract from mining, and “lost” Bitcoins, the Bitcoin supply is constant at level B = By, both in the
model and the experiment.

Denote by D; the Dollar supply in ¢ = 0 in the economy. As in (Schilling and Uhlig, 2019b), there exists
a Dollar central bank that may want to implement an inflation target by adjusting the Dollar supply D, in
the economy by a multiplier m > 1. In the benchmark case, monetary policy by the central bank is muted,
m = 1, but in a monetary policy treatment, the central bank prints Dollars at zero costs to increase the
subjects’ Dollar balances proportionally via helicopter drops, D; = mD;_; > D;_;. In the lab, we set
m € {1,1.3} depending on the treatment.

All red and green agents maximize expected discounted life time utility subject to the constraint that

all agents become buyers, and hence consume, only every other period,

o0 [e.e]
Ug=) Bulc) Ur=Y " ulcarsn) Be 1. (1)
=0 =0
green agents are buyers red agents are buyers

and consume in even periods and consume in odd periods
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Money balances do not enter the utility function.

Trade and market-segmentation In each period, the sellers preallocate their packages to the cen-
tralized Dollar- and Bitcoin denominated markets. Let x;; = seller i’s packages sold in the Bitcoin market
and z;; = 0 the packages sold in the Dollar market. Let (?i = 0 seller i’s unsold packages. Sellers face the
allocation feasibility constraint

V=Y4i=52X];+2; ;. )

Any allocation is possible, meaning a seller can sell all, some or no packages against Dollars and Bitcoin,
and there is no segmenation from the sellers’ perspective. Only after the sellers’ allocation, markets
open for trade to the buyers. Thus, unlike in SU and SSBE where at any period, every consumption
good can be sold either for Bitcoins or Dollars, here the sellers predetermine the number of packages
Y2 =¥, x4 for sale in the Bitcoin versus Y;” = z;; the Dollar market, implying a “semi-segmentation”
of the two package markets, Y > Y2 + YP. Because trade only opens after the sellers have made their
allocation choice, the Bitcoin and the Dollar denominated package markets are segmented from the
buyers’ perspective. Sellers cannot reallocate their packages once trade has opened, and there is no direct
currency exchange. Therefore, the sellers are careful as to which market they allocate their packages to.
Sellers knows that they will be buyers in the next period, and allocates their packages to the Bitcoin- and
Dollar-denominated markets in a way that they are indifferent with regard to receiving either currency.
In that regard, despite the semi-segmentation, the Bitcoin and the Dollar denominated package markets
are interconnected through the sellers’, i.e. next period’s buyers’ strategies.
Clearing requires
Y=Y, =30=YP+YP+L, (3)

where L, are packages that are not offered or unsold in either market, and perish. Every package that
is not sold in the Bitcoin package market is either sold for Dollars, or not sold at all. In equilibrium, we
should observe ¢} =0, L; but in the lab, outcomes can differ.

Denote by P; the market clearing price of a chips package in the Dollar-demoninated goods market,
and let P, the market clearing price of a package in the goods market. Let Q; denote the implicit price of
one Bitcoin in terms of Dollars, P, = P,/ Qy, i.e. the Bitcoin exchange rate in Dollars.

Let d; ; denote agent i’s individual Dollar balance at the beginning of ¢, and let b;,; denote her Bitcoin
balance both before trade occurs in . A buyers’ consumption can be decomposed as Dollar- and Bitcoin
financed consumption,

Chi=dqr+4qy; 4)

where q?i is buyer i’s number of packages bought using Dollars, whereas qfi is buyer i’s number of

packages bought using Bitcoin. A buyer faces a Dollar and a Bitcoin budget constraint
Ptqfi <d, ptﬂfi <b; (5)

Unlike in SSBE and SU, the agents cannot purchase or consume partial packages to capture the case in
the lab. Therefore, th and qf are always positive integers. The buyers’ money balances reduce by the
quantity of Dollars, repectively Bitcoins spent. In the next period when she is a seller, her Dollar balance
equals

dri1,i =m(dy,i - qfiP[) (6)

Dii1,i=Dyi— qf,ﬁt- ()



where m € {1,1.3} is the central bank’s money multiplier, depending on the treatment. Here, d;:1,; =
denote the buyers’ Dollar savings, and b;,1,; = 0 the Bitcoin savings.
The time ¢-seller’s balances are augmented by the sales revenue, and she enters the next time period

t+1, when she is a buyer, with balances
diy1,i=m(dy;+ Z;ipt) 8)

bi1,i = bt,i+x;,-pt 9

Note that the central bank transfers are proportional to the Dollar balances of buyers and sellers. The
central bank multiplies the balances of all agents by factor m at the end of each period ¢. Therefore,

the central bank transfers can be asymmetric agross agents, and may give rise to Dollar hoarding. The

Py
Py

Individual money balances need to sum up to the total supply, i.e. there is no currency lost in the

multiplier m reflects the central bank’s inflation target. Define the Dollar inflation as IT; =

economy,

Y b, D= ) dl (10)

ielgul, ielgul,

where I denotes the group of gree, and I, the group of red agents.

Market clearing At time ¢, the Dollar- and Bitcoin denominated package markets must clear. Because
the sellers predetermine the package allocation to markets, we have two market clearing constraints. The

total packages sold in either market must equal the total number of packages consumed in that market

Y = 2?21 Xy = Z?zl qfl. (Bitcoin market clearing)
vP =%% zu=X%, qfi (Dollar market clearing) (11)
Y =vB+YP

where Y” is the Dollar trade volume, and Y the Bitcoin trade volume. The total output must equal con-
sumed packages plus unsold or lost packages Y =30 =¥.9_, yf = ¥0_ ¢} + 30 £ri =201 (q; + g0 +
Yo .

We define the Dollar trade share 6
Zi 2ti

Kk = €[0,1] (12)

as the share of output sold against Dollars. The Dollar trade volume is governed by the sellers’ allocation
decisions of packages to the Dollar versus Bitcoin market. Note, that the seller’s decisions are substan-

tially influenced by their anticipations of being a buyer in the next period.

Velocity and Quantity theory of money The velocity of money equals the average number of times

money changes hands per period. See that the Bitcoin velocity is given as

P, 26 q
VB tl 13
t B (13)
and the Dollar velocity as
Pyl qh
VD l'l 14
r D, (14)

since P, Y; qfi respectively P; ) ; qg equal the total number of Bitcoins respectively Dollars spent in .
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Note, by our setup, in every period every Bitcoin or Dollar is spent utmost once. Therefore, the Bitcoin
and the Dollar velocity, V? and V}”, are each smaller or equal to one, V?, VP € [0,1]. Following Fried-
man’s quantity theory of money and using the market segmentation described above, at any ¢, the total
package output sold in either market must equal the real value of Dollars, respectively Bitcoins spent in

that market,
D,vP

YP = L 15
P P, (15)

B B
g5 BVE BV
! Pt Pt

Qr. (16)

Here, D,VP denotes all Dollars that are exchanged for packages in the Dollar-denominated package
market at time 7, whereas B,V denotes all Bitcoins that are exchanged for packages in the Bitcoin-

denominated package market. Currency savings reduce spending, and thus, the velocity of money,

_ Z?Ptqfi Z? bti = br+1,i

vE = 17

p B B 17

oD YPql,  X9dii—di,ilm a8
' p B

2.1 Transaction costs

There is one crucial difference between the transaction cost setting here and in the SU model: in SU, the
agents can exchange Bitcoins for Dollars and vice versa whereas we abstract from this possibility. How-
ever, in our model, sellers can reallocate packages to the Bitcoin market in anticipation of the buyers
unwillingness to buy many packages using Dollars. This rellocation has equal pricing impact via scarcity

effects and market clearing as a direct currency exchange would have.

The experiment features treatments with and without transaction costs. Like in the transaction cost
model by Schilling and Uhlig (2019b), we apply currency-specific transaction costs. However, unlike
in Schilling and Uhlig (2019b), in our setting transaction costs can be quantity-dependent, and are not
monetary in the form of taxes but apply in the form of frictions, i.e. “lost consumption.””

In our treatments without transaction costs, a buyer receives and consumes the full content of 100
chips per purchased package, regardless of the currency used for the purchase. In treatments with trans-
action costs, the subjects consume less than the full content of 100 chips per purchased package. Per
round ¢, a buyer i purchases a total quantity qfl. of packages using Dollars, and a quantity qfi using
Bitcoins. For packages purchased with Bitcoin, a flat fee of 25% applies so that per package bought with
Bitcoins at price P;, a buyer consumes only 75%, or 75 chips. One can interprete P,/0.75 as the price of
a full package purchased with Bitcoin. For packages purchased with Dollars, a quantity-dependent fee
applies which increases the more packages were bought using Dollars. Let 1 — r(q? ) € [0,1] the average
Dollar fee that applies when purchasing th packages with Dollars in round ¢.2 That is, after the Dollar
friction is applied, a consumer consumes only r(q[D )% of the total q[D packages purchased with Dollars,
each at price P;. At every new round ¢, the Dollar costs are reset. One can interprete P,/ (qP) as the price
of a full package purchased with Dollars, if overall gP packages were bought. In theory, agents can pur-

chase arbitrary fractions of a package. Let y(qP) a strictly decreasing, continuous function, describing

“In the SU model, the transaction costs apply monetary as a tax, and are redistributed to the sellers of that period.
8We need to apply an average here, since the first out of q? packages is bought at a cost of 1 — r(1)%, the second package is
bought at a higher cost of 1 — r,(2)%, etc.
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the marginal after-cost consumption of the g,”’th package. For such a continuous function, total Dollar-
D
financed consumption when an agent purchases g2 € R, packages using Dollars equals Oq’ y(gP)qP.

We can then calculate the average marginal consumption (after costs) r(gP) as

qD
"y kdk
rq)) = =2——F— (19)
t
The marginal change in Dollar-financed after-cost consumption is given as
D 9 ar Dy D

Ra? = =5 [ vk ak) = v(aPra! 20)

aq; ‘Jo

We define the cut-off quantity q? **, as the “critical quantity,” i.e. the number of packages at which
buyers should optimally switch from making purchases with Dollars to Bitcoin, if prices were equal

P, = P;, because the Dollar transaction fee has become too high.

Lab implementation In the lab, however, only full (integer) packages are traded. Table 2.1 gives an
overview of the after-cost consumption, y(¢P), per additionally bought package used in the lab. Because
only full packages are traded in the lab,y(qP) takes the form of a step function. We adjust the Gauss

formula?, to derive a formula for the average marginal consumption,

10x11- (10— gP)(10+1-gP) 21-¢P

b= : b<10 21
r(q[) 2)(10qu 20 q; ( )
We further adjust the marginal change in Dollar-financed consumption to
R( D):i(( Dy D)—i D (D)—M— 2gP) (22)
q; _Gq? rq;)q; —aq?% gy )= o0 q;

Table 2.1 gives an overview of the marginal consumption per package depending on the currency used

for purchases.
Packages (gp respect. gg) I1st | 2nd | 3rd | 4rd | .. 10th | 11th | 12th | --- | 19th and more
Package content after cost, y(th ) x 100 (purchase in dollar) | 100 90 80 70 10 9 8 e 1
Chip content (purchase in bitcoin) 75 75 75 75 75 75 75 e 75

Table 1: Transaction costs per currency and trade volume. The chips content falls the more packages are
purchased using Dollars. The chips content for Bitcoin-purchased packages remains at 75 no matter how
many packages are bought using Bitcoin. When a buyer buys more than 3 packages using Dollars, the
content falls below 70 chips, i.e. the Dollar transaction costs are higher when using Dollars rather than
Bitcoin.

Package (gp / gB) ‘ 1st ‘ 2nd ‘ 3rd ‘ 4rd ‘ 5th ..

r(g?) 1 [095| 09 | 085 08..
R(qP) 0.95 | 0.85 | 0.75 | 0.65 | 0.55..
Bitcoin r(g%), R(g®) | 0.75 | 0.75 | 0.75 | 0.75 | 0.75..

Table 2: Marginal consumption after transaction costs per package purchased using Dollars and Bitcoins.

To give an intuition for the Dollar transaction cost, one can think of a loss of privacy. The more purch-
ses a buyer makes using Dollars, the more information is revealed through his purchase history, for in-

stance via online retail payments or bank algorithm tracking, which indirectly reduces his utility from

9The sum of the numbers from 1,...,n equals n(n+1/2).
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consumption, here modeled by a reduction in the chips content of a package. The flat fee for Bitcoin
reflects the transaction fee paid to miners that is proportional to the purchase volume. Recall, that in the
lab we call the currencies A (for Dollars) and B (for Bitcoin). Therefore, as long as no monetary policy is
implemented by the Dollar central bank on top of transaction costs, “Bitcoin (currency B)” and Dollars
(currency A)” are just labels both in the theory and in the lab.'? One can simply flip labels, and interprete
our setting as one where Bitcoin purchases have increasing costs, and Dollar purchases require flat fees.
However, we believe that attributing the increasing fee to the Dollar is more reasonable since Bitcoin
payments are semi-anonymous. !

The market clearing package price in Dollars, P;, cannot explicitly vary with the transaction cost be-
cause a buyer that wants to spend Dollars cannot choose between a low transaction cost or a high trans-
action cost package, and the seller of that package could not possibly offer different prices depending
on the package’s chips content. The package price is however indirectly affected by the cost: The Dollar
transaction cost 1 — r(th ) is specific to each buyer, depending on how many packages he/she has already
purchased using Dollars in that round. That is, the same package that is offered for sale in the market
may differ with regard to its content depending on the identity of the buyer. Because buyers know that
the package content goes down the more packages they buy using Dollars, the transaction costs affect
a buyers’ willingness to use Dollars as a medium of exchange for package purchases, and thus, in the
previous round where current buyers are sellers, affects their package allocation to the Dollar versus the

Bitcoin market, i.e. affects supply in the segmented markets with implications for prices.

Market clearing When incorporating transaction costs into the economy, the market clearing condi-

tions slightly change due to the frictions.
Y=Y ci+) lri+) TraCoy; (23)
i i i

where TraCo,; are the transaction costs incurred by agent i. The total package supply must add up
to consumed chips, unsold chips packages or chips packages that are lost because the buyers incurred

transaction costs.
Model and treatment summary

Table 3: 4 Models/Treatments

Model/Treatment H No transaction costs Transaction cost (TraCo)
No monetary policy || nolnfl, noCost (Benchmark) nolnfl, costs
Monetary policy (MP) infl, noCost infl, costs

As we proceed, we address the four different treatments as m € {1,1.3} and TraCo € {(1,1),((1 —
r(gP)),0.25)} where the parameters m = 1 and TraCo = (1,1) denote the benchmark model and treat-

ment nolnfl, noCost.

Definition 2.1 (Equilibrium) Fix constant output'Y = 30, a utility function u(c) with u(0) =0, and a dis-
count factor . Let m € {1,1.3} the central bank’s monetary policy, and let TraCo € {(1,1), (1— r(th)), 0.25)}

19%With monetary policy, the currency that is governed by a central bank with discretionary Dollar transfers cannot be inter-
preted as Bitcoin since Bitcoin does not allow money supply deviations from its protocol.

"Bitcoin payments can be observed for public addresses but the identity behind the address is generically not known to the
Bitcoin network whereas banks and payment providers such as VISA and Paypal know the customer’s identity behind account
numbers.
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the transaction costs imposed in the economy. In either treatment an equilibrium of the trade game be-
tween red and green agents consists of

(i) Dollar and Bitcoin price sequences {P;} ;=0 and (P} =0, implying an exchange rate {Qy} >0, Q¢ = %

(ii) package allocation decisions by sellers to the Dollar market {z:};>0 and the Bitcoin market {X:}¢>¢
(iii) consumption-savings decisions by buyers in the Dollar market {qf? ,d+1} =0 and the Bitcoin market
{q®, brs1} =0 such that

1. the seller’s allocation decisions of packages to the Dollar and the Bitcoin market are optimal given

prices subject to feasibility, possible transaction costs, and the Dollar central bank'’s monetary policy

2. thebuyers’ consumption-savings decisions are optimal given prices subject to both budget constraints,

transaction costs and monetary policy

3. prices clear package markets Z? Vi = Z? Cri + Z? Cyi,
6 6 . 5
thi=zq”'v Zzti:Zq[l'
1 1

3 Model analysis, predictions and hypotheses

In this section, we state the equilibrium conditions of the four different model figurations, and our theo-
retical predictions. The derivations of the equilibrium conditions can be found in the appendix, section
A.l.

Lemma 3.1 In every treatment m € {1,1.3} the central bank’s monetary policy, and let TraCo € {(1,1), (1 -
r(q?)), 0.25)}, and every treatment-dependent equilibrium {((q?’*, dii1), (qf’*, b:+1)), (P, P;‘, Q7). (x,2)} =0,

the sellers offer all packages in the market for sales, ¢;; = 0.

Proof: For buyers, the only way to consume is to employ currency for purchasing packages. Therefore,
at least one market price P; or P; is strictly positive. Further, if there was trade in the previous period,
then there exists at least one buyer in the following period that holds Dollar, and one agent (possibly the
same) that holds Bitcoins (there is at least on buyer in each market with money to pay for goods). Thus,
if the sellers offer a package in either market for sale rather than having it decay, because each buyer
infers strictly positive utility from one additional package, and the seller infers zero utility from having
the package decay, there are gains from trade, and a price inbetween can be found at which both the

seller and the buyer are willing to trade.

Hypothesis 3.1 (Market efficiency) 1. In all treatments, all sellers in the lab should optimally sell all
of their packages in each period t

3.1 Benchmark: Equilibrium and Hypothesis

In the benchmark case, there is neither Dollar monetary policy nor transaction costs. Both currencies
are perfect substitutes which is why the setting is identical to the perfect foresight model analyzed in
Kareken and Wallace (1981) with the intricate difference that here markets are semisegmented because
sellers predetermine the allocation of goods to the Bitcoin and the Dollar market. We obtain the following

equilibrium conditions

Proposition 3.1 (Equilibrium conditions: Benchmark) Consider an economy with two competing cur-
rencies absent monetary policy and transaction costs. When holding output Y = Y;, the Bitcoin supply B

and the Dollar supply D = D; constant across time, the following equilibrium conditions must hold,
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1. Inflation/exchange rates (sellers’ indifference): Sellers are indifferent w.r.t. allocating packages to the

Dollar versus Bitcoin market if the Dollar inflation equals the Bitcoin inflation (Kareken-Wallace)

p p
tr1 _ Deel 24)
Pt Pt
implying that the Bitcoin price in Dollars (Bitcoin exchange rate) must be constant across time,
Qi+1=Qr=0Q1. (25)
2. Pricing (buyers’ consumption-savings): The buyers spend all Dollars on goods if
Bt () = i () (26)
Puo TP
and spend all Bitcoins if
1 1
pP=—u'(cr2) < =1/ (c) 27)
t+2 Py

In case of equality, the buyers are indifferent with regard to saving or rather consuming an additional

package. Indifference in a symmetric equilibrium (c; = ¥y =5 = Yr42 = Cr42) yields the Dollar pricing

equation
P u'(c
t+2 — 2 (/ t+2) 2,32. (28)
Py u'(cr)
and the Bitcoin pricing equation
p u'(c
£+2 — 2 (, t+2) :,32 (29)
P[ u (Ct)
3. Clearing of both goods markets requires
Y :Z?zlyti: Y);B+Y[D:Z?:1 Cyi
BV}
Yp =Yi X=X, 4y =5 (30)
p_DbvP

D_ B _v6 _\6
YO =Y-Y7 =3 %=X 4= 5,

and the Dollar trade share equals

4]
kC _ Zi=1 Tt 31
tS Ty (31)
6 D
where the Dollar velocity equals the share of Dollars spent in each feriBofi, VP = w, and the
Bitcoin velocity equals the share of Bitcoins spent per period, VtB = %.
Solving for equilibrium The equilibrium equations require the follwing price implications
Brsy = Py 2 = pyy D1 (32)
1= P = Pl g
Further, via backward induction, a symmetric equilibrium requires
Pio=p*P <Py, Puo=p°P <P, (33)

that is, prices should be weakly decreasing due to the discount factor. Further, Dollar prices evolve ac-
cording to
Py =B*72Py, Popyy = B2P) (34)
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likewise, Bitcoin prices follow the law of motion
Py =P 2Py, Py =p'P (35)

In short, if the agents save some Bitcoins and Dollars across periods, the prices should be weakly declin-

ing, and can, in particular, not increase.

Hypothesis 3.2 (Hypotheses Benchmark economy)

1. The Dollar inflation should equal the Bitcoin inflation.
2. The exchange rate is constant across time
3. Dollar and Bitcoin goods prices are weakly decreasing across time

4. With u(0) =0 and B < 1, agents should spend all Dollars and Bitcoins per period

In line with Kareken-Wallace, the initial goods prices P; and P;, and thus the initial exchange rate
Q) are undetermined, but for all following periods, the exchange rate is pinned down. Recall that in the
benchmark, both currencies are perfect substitutes. Therefore, any initial package allocation by sellers

to markets, and a consecutive exchange rate is reasonable.

3.2 Monetary policy: Equilibrium and Hypothesis

Proposition 3.2 (Equilibrium conditions: Monetary Policy (no Transaction costs)) Consider an econ-
omy with two competing currencies absent transaction costs. We hold output Y = Y;, and the Bitcoin sup-
ply B constant across time but we increase the Dollar supply by factor m every period, Dy = mD;_,, m > 1,
by multiplying each of the agents’ Dollar balances per time t. The following equilibrium conditions must
hold,

1. Inflation/exchange rates (sellers’ indifference): The inflation on Dollars must equal m-times the in-
flation on Bitcoin at any point in time,
Py P

=m— (36)
Pt Pt

or equivalently, the Bitcoin price in Dollars (Bitcoin exchange rate) grows at rate m across time
Qr1=mQ; 37)
2. Pricing (buyers’ consumption-savings): The buyers spend all Dollars on goods if

ﬁZ m2

1
u'(cri2) < —u'(cy) (38)
+2 Py

and spend all Bitcoins if

1 1
B =—1u'(cri0) < —u'(cy) (39)
(+2 p;

In case of equality, the buyers are indifferent with regard to saving and consuming. Indifference in a

symmetric equilibrium (c; = ¥; =5 = Yri2 = Cr42) yields

Piio 2 9 u,(Ct+2) 2 9
_—= R E— nm-. 40
P u'(ct) h (40
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D /
Pryp o (Cre2)

2
— = (41)
Pl’ u,(ct) ﬁ
3. Clearing of both goods markets requires
Y =X yu=Y +YP =10 e
BV}
vy =Y xi=X0 45 =5 (42)
D, VP D VP
YtD = Y - YtB = 216:1 Zti = Z?:l qg = [Pt[ = —m })[1 L

Solving for MP equilibrium Given the goods prices in the initial period P; and Py, the Dollar and
the Bitcoin prices for goods are interconnected by the equation
1 P, 1 b

Piiy=—Ppy —=— Pry — 43
t+1= P P, mi t+1 P, (43)

The equation says that the Dollar inflation must equal m-times the Bitcoin inflation, where m > 1.
Without monetary policy, m = 1, sellers prefer Dollars, if the Dollar inflation is below the Bitcoin in-
flation, P11 = Priq %, because tomorrow sellers are buyers, and want to sell against the less inflationary
currency today. With monetary policy, sellers prefer Dollars, if P41 = 4Py %. That is, if the Dollar
price does not grow fast enough relative to m, sellers are no longer indifferent and reallocate packages to
the Dollar market since holding Dollars overnight yields a high central bank multiplier m that outweighs

P

Dollar inflation that may be higher than Bitcoin inflation. That is, for Sz % > % Plg—t‘, sellers stick to
t

Dollar sales.

Hypothesis 3.3 (Hypotheses: Monetary Policy (no Tra Co)) Fixm > 1.
1. The Dollar inflation should equal m-times the Bitcoin inflation.

2. The Bitcoin exchange rate, i.e. the price of a Bitcoin denominated in Dollars should grow at the rate
m, Qi1 =mQ;=m'Q, forallt=1.

3. Ifnotall Bitcoins and Dollars are spent in every period (which we observe in the experiment), Bitcoin
prices are weakly decreasing across time whereas Dollar prices increase if Bm > 1, and decrease if
Bm < 1. If the Dollar price Py, does not raise fast enough, Dollar savings increase (velocity declines)

because buyers rather take advantage of the large multiplier than spend today.

4. Sellers reallocate packages to the Dollar market, Y increases, if the Dollar price does not grow fast

. oA P
enough, i.e. if Pyi1 = #Pt.{_l Fﬁ holds.

5. Market clearing: By the market clearing conditions in the Dollar market, because the Dollar supply
increases by factor m overnight, either the Dollar price must increase, or the Dollar savings must go
up (Dollar velocity declines), or the sellers allocate packages from the Bitcoin to the Dollar market,

or combinations of those three.

If the sellers reallocate packges to the Dollar market, there are fewer packages in the Bitcoin market,

and scarcity jointly with market clearing either requires the Bitcoin package price to increase or the
B

Dollar velocity to decline (more savings) or both, Y = Z?:l Xti= Z?zl qfi = %.
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Equation (43) says that if the Dollar price P, increases, the Bitcoin price adjusts slower, or may even
decrease. E.g., if Pt+1=P;n,n<m, then Pryy == Py ;% =L p, % =L p,<P,.

Unlike in classic monetary models with only one currency in the economy, an increase in the Dollar
supply at constant output does not necessarily imply an increase in the Dollar price level, and thus Dollar
inflation. Schilling and Uhlig (2019a) show that, absent transaction costs, an increase in the Dollar supply
can cause deflation in the Bitcoin price, instead of inflation in the Dollar. Likewise, the SU model shows
that Dollar inflation may shift the critical good (here the critical quantity) at which the buyers switch
from using Dollars to Bitcoin for making their purchases.

In the SU model, the structure of the transaction costs additionally pins down the steady-state level
of the critical quantity of packages gp, which determines the share of goods exchanged for in dollars and

in bitcoins.

3.3 Transaction costs: Equilibrium and Hypothesis

Proposition 3.3 (Equilibrium: Transaction costs (no Monetary policy)) Consider an economy with two
competing currencies absent monetary policy. We hold output Y = Y, the Bitcoin supply B, and the Dollar
supply D constant across time. There are transaction costs on purchases with either currency, given in table

2.1and2.1. The following equilibrium conditions apply

1. Inflation/exchange rates (sellers’ indifference):

Pu1 _R(GD) P

= —. (44)
P, 075 P,
and thus
s 075 P, 075 » P, 45)
t+1 R(q?) t+1 Pt Hlile(qu) t+1 Pl‘
. e . . 5 ) p 75 \! p
In a symmetric equilibrium, q? is constant across time, thus P;y1 = ROT?;) Pt+1P—Z = (RO(;?,)) P P—i.
Writing this equilibrium condition in terms of the exchange rate, we obtain
t
R(qP) R(qD)
Qr+1 0.75 Q; 0.75 Q (46)
2. Pricing (buyers’ consumption savings condition): Buyers spend all Dollars if
2p D 1 py 1
B R(q;,0) —— u (ct+2) < R(qy) —u (¢y) 47)
Pitio P
and Bitcoins if
2 1 ! 1 l
B —u(cr+2) < = u'(cy) (48)
t+2 Py

3. Savings: If some but not all Dollars and Bitcoins are spent in each period, i.e. if there are savings in
either currency, then the consumption Euler equations in a symmetric equilibrium (ci4p =y = ¢t)
become

p€+2 _ g2 u/(,(,‘t+2) _ ﬁg‘ (49)
Pt u (C[)

Prio =[52 R(qu) u'(Cre2) 2,32 R(qz_z) 50

P, R(gP) u/(c) R(gP)
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R(qgD,)

here RiqD)

=1 in a symmetric equilibrium.

4. Market clearing of both goods markets requires

Y =¥8 yui=YP+YP=Y5 c;+¥8 TraCoy
B
B —_y6 . —%v6 B B _ BVB BV;
f =X X=X 0.75q,;+ 0.25q; =075 55+ 0.25 —
V. P,
A transaction costs —
transaction costs

D DVP
YP=v-vEP =% z;=%% raP) a0+ A-riaPnay =ri(qP) 2= +A-ria) B
—_——

~ v

transaction costs

transaction costs
(629)]

See that in equation (49), the Bitcoin transaction cost has cancelled out. By its constancy, the Bitcoin
transaction cost has no impact on the buyers’ consumption savings decision. In contrast, equation (50)
shows that Dollar pricing, and Dollar consumption-savings do depend on the Dollar transaction costs,
if the buyer consumes different quantities at ¢ versus ¢ + 1, and thus incurs different marginal Dollar
transaction costs.

The transaction costs reduce the individual and the aggregate consumption. Therefore, in compari-
son to the benchmark without transaction costs, either the Dollar and Bitcoin prices must be higher or
the velocities must be smaller to clear the market.

The share of consumption lost due to transaction costs is endogenous in the currency choice. The
sellers’ indifference requires that the Dollar inflation times the marginal consumption after Bitcoin trans-
action costs must equal the Bitcoin inflation times the marginal consumption after Dollar transaction
costs. Recall that for the sellers’ choice z; = q? =3, itholds R(3) = 0.75, so that the Dollar and the Bitcoin

after-fee consumption exactly cancels.

Hypothesis 3.4 (Hypotheses: Transaction costs (no MP))

1. The sellers allocate packages to the markets to equalize transaction costs, R(qP)) = 0.75, by choosing
Zi = qg =3, yielding a Dollar trade share of 6 x3/Y = 18/30 = 0.6, and prices rise such that inflation

rates are equal
2. Given sellers choose z;; = qg. = 3, the exchange rate is constant
3. The Bitcoin price is weakly decreasing across time
4. In a symmetric equilibrium, with z;; = ‘72 = 3 constant, the Dollar price is weakly decreasing.

5. With u(0) =0 and B < 1, agents should spend all Dollars and Bitcoins per period

3.4 Transaction costs and Monetary Policy

Proposition 3.4 (Equilibrium: Transaction costs with Monetary policy) Consider an economy with two
competing currencies. We hold output Y = Yy, and the Bitcoin supply B; constant, but the Dollar supply
increases by factor m per period by multiplying all of the agents’ Dollar balances, Dy = mD;_,. We impose

transaction costs on purchases with either currency, given in table 2.1 and 2.1. Equilibrium requires that

1. Inflation/exchange rates (sellers’ indifference):

P _  R@P) Pr
P; 075 P,

(52)
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or .
p,., D (53)
t+1 Pl

1 0.75!
m' M-, R(ay)

Equivalently, the exchange rate (Bitcoin price in Dollars evolves according to)

. 1 0.75 P,
+1= — t+1 75" =

m R(qP) P,

Qr1=m—— (54)

R(g?) I;_, R(gD)
0.75 Qe=m' ( 0.75¢! !

2. Consumption-savings (Buyers’ indifference): As long as some Dollars and Bitcoins are spent in each

period, the following pricing inequalities must hold
1
B’ R(qpp) 75—t (c2) < R(qp) o1 (c0) (55)
P2 P

and

i

1
u'(crr2) < —u'(cy) (56)
t+2 Py

Savings: If some but not all Dollars and Bitcoins are spent in each period, indifference requires

b /
Piio o u(ces2)

— = (57)
P[ u,(ct)
For Dollars,
Prio R(qu) u'(cr42) 58)
P, R(q ) u'(cy)
3. Market clearing of both goods markets requires
Y =Y0  yi=YP+YP =% ci+X%  TraCo
B
vp =Y% X =07 0.25
4 i
tmnsacti%n costs b
D,V DV; D, VP mD;¢1V,
YP=Y-YE =r(qP) =5 21 (1-ri(gP)) =ri(qp) =5+ (L= r4(q; ))T‘
l‘ t
tmnsaction costs transaction coSts
(59)

Since the marginal Bitcoin transaction cost is constant in the number of packages purchased, it can-

cels out in equation (57) and does not affect optimal Bitcoin savings and consumptions.

Hypothesis 3.5 (Hypotheses: Transaction costs with MP)

1. Sellers allocate packages to markets to equalize transaction costs, R(qP)) = 0.75, by choosing z;; =
q?l. = 3, yielding a Dollar trade share of 6 x 3/Y = 18/30 = 0.6, and prices rise such that the Dollar

inflation is m-times larger than the Bitcoin inflation

e Ifthe sellers’ allocation to the Dollar market, z;; = q o declines over time, then R(q, +2)/ R(qt ) >
1, and transactions costs amplify the monetary policy effect on Dollar prices, i.e. Dollar prices

increase faster than with monetary policy only.

* Ifthesellers’ allocation to the Dollar market, z;; = qg, increases over time, then R(qﬂrz) / R(q? )<
1, and transactions costs dampen the monetary policy effect on Dollar prices, i.e. Dollar prices

increase slower than with monetary policy only.
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2. Given sellers choose z;; = qg = 3, the exchange rate grows at rate m

3. The Bitcoin price is weakly decreasing across time

Both kinds of equilibria may be constructed and the theory is agnostic as to which one may prevail.
Our experiment may help discriminate between these equilibria by pointing at the ones that emerges in
the lab as the ones that may be empirically relevant. Can the Dollar inflation stay constant if the critical
good adjusts to changes in the money supply? What are the circumstances that cause a crowding-out of
the Dollar (i.e., a decline in the critical good k) or a crowding-out of the Bitcoin (i.e., an increase in the
critical good k°)?

Our experiment aims to test these predictions with a focus on equilibrium selection. We address two
sets of questions. First, do the experimental market forces achieve an efficient coordination between
buyers and sellers on a constant critical quantity? If so, which share of the goods is traded in Bitcoin
versus Dollar? Second, how does monetary policy affect currency substitution, i.e. how does the critical
good adjust to changes in the money supply? Do CB transfers result in a crowding out of the Bitcoin in
the absence of transaction costs and a crowding out of the Dollar in the presence of transaction costs, as
the model suggests? In both cases, what is the realized rate of Dollar price inflation? Before discussing

the experimental results along this set of questions, we briefly describe the lab implementation.

4 The experimental environment

We design a group experiment with a between-subject design based on the infinite-time horizon frame-
works of Schilling and Uhlig (2019a,b); see Fig. 1 for an illustration of its overall structure.

To emulate SU’s infinite-horizon, perfect foresight environment with discounting in the lab, our ex-
periment utilizes independent repetitions, or sequences, of the experimental game with a stochastic
ending, which is in line with the related literature (Fréchette and Yuksel, 2017). Each round within an
experimental sequence represents one time period in the infinite-horizon game. The probability of the
experimental sequence to continue after each round is constant at f = 5/6 and common knowledge
among the subjects, proxying for the discount factor of the underlying model. At the end of each trading
round, the sequence in our experiment ends with probability 1/6 (where we use the metaphor of a dice
roll), to induce impatience, a critical assumption of the SU model; see App. ?2. After a stochastic end-
ing of one experimental sequence, a new sequence among the subjects starts. Accordingly, our subjects
played repeated sequences of trades composed of an unknown number of rounds so as to fill a two-hour
lab session. For each of the four treatments, introduced below, we recruited 6 independent groups of
subjects, where each group represented one economy.

Alternating roles Following SU, in the experiment we model two agent groups, calling them red and
green agents, who alternate in their roles as sellers and buyers of the consumption good. To facilitate
the experiment, unlike in SU, we model only a single, perishable consumption good “chips packages”,
as in Schilling and Uhlig (2019a). However, we continue following SU regarding the implementation of
transaction costs. While SU denote these currencies as Dollar and Bitcoin, in the experiment we adopt a
neutral language, calling the currencies ‘Currency A’ (for Dollar), and ‘Currency B’ (for Bitcoin).

For the purpose of the lab implementation, we consider a finite and discrete set of agents. We recruit
12 subjects per experimental economy, of which there are N, = 6 red agents and Ng = 6 green agents

in every round of the experiment.!? In the first round of each trade sequence, half of the subjects are

128ix market participants have proven to be sufficient to induce competition and hinder collusion, see e.g. Dufwenberg and
Gneezy (2000), while keeping the scale of the experiment small enough to collect many independent observations, i.e., 24 =4 x 6
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randomly assigned to a seller role, and the other half become buyers. Subjects then alternate in these
roles throughout each sequence. For instance, if assigned the role of a buyer in round 1, a subject will be
a seller in period 2, then a buyer again in period 3, etc., until the sequence ends and a new random draw

is performed to pick the sellers and buyers for the next sequence.

Trade The experiment starts in round ¢ = 1 with an initial total money supply of 600 Bitcoins and
Dollars, respectively, B; = D; = 600. In ¢ = 1, the six buyers start with a symmetric endowment of cur-
rency balances, amounting to an equal share of the initial currency supply, so that each buyer receives
100 dollars and 100 bitcoins in ¢ = 1, before trade opens.

In each round of a trading sequence, the sellers are endowed with the constant amountof y; ; =y =5
perishable chips packages per experimental round, where each package contains 100 chips. The con-
stancy of package endowments is common knowledge among the subjects. Sales occurs per package.
The content of 100 chips per package holds for the benchmark experimental design absent transaction
costs. When we introduce transaction costs later, the number of chips per package is reduced to mimick
frictions.

In each round, the subjects that are currently sellers choose an allocation of their 5 packages between
the two currency-denominated goods markets, before trade opens. Any allocation of packages to markets
is feasible, including selling all packages in only one market, e.g. only against Dollars or only against Bit-
coins. A seller can hold back packages from sales, however packages perish across experimental rounds
so that sellers have no motive to hold back packages for themselves. Moreover, we disallow the subjects
to consume in periods in which they are sellers, in line with the SU and SSBE models, to generate a mo-
tive for trade using money. The sellers have 30 seconds to allocate packages to markets in each round,
and then markets open for trade for 90 seconds.

Unlike in the models of Schilling and Uhlig (2019b) and Schilling and Uhlig (2019a), the Dollar- and
Bitcoin denominated package markets are semi-segmented in our experiment: On the one hand, the
sellers can freely allocate their packages to the Bitcoin- or the Dollar denominated market. On the other
hand, once trading starts, the sellers cannot reallocate their packages across markets, and the buyer
subjects do not have the possibility to directly exchange Bitcoins for Dollars, or vice versa.!® This semi-
segmentation in the experiment means that the sellers are commited to their markets, and cannot di-
rectly react if the trade conditions are much better in the Bitcoin-package market relative to the Dollar
package market, e.g. if the overall package supply in the Bitcoin market is currently low such that the
package price for Bitcoin is quite high in that particular trading round. Rather, the reaction to current
market conditions is delayed by two periods because then the current sellers are sellers again.

In the experiment, we implement trade using two separate, currency-specific auction houses, each
operating a continuous double auction (CDA) mechanism; see the trading interface of a buyer in Figure
2 for illustration. In every trading round and in each market, the seller-subjects submit asks whereas
the buyers-subjects submit bids. Bids and asks consist of a quantity and a price at which the submitting
subject is willing to trade. All buyer-subjects are subject to a no-borrowing or no short-selling constraints
whereas the seller-subjects can maximally sell the number of packages they allocated to that particular
market. Trade between a buyer and a seller occurs, i.e. they are automatically matched, whenever a
seller’s posted ask price is below or equals a buyer’s posted bid price. In the case of multiple possible

matches, i.e. when multiple ask prices of sellers are below the bid of a buyer, the buyers are automatically

experimental economies in total.
13In contrast, in Schilling and Uhlig (2019b) and Schilling and Uhlig (2019a) the sellers quote both Bitcoin and Dollar prices for
each consumption good, so that the full supply of goods is simultaneously for sale against Dollars or Bitcoins.
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matched to the best, i.e. lowest ask price. The experiment imposes, that the transaction price equals the
seller’s ask price and the number of packages exchanged equals the minimum of the number of packages
offered by the seller and those desired by the buyer. If the seller has access supply, the seller can be
rematched to another buyer after that trade is settled. Note that, because trades are always settled at the
best ask price for the buyer, this creates a motive for sellers to delay posting their ask prices to observe
the market conditions. The delay of the sellers, on the other hand, creates a motive for the buyers to,
vice versa, delay their bids. In the experiment, the sellers observes all the incoming bids on the screen,
whereas the buyers observe all the incoming asks. The buyers can submit multiple bids in each market.
Those bids may exceed their budget constraints, in each currency. The software takes care, that once a
buyer’s bid gets accepted, bids that are not within that buyers’ budget constraint get deleted. Likewise,
the software enforces the sellers’ capacity constraints, meaning the seller cannot sell more packages than
he has allocated to either market.

Bids and asks may be retracted as long as they have not been accepted by the other party. The par-
ticipants may submit as many asks and bids as desired during the 90 seconds of trade. For a buyer and
sellers, instead of submitting a bid respectively an ask price, (s)he can also use a short-cut provided by
the interface: on each market there exists a button to click and accept the best standing trade, i.e. sellers
can accept the best (highest) bid, and buyers can accept the best (lowest) ask to instantly trade. This
allows them to prevent the automatic matching.

The auction houses can close earlier than 90 seconds if one side of the market becomes exhausted.
After the 90 seconds of trade, unspent currency holdings are transferred to the next round while unsold
packages perish and disappear. The sellers use their sales income, denominated in Bitcoin and Dollars,
to buy packages in the next period when they are a buyer.

In any further period ¢ > 1, the trades proceed as described and impact the currency holdings of the
trading agents across time. Money balances carry over from round to round until they are reset at the

random end of a sequence.

Monetary policy In the lab, we implement changes to the Dollar supply through lump-sum transfers

7 to the subjects’ Dollar balances across rounds. We seek to implement a Dollar inflation target 7 =

Py
Py

we multiply each subjects’ dollar balance, buyers and sellers, in the economy by 7 = 1.3 at the end of

= 1, by letting the quantity of dollars grow by central bank transfers in each trading round. Precisely,

each round, which implies strictly positive central bank transfers. Because the transfers are proportional
to the existing Dollar balances, the transfers are asymmetric across all subjects, see Jiang et al. (2021) for
a discussion on lump-sum versus proportionate transfers.

Since in the real world, there is no Bitcoin central bank to discretionary lower or increase the Bitcoin
supply, we leave the quantity of Bitcoin constant throughout each trading sequence.!* Therefore, the
Bitcoin balances of the subjects only change across time via trade in goods whereas Dollar balances
change according to trade and Dollar monetary policy.

At the beginning of a new experimental sequence, all money balances are reinitialized to zero for the

sellers and 100 for the buyers.

Transaction costs To implement transaction costs for Bitcoin and Dollar denominated purchases in
each trading round, we reduce the content of each chips package depending on the demanded quan-

tity per currency at a given price. The reduction in content is currency-specific and depends on how

YImplicitly this means, that we abstract from Bitcoin mining across the experiment.
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many packages have been purchased with one specific currency in one round. In the next round, the
transaction costs restart at zero, and then increase as a buyer makes more purchases with one particular
currency in that round. For the k’ th package, the transaction cost is denoted by 1 —y(k) € (0,1) when
buying the k’th package in Dollars and 1 — a(k) € (0,1) when purchasing it using Bitcoins. This means,
the buyer receives a consumption of y (k) x 100 < 100 chips for the k’th package when purchased in Dol-
lars or a(k) x 100 < 100 chips for the k’th package when purchased in Bitcoin. When selling one unit of a
good k, the seller receives the full amount of the price of P dollars (or P bitcoins), i.e. the pre transaction
cost price. While in our set-up, the transaction costs lower the content of a package, in the SU model, the
transaction costs are applied to the price, essentially raising the costs for the same number of consump-
tion goods. Our implementation of transaction costs boils down to the same unit price per chip in the
experiment as in the theoretical model while being easier to understand for the subjects.!®

As a further difference, in the SU model, the costs are paid out to the sellers as lump-sum transfers,
whereas in our setting and in the lab we assume that the number of chips lost due to the transaction costs

vanish from the economy due to frictions.

The experimental subjects’ incentives

We compensate the subjects for their efforts in the following way. Purchased chips (goods) are directly
converted into euros paid out at the end of the experiment. Experimental bitcoin and dollar balances, in
contrast, are not paid out, and are thus worthless as such, imposing the fiat money property, and avoiding
currency hoarding. Since the subjects alternate in their roles, buying chips, and therefore accruing real
world payoffis only possible every other period. The monetary incentive for the sellers lies in selling their
packages to increase their currency holdings, which allows them to buy packages when they become a
buyer in the next round.

To emulate consumption smoothing, we use the following CRRA function to convert any positive

\/#chips

10
(real world) earnings over all rounds of two randomly drawn sequences to the participants.'®

number of purchased chips into euros:

. At the end of the experiment, we pay out the cumulative

Experimental Timing To sum up, in each round of a given sequence, the events unfold as follows:

1. In the first round of each sequence (¢ = 1), buyers receive an endowment of 100 dollars and 100

bitcoins. Sellers receive a endowment of 5 goods packages of 100 chips.

In any further rounds (z > 1): Sellers continue being endowed with 5 packages per round, whereas
the buyers hold money balances that result from the previous round’s sales proceeds when those
buyers were sellers. In addition, the buyers’ money balances can be altered across rounds by cen-
tral bank monetary policy whereas the package chips content may fall below 100 in each round,

depending on the subjects play the economy with transaction costs or not.

2. Central bank monetary policy is implemented via changes in the Dollar money supply (currency
A). The central bank changes the supply by transferring positive quantities of Dollars to the buyer

subjects’ Dollar wallet: each dollar is multiplied by 77 = 1.3 per round for both buyers and sellers.

3. Everyround, the sellers have 30 seconds to allocate their packages across the two currency-specific

auction houses.

15The only difference is that in the lab, the transaction costs impact directly the buyers’ utility and the equilibrium on the goods
market reads as: y; = ¢; + transaction costs;.

16Not paying the entire history of the game prevents wealth effects as participants do not know which sequences will be paid
out at the end of the session and selecting two sequences is necessary to ensure reasonable payoff levels.
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m This is period 10 of Sequence 2. You are a Buyer. You have 0.0 units of Currency A and 0.0 units of Currency B.

Time remaining: 0:31
You made €0.00 from previous periods in the sequence.

X - Market A Info Asks Bids
Market A Price | Quantity
Your last bid: Currency A holdings: 0.0 Price | Quantity| Price | Quantity|
# of packages purchased: 0
Price: Quantity:
: Chips made in this round: 0.0

Euro made in this round: €0.00

Trade History

Quantity | Chips content Price
Price Quantity
Best ask:
Best bid:
- - Market B Info Asks Bids
Market B Price | Quantity
Your last bid: Currency B holdings : 0.0 Price | Quantity| Price | Quantity|
# of packages purchased: 0
Price: Quantity:
] Chips bought in this round: 0.0
Euro made in this round: €0.00
Trade History
Quantity Chips content Price
Price Quantity
Best ask:
Best bid:

Figure 2: Graphical user interface of the buyer

Notes: The dollar-denominated and bitcoin denominated trading interfaces are, respectively, on the top (market A in red) and
on the bottom (market B in blue). Subjects submit their bids (and symmetrically their asks for the sellers) on the left-hand side
column. The middle panel provides the details of the subject’s trading history on each market so far in the given round, and the
right-hand side panel displays all the asks and bids in each market as soon as they posted. The instructions and the guidance of
the experimenter during the training periods make this interface clear to the subjects.

4. Subsequently, the two auction houses open for a maximum of 1.5 minutes. The purchased chips in-

stantaneously accumulate towards the buyers’ real world earnings while sellers accrue their dollar
and bitcoin currency balances by the sales proceeds.

5. Then, the subjects observe whether the sequence continues, with probability g, or ends with prob-
ability %. If the sequence continues, the roles of buyers and sellers flip, currency balances carry

over to the next round at ¢ + 1, while unsold packages perish and disappear. If the sequence ends,

anew one starts and currency balances are reinitialized as in Step 1.

4.1 Treatments

We use a 2-by-2 design where the two treatment variables are the expansion of the dollar supply via

central bank monetary policy and transaction costs. The two treatments per monetary policy and trans-
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action cost overall yield 4 different scenarios that we test in the lab.

4.1.1 Treatments

First monetary policy treatment: noInfl: The first treatment variable is the gross Dollar inflation tar-
get, denoted by 7.

In a first treatment, identified by noInf1, we set the Dollar inflation target to zero across periods, 7 =1,
which rules out any central bank Dollar transfers to the subjects, 7, = 0, V¢. The dollar supply, therefore,

remains constant per round at D = D, throughout the trading sequences.

Second monetary policy treatment: infl: In the other set of experimental economies, identified
by infl, we implement a dollar inflation target of 7 = 1.3. To do so, we let the quantity of dollars grow
by central bank transfers to the subjects’ Dollar balances in each trading round, multiplying every dollar
balance in the economy by 7 = 1.3 at the end of each round (at the beginning of each new sequence, all
money balances are reinitialized to zero for the sellers and 100 for the buyers). This target value is chosen

so as to make inflation salient for the subjects over the limited amount of lab periods.

First transaction cost treatment: noCost:

The second treatment variable is the presence or absence of transaction costs. In a first treatment, de-
noted by noCost, we do not impose any transaction costs. In that treatment, the content of each package
equals 100 chips to the buyer no matter the currency used or the quantity of packages purchased with

each currency within or across rounds.

Second transaction cost treatment: costs: As a second treatment, denoted by costs, we im-
pose transaction costs. In treatments with transaction costs, costs, the number of chips contained in
a bought package (and its real world payoff) depends on which currency was used for the transaction
and how many packages were already bought using this currency in that particular round. Packages
bought using Dollars suffer increasing transaction costs within one round, where each additional pack-
age contains fewer chips, while packages bought using Bitcoins suffer a flat but substantial transaction
cost. Specifically, for the treatment costs, the buyer receives the following number of chips for each
bought package in a given round of a given sequence, depending on whether the package was bought

using Bitcoin or Dollars, :

Packages (qp respect. gg) 1st | 2nd | 3rd | 4rd | .. 10th | 11th | 12th | --- 19th and more
Chip content (purchase in dollar) 100 90 80 70 10 9 8 1
Chip content (purchase in bitcoin) 75 75 75 75 75 75 75 e 75

Table 4: Transaction costs per currency and trade volume. The chips content falls the more packages are
purchased using Dollars. The chips content for Bitcoin-purchased packages remains at 75 no matter how
many packages are bought using Bitcoin. When a buyer buys more than 3 packages using Dollars, the
content falls below 70 chips, i.e. the Dollar transaction costs are higher when using Dollars rather than
Bitcoin.

For instance, a buyer who purchases a first package using Dollars receives a package with 100 chips,
whereas the second package he buys with Dollars in that round contains only 90 = y(2) x 100 chips,
etc. In the next trading round, the transaction costs are reset to zero for the first package bought with

Dollars and 25 for the first package bought with Bitcoin. With the given transaction costs, we impose
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Dollar inflation
No:m=1 Yes: m=1.3

Transaction costs
No: 6 6
Yes: 6 6

Table 5: Number of independent observations per treatment

the transaction cost ratio function given in equation (?2). With each additional package bought using
Dollars, the favorability of Dollars versus Bitcoin shrinks.

See that the chips content when using Dollars drops to, and then remains at one, as buyers buy more
than 19 packages per round using Dollars.

The cut-off of 20 packages was never binding in practice: no subject in any treatment bought more
than 16 packages in Dollar over a single trading round, for a maximum of 19 packages in both currencies
combined. Recall that there are 6 sellers per round, each selling 5 packages, i.e. there are 30 packages
in total for sale against Bitcoin and Dollars in each round. We observed only seven instances of trades
in Dollar exceeding 10 packages per participant per round, out of 6 x 32 x 16 = 3,072 individual trade

outcomes in the whole experiment.!”

5 Experimental Implementation

The experiment was programmed using oTree (Chen et al., 2016) and was run in-person at the CREED
lab of the University of Amsterdam. All participants were students: about 60% in Economics and Busi-
ness, and most of the rest in Social Sciences and Humanities, including Law. Among the students, 52%
were female, about 60% came from Western or Eastern Europe and 30% from Asia, and participants were
on average 22 year old. 90% of them declared being proficient in English, the language used in the ex-
periment. Less than half of them declared a previous experience as a subject in a lab experiment. Most
importantly, assignment to treatments was randomized across all these characteristics.'® We collected
data from six experimental economies for each of the four treatments; see Table 5. Therefore, a total of
24 experimental sessions corresponding to as many experimental economies were run with 12 subjects
each (6 buyers and 6 sellers). Out of the 24 sessions, 12 sessions were run in spring 2022 and the remain-
ing 12 in spring 2023. No subject participated more than once in the experiment to obtain independence

of the 24 economies of one another.

The participants could first read the instructions to the experiment on the screen privately, at their
own pace. Then, the experimenter read them aloud. The participants had to answer correctly a four-
question quiz on the transaction costs, payoffs and currency supply about the treatment to which they
were assigned to before entering the game.

The first two rounds of trading were training rounds to the participants. This allowed them to expe-
rience each of their two roles as buyers and sellers, and familiarize themselves with the trading interface

(see Fig. 2). It was made clear to the participants that these first two rounds would not count towards

1732 is the total number of rounds played by each economy, there are 6 sellers in each round for each economy, 4 treatments
and six groups (economies) per treatment.

18The F-statistic of joint significance of the demographics on treatment assignments are, respectively, 2.00%, 0.69, 1.22 and 1.35
for Trs. noInfl-noCost, noInfl-cost, infl-noCost and infl-cost.
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their earnings. After these two rounds, the first sequence of trading started and participants knew that
they will play as many sequences as possible to fill up the time during which they had been recruited. The
participants were recruited for 2:15 hours but sequences were repeated so as to fit a two-hour session.
Further, the sessions typically did not exceed 1:50 hour to ensure that the end of the last sequence could
not be anticipated by the subjects.!” We chose the distribution of the number of periods of play so as to
address the trade-off between the emulation of impatience with shorter sequences and the accommoda-
tion of learning inherent to experimentation with human subjects with longer sequences. We randomly
drew the length of the sequences out of a geometric distribution with success parameter 8 = 1/6 for the
first session and then repeated the same series of sequences for all groups to ensure comparability across
sessions. As a result, we implemented the five following sequences: a training sequence of two periods
for subjects to become familiar with the trading interface and their tasks without their decisions count-
ing towards their earnings, followed by four sequences of play of seven, eleven, six and eight periods, for
a total of 32 periods of actual play.

After the last sequence, a questionnaire collected demographics and elicited the participants’ strate-
gies and comments in an open-ended format. Payments were made anonymously via bank transfers by
the financial administration of the University of Amsterdam. The first and the third sequences of play
were randomly drawn to be paid out to the subjects who earned on average 13 euros for the experiment,

with an standard deviation of two euros, excluding a nine euro show-up fee.

6 Experimental Results

We discuss the results along the two research questions stated at the end of Section 4.1: after looking at
the overall market functioning in the experiment, we shed light on the dynamics of currency substitution

when the Dollar money supply changes.

6.1 Market efficiency and currency hoarding

To develop measures of market efficiency, recall that only purchased packages are paid out to the subjects
after the experiment ends. Money balances decay, and are not paid out to mimick the fact that Dollars
and Bitcoins are fiat money. Furtherore, unsold packages perish after every round in the experiment, and
are thus neither consumed nor paid out after the experiment. Thus, two metrics of market functioning
are the amount of unsold packages of the sellers per round, and the realworld payoffs to the buyers that

maps one-to-one to the utility derived from consumed chips packages. In the experiment, we find

Experimental results 6.1 (Market efficiency and currency hoarding) Across all treatments,

1. thesellers’numbers of unsold packages per round decline across rounds and experimental sequences,
yielding an increase in allocative efficiency of packages across trading sequences and rounds. Fewer
unsold packages directly implies that the buyers attained higher (real world) payoffs across time

since they consumed more packages.

2. we observe persistent currency hoarding across all rounds of trading. This either indicates precau-

tionary savings where agents strategically hold back money or indicate rationing in the two goods

19That is, the end of a sequence is kept in a distant enough future for the perception of the ending probability by the participants
to remain constant throughout the session.
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Figure 3: Efficiency over time averaged across all treatments over time. All experimental sessions and the
two currency-specific goods markets are pooled together. The dots indicate the average per paid period.
The shaded blue area indicate + one standard deviation. The black line is the trend, represented by the
linear regression line of the variable over the time period. The robust standard errors are reported between
brackets underneath the estimated coefficients.

markets due to miscoordination between buyers and sellers. Currency hoarding indicates that Dol-
lar and Bitcoin market prices of packages are too low relative to the case where money balances were

entirely spent on goods each period.

Figures 3a and 3b report the evolution of these variables over time, by pooling together the two
currency-specific markets and all experimental sessions. The top Figure 3a shows a significant decrease

in unsold chips packages over time, down to a negligible amount of 5% of the total supply of packages
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across experimental sessions.

Simultaneously with the decline in unsold packages, Figure 3b shows the rise of the buyers’ payoffs
across trading rounds and sequences, reaching an average of more than 2 euros per period.

The theory model predicts that because the chips packages perish, all the sellers’ packages should be
sold at any trading round. Moreover, because we hold the package endowments to the seller, and thus the
package supply constant across trading rounds, the theory predicts that the real world payoff averaged
across all buyers should be constant across rounds, even with monetary policy (but absent transaction
costs). To compare the theoretical predictions to the experimental outcomes, our time series show that
the experimental subjects increasingly learned how to maximize their real-world payoffs, yielding an in-
crease in allocative efficiency across time, and approaching the theory-predicted outcome. In particular,
the sellers learned that unsold packages lower their money balances in the next period when they are
buyers, putting them at a disadvantage in comparison to the other buyers when bidding for packages.

Figure 3c shows the share of the buyers’ unspent currency at the end of each period across trading se-
quences, for all treatments and markets pooled together. About 28% of money balances remain unspent
across all rounds of trading, across all experimental sequences despite the fact that money balances are
not paid out after the experiment. This currency hoarding can either be due to strategic behavior or
rationing in the markets. Strategic behavior indicates precautionary savings where agents y hold back
money today to insure against uncertain outcomes tomorrow (intertemporal substitution). Rationing
can occur due to miscoordination between buyers and sellers, and because the markets open for only
90 seconds. If a buyer is too slow to make offers or adjust offer prices. the sellers may have sold their
packages to other, faster buyers, possibly at too low prices. Miscoordination can occur because some
sellers may decide to offer all of their packages in the Bitcoin denominated market, so that the buyers
do not have the chance to spend their Dollar balances. Note that the experiment does not allow sellers
to reallocate their packages across markets once the trading period starts. Thus, the sellers cannot react
to unexpected market conditions from the buy side. In either case, currency hoarding implies that the
Bitcoin and Dollar prices at which the chips packages were traded were too low relative to the market
clearing price at which all currency had been exchanged for all packages, given that we observe nearly
no unsold packages. The observed currency hoarding is remarkable because the experimental design
imposed high impatience on the agents by applying a high termination probability of 1/6 per round in
every trading sequence. This termination probability corresponds to a discount factor as low as 5/6. A
high termination rate, i.e. high impatience implies that savings may not pay off in the next round, and
should make the subjects reluctant to save.

The word cloud in Figure 5 reveals the subjects’ self-reported behavior and strategies in the open-
ended, post-experiment questionnaire. The figure reports a wordcloud of their answers by pooling all
sessions together, where larger characters indicate more frequent mentioning. The self-reported strate-
gies show an overall awareness and attention to the monetary incentives of the experimental tasks, with
words such as ‘currency’ or ‘money’ being recurrent in the answers. The wordcloud clearly depicts mar-
ket equilibration forces based on prices rather than goods quantities, using words such as “prices,” “high-
est,” and “lowest.” The trading strategies also concern the timing of actions given the competition un-
der strategic uncertainty and time pressure to sell and buy packages, with words related to both quick
decision-making (“first,” “fast,” “quick,” “started”) and intentional delay (“wait,” “later,” “last,” “keep,”

uendn )
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Figure 4: Average trade, price, and savings dynamics of each treatment

6.2 Monetary policy, and transaction costs with currency competition

We next analyze whether and how central bank transfers and transaction costs impact currency compe-

tition in the experiment. We first look at the aggregate dynamics in each experimental treatment and

then estimate treatment-dependent asymptotic values of the main variables.
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6.2.1 Aggregate dynamics in the experiment

For each of the four treatments, Figure 4 reports average changes of the critical quantity, the share of
consumption purchased in Dollar, the average package market prices in Dollar and Bitcoin (weighted by
quantities), the savings rates in each currency and the implicit exchange rate, i.e., the price of a Bitcoin
in Dollars, across trading rounds and experimental sequences. Recall that each treatment was run with
six independent groups, each group containing 12 subjects (6 buyers and 6 sellers). We next summarize

our experimental findings, comparing behavior within and across treatments:

Experimental results 6.2 (Benchmark: no monetary policy, no transaction costs) [n the benchmark treat-

ment without monetary policy and no transaction costs, we observe that
1. both currencies are used for goods purchases to an almost similar extent

(a) the critical quantity k*, i.e. the share of packages the sellers put for sale in the Dollar denom-
inated market is relatively stable at 50-60%. That is, even though in the benchmark treatment
Dollars and Bitcoins are perfect substitutes, the seller subjects slightly prefer receiving Dollar
over Bitcoin, which reveals a “home bias” af the subjects, tending towards Dollars without any

reason

(b) the share of consumption the buyers purchase using Dollars is, therefore, likewise at 50-60%,
since there are nearly no unsold packages. Note, it is the sellers who determine how many pack-
ages are offered for sale in either currency. Therefore, the difference in k* and the consumption
share in Dollars only stems from unsold packages. However, less than 10% of packages are un-

sold after the first trading sequence.

2. the package market prices in Dollar and Bitcoin are fairly stable, and similar both ranging at 25-30

Dollars, respectively Bitcoin.

3. some oscillation in the savings rates of Dollars and Bitcoins from round to round which is caused by
the alternation of sellers and buyers. When comparing the savings rates across every other round, the

savings rates in Dollars and Bitcoins are fairly stable.

4. the implicit exchange rate, i.e. the Bitcoin price in Dollars is fairly stable, and around one, yielding
Q¢/ Q41 = 1. This is in line with Kareken and Wallace (1981) who show that with perfect foresight,

without monetary policy or transaction costs, the exchange rate is fixed across time.

Experimental results 6.3 (with versus without Monetary policy) Comparing the benchmark treatment
(BT: no monetary policy and no transaction costs) with the monetary policy treatment (MPT: with mone-

tary policy but no transaction costs) we observe

1. in the MPT treatment where the Dollar supply rises across time, more packages are sold for Dollars
rather than Bitcoin, the critical quantity k* is higher, relative to the BT benchmark treatment where
the Dollar supply is left constant. That is, the inflationary money (good money) drives out the non-
inflationary money as the medium of exchange, in line with Gresham’s law. See, though, that in
either treatment, the critical quantity is relatively stable across rounds, even though the MPT strictly

raises the Dollar supply in each round.

2. in the MPT treatment where the Dollar supply rises across time, more packages are bought for Dol-
lars rather than Bitcoin relative to the BT benchmark treatment. Therefore, the share of consumption
purchased in Dollars is higher in the MP treatment than in the benchmark treatment. Note, if all
packages are sold, the critical good and the sshare of consumption purchased in Dollars are equiva-

lent.
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the increase in the Dollar supply in the MPTreatment causes a rise in the Dollar package price level,
and strong Dollar inflation relative to the benchmark treatment where the Dollar supply is left con-

stant

the increase in the Dollar supply in the MPTreatment causes a rise in the Bitcoin package price level,

but no Bitcoin inflation relative to the benchmark treatment where the Dollar supply is left constant

the increase in the Dollar supply in the MPTreatment causes a strong rise in the Dollar savings rate

relative to the benchmark treatment where the Dollar supply is left constant.

Comparing the MPTreatment to the benchmark, the overall effect on the Dollar velocity is ambiguous

because both the Dollar supply and the Dollar savings rate increase

the increase in the Dollar supply in the MPTreatment causes a decline in the Bitcoin savings rate
relative to the benchmark treatment where the Dollar supply is left constant. This strictly raises the

Bitcoin velocity, i.e., more Bitcoins of the total Bitcoin stock are used for purchases.

the increase in the Dollar supply in the MPTreatment causes a strict increase in the implicit Bitcoin
exchange rate (Bitcoin deflation) across rounds relative to the benchmark treatment in which the
exchange rate is fairly constant and around one. That is, Bitcoins become more and more valuable

in every round relative to the Dollar, Q;/ Q¢ 4+1 < 1.

All of these findings are very much in line with our theory predictions, formulated in the Monetary

policy Hypothesis (3.3).

Experimental results 6.4 (with versus without transaction costs) Comparing the benchmark treatment

(BT: no monetary policy and no transaction costs) with the transaction cost treatment (TCT: without mon-

etary policy but with transaction costs) we observe that

1.

in the TCT treatment where transaction costs are imposed on Dollar and Bitcoin purchases, the num-
ber of packages sold for Dollars, i.e. the critical quantity k*, stays about the same relative to the
benchmark treatment where no transaction costs are imposed. Likewise, the share of consumption
purchased in Dollars remains about the same level in the treatment with transaction costs relative to

the treatment without costs [no effect]

in the TCT treatment where transaction costs are imposed on Dollar and Bitcoin purchases, both the
Dollar and the Bitcoin price levels for packages are higher relative to the benchmark treatment with
no costs. This means, that the subjects paid more for packages with less content (in either currency)
relative to the benchmark case. Yet, prices are stable at these higher levels, implying that there is

hardly and Dollar or Bitcoin inflation across time.

the implicit Bitcoin exchange rate, the price of one Bitcoin in Dollars is only slightly higher, above
one, in the TCT treatment relative to the benchmark treatment without costs. However, as in the

benchmark, the exchange rate is fairly stable in the TCT, yielding Q:/Q¢+1 = 1.

Experimental results 6.5 (Adding transaction costs to monetary policy) Comparing the monetary pol-

icy treatment MPT (without transaction costs) to the monetary policy treatment with transaction costs
MPTCT we observe that

1.

adding transaction costs to the monetary policy treatment substantially reduces the critical quantity
k*, i.e. the quantity of packages sold for Dollars versus Bitcoin. That is, despite a perpetual increase
in the Dollar supply across rounds, the sellers are less willing to sell against Dollars and rather sell

for Bitcoin, because the Dollar transaction costs are so substantial. Furthermore, the critical quantity
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declines across rounds in the MPTCT treatment wheras it is stable in the MPT without transaction
costs. That is, fewer and fewer packages are offered for Dollars across rounds, since sellers preferred
selling for Bitcoin. In line with this result, we see a substantial reduction in the buyers’ consumption
afforded by Dollar spending in the MPTCT relative to the MPT without transaction costs. Rather the

subjects purchased packages using Bitcoin, and increasingly did so across rounds.

2. adding transaction costs to the monetary policy treatment substantially increases the Dollar price
level beyond the already increased Dollar price in the MPT, and preserves the Dollar inflation ob-
served in the MPT. Adding transaction costs to the MPT also substantially increases the Bitcoin price

level but leaves Bitcoin inflation flat, close to zero, as in the MPT.

3. adding transaction costs to the monetary policy treatment leaves the Dollar savings rate unchanged

but reduces the Bitcoin savings rate.

4. adding transaction costs to the monetary policy treatment leaves the implicit Bitcoin exchange rate,
the price of one Bitcoin in Dollars about same. That is, there is a substantial increase in the Bitcoin

price across trading rounds (Bitcoin deflation), yielding Q;/ Q41 < 1.

The comparison between the monetary policy treatment with versus without transaction costs is
fairly striking since it demonstrates a decay of the Dollar as the dominant medium of exchange: when
adding transaction costs, fewer and fewer goods are sold and purchased against Dollars across time, even
though the Dollar balances of the subjects are increased by central bank transfers in each round. In some
rounds, the critical quantity falls even below the benchmark case without monetary policy or transaction
costs. The rationale is that due to the imposition of transaction costs, those many Dollars buy fewer and
fewer chips content, so that spending Dollars on packages does not pay off in terms of a higher con-
sumption. From the sellers perspective, this means that they rather sell against Bitcoin than Dollars,
reallocating their packages across market. From the buyers’ point of view, because fewer packages are
offered against Dollars, and because the Dollar balances are rised by central bank transfers, the Dollar
price level rises sharply, even stronger than in the case with just monetary policy. The Dollar savings rate
is as high as in the MPT without transaction costs, which may indicate that the subjects are underesti-
mating the central bank transfers or market clearing prices. The fact that the sellers offer more packages
for Bitcoin should actually reduce the Bitcoin price level. The reduced savings rate for Bitcoin, however,
may drive up or stabilize its price. Overall, while monetary policy via an increase in the Dollar supply
can raise the Dollar’s acceptance as a medium of exchange by increasing its relevance for purchases,
Dollar transaction costs can undo this effect. Further, adding transaction costs on top of expansionary

monetary policy can amplify the effect on Dollar and Bitcoin price levels.

Experimental results 6.6 (Adding monetary policy to transaction costs) Comparing the transaction cost
treatment TCT (without monetary policy) to the transaction cost treatment with monetary policy MPTCT

we observe that

1. adding monetary policy to transaction costs slightly raises the critical quantity k*, i.e. the quantity of

packages sold for Dollars versus Bitcoin, and raises the buyer’s cosumption purchased with Dollars.

2. adding Dollar monetary policy to the transaction cost treatment substantially increases both the Dol-
lar price and the Bitcoin price level. In addition it raises Dollar inflation but leaves Bitcoin inflation

unchanged, and flat.

3. adding monetary policy to transaction costs strictly increases the Dollar savings rate across time but

leaves the Bitcoin savings rate fairly unchanged
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4. adding monetary policy to transaction costs strictly increases the Bitcoin exchange rate across time

(Bitcoin deflation), the price of one Bitcoin in Dollars rises round per round, Q;/ Qs+ < 1.

Because the underlying model of the experiment admits equilibria with a constant critical good (and
an adjustment to CB transfers via prices) as well as equilibria with a time-varying critical good (and an
adjustment via currency substitution), we focus on identifying time variation in the main variables in the
different treatments. The regression models reported in Table 6 reveal that the critical good decreases in
all treatments but Tr. infl-noCost, and does so even more rapidly in Tr.infl-cost (Cols. I-II). With-
out costs, CB transfers leads to a higher critical good than without and this difference tends to increase
over time. By contrast, under transaction costs, CB transfers produce a decrease in the critical good.
Transaction costs do not affect the dynamics of the critical good in the absence of CB transfers.

The saving rate in Dollar (Cols. III-IV) and the Dollar price of a Bitcoin (Cols. VII-VIII) increase over
time in the two treatments featuring CB transfers. Conversely, the saving rate in Bitcoin tends to decrease
in all treatments (Col. V) and even more so in Tr.inf1-cost (Col. VI). These different dynamics reflect
the price stickiness pattern discussed above: as prices do not increase as fast as the CB inflation target,
subjects accumulate Dollar currency holdings. They are also consistent with increasing trade volumes
in Bitcoin in the presence of transaction costs and CB transfers, which leads to a faster decrease in the

Bitcoin saving rate and a stronger hoarding on Dollar than in the three other treatments.
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Dependent variable: Critical good Saving rate in Dollar ~ Saving rate in Bitcoin Exchange rate Exchange rate growth
(1) (2) 3) (4) (5) (6) (7) (8) 9) (10)
Treatment dummy [omitted: Tr. noInfl-noCost]
Tr. noInfl-Cost -0.014 -0.023 -0.015 —0.004 -0.018 —0.004 0.063** 0.056** 0.049* 0.017
(0.022) (0.026) (0.021) (0.020) (0.026) (0.026) (0.029) (0.028) (0.028) (0.032)
Tr. infl-noCost 0.114*** 0.107*** —0.056 —0.048 0.067** 0.073**  —0.047 -0.069 -0.115*** —0.190***
(0.024) (0.025) (0.040) (0.040) (0.032) (0.032) (0.070) (0.080) (0.037) (0.045)
Tr. infl-cost 0.071*** 0.079**  —0.084*** —0.087"** —0.002 0.020 —0.028 —0.022 -0.061"*  —0.129***
(0.026) (0.031) (0.023) (0.026) (0.028) (0.034) (0.052) (0.058) (0.027) (0.022)
round —0.005*** —0.006"** —0.002 0.0005 -0.013*** —0.012*** 0.002 0.002 0.004 0.006
(0.002) (0.002) (0.002) (0.002) (0.001) (0.002) (0.005) (0.006) (0.006) (0.006)
Tr. noInfl-Cost 0.001 0.002 0.002 —-0.00004 0.003 0.001 0.001 0.002 -0.012% -0.006
x round (0.003) (0.003) (0.003) (0.003) (0.002) (0.002) (0.006) (0.006) (0.007) (0.007)
Tr. infl-noCost 0.006** 0.007** 0.034***  0.033*** 0.001 —-0.001 0.060***  0.064*** 0.023*** 0.036***
x round (0.003) (0.004) (0.005) (0.005) (0.001) (0.002) (0.020) (0.021) (0.009) (0.010)
Tr. infl-cost —-0.008*** —0.008"* 0.041***  0.041*** —0.004 -0.007* 0.072***  0.073*** 0.015** 0.031***
x round (0.002) (0.003) (0.002) (0.003) (0.003) (0.004) (0.013) (0.014) (0.007) (0.007)
Constant 0.559*** 0.566*** 0.226™** 0.205*** 0.310*** 0.318*** 0.986™** 0.994*** —-0.052** —0.144***
(0.018) (0.021) (0.016) (0.017) (0.011) (0.016) (0.031) (0.044) (0.023) (0.043)
R? 0.324 0.375 0.343 0.478 0.088 0.168 0.351 0.413 0.031 0.451
Obs. 768 696 768 696 768 696 768 696 744 696
Controls No Yes No Yes No Yes No Yes No Yes

Notes: OLS estimates. Clustered standard errors at the group level are reported between brackets. Dummy variables for the sequence number are always included; controls are the last two inflati
and in Bitcoin and the last two fractions of unsold goods in the two markets. *p<0.1; **p<0.05; ***p<0.01.

Table 6: Time variation in the main variable
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6.2.2 Estimating the asymptotic values

We have uncovered significant time variation in the main variables of the experiment but the sequences
of play have a limited number of rounds in the lab out of both practicability concerns and coherence
with the underlying model that relies on the hypothesis of impatient agents. What would the behavior of
the main variables of interest have been had each sequence continued for a much longer period? To shed
light on the matter, we estimate the long-run or asymptotic values of these variables using a convergence
assessment method inspired by Duffy et al. (2016).?° Table 7 displays these estimates and reports on the
cross-treatment comparisons.?!

In the absence of CB transfers, transaction costs do not significantly affect trade and currency com-
petition; a little more over half of the trade occurs in Dollar (Panels A and B), which is consistent with
the optimal allocation of packages given the cost structure and assuming a constant critical good equi-
librium. Moreover, subjects converge towards saving about 20% of their currency holdings (Panels C and
D) and prices on both markets are constant (Panels D and E).

The situation is significantly different when CB transfers are introduced. In the absence of transaction
costs, subjects then substitute Dollar purchases for Bitcoin trade and almost three quarters of the trade
end up in Dollar. Because considerable price stickiness causes Dollar inflation to settle on a positive yet
below-target rate, subjects accumulate Dollar and a high fraction of their Dollar endowment ends up
unspent. Interestingly, Dollar inflation also triggers Bitcoin inflation, in line with the conclusions of the
seminal model of Kareken and Wallace (1981) and their formulation of the Gresham’s law. By contrast,
in the presence of costs, CB transfers have the opposite effects on currency substitution: the fraction of
trade in Dollar is driven down (almost three quarters of the trade would end up in Bitcoin) while subjects
end up saving less and trading more in Bitcoin. This dynamics is in line with the prediction of the SU
model. No matter the cost structure, there is increased difficulty in coordination among subjects, as

reflected by the higher standard deviations in the presence than in the absence of inflation.

6.2.3 Diving into the individual market behaviors

20To be precise, for each time series of interest in each group, we estimate autoregressive processes with and without intercept
and with up to two lags (to account for the alternating pattern of trade in the model and in the lab). We then select the first
stationary model that minimizes the BIC information criterion. If no stationary model fits the data, the variable is said to converge

to its upper limit or to diverge.

21Given the inherent difficulty of collecting many independent observations in group experiments involving each 12 subjects,

it is sometimes not possible to disentangle a true null effect from a lack of statistical power.
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(1 2) (1) vs. (2) 3) 4) (3) vs. (4)
Transaction costs Transaction costs
No Yes p—value No Yes p—value
Panel A. Critical good Panel B. Share of consumption
in Dollar
M #w=1 0.548 (0.038) 0.548 (0.048) 0.818 0.550 (0.035) 0.465 (0.231) 0.937
I =xm=1.3 0.734 (0.143) 0.289 (0.317) | 0.004*** | 0.740 (0.139) 0.500 (0.248) 0.009***
p-value (I) vs. (IT) 0.004*** 0.387 0.002*** 0.418
Panel C. Saving rate Panel D. Saving rate
in Dollar in Bitcoin
O =1 0.180 (0.044) 0.172(0.012) 0.485 0.232 (0.015) 0.232 (0.051) 0.937
I =n=13 0.440 (0.151) 0.520 (0.194) 0.420 0.297 (0.082) 0.103 (0.119) 0.015**
p-value (I) vs. (IT) 0.002*** 0.002*** 0.145 0.067*
Panel D. Inflation rate Panel E. Inflation rate
in Dollar in Bitcoin
O =1 0.002 (0.004) 0.0016 (0.025) 1.000 0.011 (0.027) 0.031 (0.044) 0.424
I m=13 0.204 (0.256)  0.070 (0.020) 0.329 0.066 (0.055) 0.005 (0.011) 0.061*
p-value (I) vs. (II) 0.045** 0.009*** 0.061* 0.303

Notes: Each cell reports the estimated mean of the stationary auto-regressive process of up to two lags that minimizes the BIC
information criterion on each time series in each session, averaged over the six independent groups; standard deviations are
reported next in parentheses. Similarly, each p-value corresponds to the exact two-sided Mann-Whitney rank-sum test of cross-
treatment comparison, performed on matching-group level with six observations per treatment variable.

Table 7: Estimated asymptotic values of the main aggregate variables
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Dependent variable

Bidding prices in Dollar

Bidding prices in Bitcoin

Consumption share in Dollar

@ (D (I1D) Iv) (V) (VD) (VI (VIID (IX)
Treatment dummy [omitted: Tr. noInfl-noCost]
Tr. noInfl-cost 0.16* 0.09 0.06* 0.06 0.09 0.09 0.12 0.10 0.12
(0.10) (0.08) (0.03) (0.08) (0.09) (0.07) (0.09) (0.10) (0.08)
Tr. infl-noCost -0.32 -0.43 —0.47** 0.07 0.07 -0.03 0.42*%** 0.31** 0.28**
(0.28) (0.28) (0.23) (0.16) (0.15) (0.10) (0.11) (0.14) (0.12)
Tr. infl-cost 0.33** 0.24** -0.06 0.46*** 0.39%** 0.19*** 0.39%** 0.31** 0.26™*
(0.15) (0.12) (0.07) (0.09) (0.10) (0.07) (0.10) (0.14) (0.12)
round —-0.003 -0.03*** -0.01** -0.01% -0.02*** -0.01** -0.01 —-0.003 —-0.02%
(0.01) (0.01) (0.01) (0.004) (0.004) (0.003) (0.01) (0.01) (0.01)
Tr. noInfl-cost x round -0.02** -0.02** -0.01 -0.01 -0.01 -0.01 -0.01 —-0.005 0.01
(0.01) (0.01) (0.01) (0.01) (0.01) (0.01) (0.01) (0.01) (0.01)
Tr. infl-noCost x round 0.22*** 0.16*** 0.15*** 0.03** 0.02* 0.03*** —0.003 -0.04* -0.03
(0.07) (0.05) (0.05) (0.01) (0.01) (0.01) (0.01) (0.02) (0.03)
Tr. infl-cost x round 0.15*** 0.08*** 0.10*** -0.01 -0.01 —-0.002 —0.04*** —0.05** —-0.03
(0.02) (0.02) (0.02) (0.01) (0.01) (0.01) (0.01) (0.02) (0.02)
Intra-period order —0.0000 —0.0002 —0.001 0.001 0.001 0.001
(0.001) (0.001) (0.001) (0.001) (0.001) (0.001)
Dollar balance ¢ —1 0.06 0.02 —-0.03*** —-0.05"** -0.01 —-0.02
(0.04) (0.05) (0.01) (0.01) (0.03) (0.04)
Bitcoin balance -1 —-0.003 —-0.03 0.18*** 0.14*** —-0.33*** -0.27***
(0.01) (0.02) (0.02) (0.01) (0.03) (0.04)
Dollar profits £ — 2 0.25%** 0.25%** 0.03* 0.06*** 0.29*** 0.37***
(0.03) (0.03) (0.02) (0.02) (0.04) (0.04)
Bitcoin profits £ —2 0.09** 0.11%** 0.04** 0.07*** —0.20*** —0.17***
(0.04) (0.03) (0.02) (0.02) (0.05) (0.05)
Dollar spending ¢ —1 -0.02 -0.10*** 0.04*** —-0.002 —-0.0001 -0.02
(0.02) (0.02) (0.01) (0.01) (0.02) (0.02)
Bitcoin spending ¢ — 1 0.04*** —-0.02 0.03*** —-0.02** —-0.06™** -0.02
(0.01) (0.01) (0.01) (0.01) (0.02) (0.03)
Dollar inflation t -1 —0.45*** -0.12 —-0.08 0.09 0.01 0.05*
(0.08) (0.15) (0.10) (0.09) (0.02) (0.02)
Bitcoin inflation 7 — 1 0.20** 0.27** -0.16** —0.12** —0.09*** —0.14***
(0.08) (0.11) (0.06) (0.06) (0.02) (0.03)
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Dependent variable Bidding prices in Dollar Bidding prices in Bitcoin Consumption share in Dollar

@ (D (111) Iv) (V) (VD) (VI (VIID) (IX)
Exchange rate in ¢t — 1 0.68*** 0.56"** 0.07 -0.09 —-0.06"** -0.07*
(0.16) (0.17) (0.10) (0.11) (0.02) (0.04)
Dollar price ¢t —1 0.004 0.01*** 0.001
(0.003) (0.002) (0.002)
Dollar price t—2 0.31%** 0.17*** -0.49
(0.07) (0.04) (0.86)
Bitcoin price t -1 0.002 0.0002 —0.004"*
(0.002) (0.002) (0.002)
Bitcoin price -2 0.01*** 0.01*** —0.002
(0.002) (0.002) (0.002)
Constant -0.88"** -1.18*** —1.14*** —0.43*** -0.47*** -0.56"** -0.28 0.15 0.43**
(0.20) (0.16) (0.15) (0.13) (0.16) (0.16) (0.20) (0.14) (0.20)
Observations 17,479 15,400 11,964 13,059 11,623 9,966 4,448 3,349 2,697
Adjusted R? 0.26 0.33 0.38 0.06 0.13 0.18 0.04 0.42 0.31

Table 8: Buyers’ behaviors (standardized regressions)
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Dependent variable Asking prices in Dollar Asking prices in Bitcoin Share sold in Dollar
() (ID (II1) (V) V) (VD) (VID (VIID (IX)
Treatment dummy [omitted: Tr. noInfl-noCost]
Tr. noInfl-cost —-0.004 -0.01 -0.02 0.0001 0.002 —-0.004 -0.03 —-0.05 0.07
(0.01) (0.02) (0.03) 0.01) (0.01) (0.01) (0.06) (0.07) (0.07)
Tr. infl-noCost 0.04 0.05 0.06 0.01 0.02 -0.01 0.31%** 0.27*** 0.30***
(0.03) (0.05) (0.06) (0.01) (0.02) (0.01) (0.07) (0.09) (0.08)
Tr. infl-cost 0.01 -0.01 -0.05 0.01 0.02 -0.02 0.19*** 0.18** 0.30***
(0.01) (0.02) (0.04) (0.01) (0.02) (0.01) (0.07) (0.09) (0.07)
round —0.002 -0.01 -0.01 —0.001 —0.0005 —0.0000 0.0005 —0.001 0.001
(0.002) (0.01) (0.01) (0.001) (0.001) (0.001) (0.01) (0.01) (0.01)
Tr. noInfl-cost x round -0.002* —0.001 —0.001 —0.0001 —0.0003 0.0000 0.003 0.01 —0.001
(0.001) (0.001) (0.002) (0.001) (0.001) (0.001) (0.01) (0.01) (0.01)
Tr. infl-noCost x round 0.01** 0.01** 0.01 0.002 0.002 0.002 0.02** 0.01 0.003
(0.003) (0.003) (0.005) (0.001) (0.001) (0.002) (0.01) (0.02) (0.02)
Tr. infl-cost x round 0.004*** 0.01* 0.01* —0.0002 0.001 0.001 —0.02%** —-0.02 —0.03***
(0.001) (0.003) (0.01) (0.001) (0.002) (0.001) (0.01) (0.01) (0.01)
Intra-period order 0.0001 0.0002 0.0003 0.0000 0.0000 0.0002*
(0.0001) (0.0002) (0.0003) (0.0001) (0.0001) (0.0001)
Dollar balance ¢t —1 -0.01 -0.01 —-0.001 —-0.002 0.002 0.01
0.01) (0.01) (0.002) (0.002) (0.02) (0.01)
Bitcoin balance ¢ — 1 0.02 0.04 -0.01** -0.003** —-0.002 —-0.02
(0.03) (0.04) (0.003) (0.001) (0.02) (0.02)
Dollar profits t —2 0.01 0.01 —-0.002 —0.004 0.05** 0.11***
(0.01) (0.01) (0.003) (0.005) (0.02) (0.03)
Bitcoin profits ¢ —2 -0.01 -0.02 0.005 —0.002 —0.14*** —0.12%**
(0.01) (0.02) (0.004) (0.002) (0.03) (0.03)
Dollar spending ¢ — 1 0.001 -0.01 —-0.002 —-0.002*** 0.05*** 0.04**
(0.01) (0.01) (0.001) (0.001) (0.02) (0.02)
Bitcoin spending ¢ — 1 0.03 0.03 —-0.004 -0.01** -0.07*** —-0.06***
(0.03) (0.04) (0.002) (0.002) (0.02) (0.02)
Dollar inflation ¢ —1 -0.04 —-0.04 0.01 —0.0003 0.01 0.03
(0.03) (0.03) (0.01) (0.01) (0.01) (0.02)
Bitcoin inflation ¢ —1 -0.02 —-0.02 0.003 0.02 —0.03*** —0.04**
(0.03) (0.03) (0.01) (0.02) (0.01) (0.02)
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Dependent variable

Asking prices in Dollar

Asking prices in Bitcoin

Share sold in Dollar

@ (D (I1D) (Iv) V) (VI (VIIn (IX)
Exchange rate in ¢ — 1 0.02 0.01 —-0.02* —-0.06"** -0.07***
(0.01) (0.02) (0.01) (0.02) (0.02)
Dollar price £ -1 0.01* —0.0003 -0.72
(0.01) (0.78)
Dollar price r—2 -0.01 0.01%**
(0.02) (0.001)
Bitcoin price £t —1 0.003** —-0.002
(0.001) (0.003)
Bitcoin price ¢ —2 0.002** —-0.002*
(0.001) (0.001)
Constant —0.03 -0.02 -0.13 -0.04 —-0.03 —0.12*** 0.59*** 0.66*** 0.82***
(0.04) (0.06) (0.08) (0.03) (0.03) (0.17) (0.16) (0.16)
Observations 17,691 15,204 12,269 13,098 11,456 10,003 4,608 3,456 2,851
Adjusted R? 0.003 0.005 0.01 0.01 0.01 0.08 0.19 0.17

Table 9: Sellers’ behaviors (standardized regressions)
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ey 2) (D vs. (2) 3) (4) (3) vs. (4)
Transaction costs Transaction costs
No Yes p—value No Yes p—value
Panel A. Price paid in Market A Panel B. Price paid in Market B
M =1 0.829 (0.162) 1.247 (0.110) 0.041** || 1.040 (0.377) 1.900 (0.585) 0.093*
I m=13 2.153 (2.133) 1.502 (0.347) 0.589 1.951 (0.453) 1.394 (0.090) 0.310
p-value (I) vs. (IT) 0.009*** 0.589 0.026** 0.132
Panel C. Total chips consumption Panel D. Number of packages bought
M #m=1 56.040 (135.881) 37.960 (60.462) 0.009*** || 0.569 (0.016) 0.524 (0.016) 0.699
I m=13 113.288 (4667.42) 54.756 (107.358) 0.026** 1.125(0.454) 0.780 (0.016) 0.700
p-value (I) vs. (I) 0.041** 0.026** 0.065" 0.015**
Panel E. Packages bought in Market A Panel E. Packages bought in Market B
O m=1 0.640 (0.030) 0.647 (0.018) 0.937 0.984 (0.046) 0.764 (0.026) 0.132
(Im =x=1.3 1.395 (0.373) 0.972 (0.041) 0.180 1.056 (0.049) 0.890 (0.010) 0.240
p-value (I) vs. (I) 0.004*** 0.015** 0.590 0.590

Notes: Each cell reports the relative dispersion of a given variable across the six buyers for each treatment, averaged over the 32
paid periods and the six independent groups; standard deviations are reported next in parentheses. Each p-value corresponds to
the exact two-sided Mann-Whitney rank-sum test of cross-treatment comparison, performed on matching-group level with six
observations per treatment variable.

Table 10: Relative dispersion of buyers’ prices and consumption levels
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Figure 5: Word cloud of participants’ self-reported strategies (post-experiment questionnaire)
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6.3 Discussion

Discuss Benchmark versus Hypotheses As suggested by hypothesis (3.2), Dollar and Bitcoin prices
for chips packags are fairly constant, and do not increase across time. The Bitcoin exchange rate is con-
stant, as suggested by the theory. Recall that the exchange rate in ¢ = 0, and thus relative prices in Dollars
and Bitcoins are indetermined in ¢t = 0. Only the change across time is pinned down in equilibrium.
Furthermore, because Bitcoins and Dollars are perfect substitutes here, even highly asymmetric initial
prices, and accordingly exchange rates away from one would be compatible with equilibrium.

Looking at the velocities, both the Bitcoin and the Dollar savings rates, and thus velocities are fairly
constant across time. To see this note, that one must only compare the savings rates of every other period
since the buyer and seller groups alternate. Comparing the savings rates at ¢ to the savings rates at ¢ + 1
would mean to compare the savings of different agent groups.

Last, the critical quantity k* denotes the share of the goods trade volume sold against Dollars,

;YpP
k*=—Llelo,1 60

% [0,1] (60)
Since k* is mostly between 50-60% across sequences, slightly more than half of the goods are sold against
Dollars, and slightly less than half of all goods are sold against Bitcoins. Note, since in the benchmark the
currencies are perfect substitutes, any critical quantity k* can arise as an equilibrium.

Relatedly, the consumption share in Dollars equals the share of the goods trade volume purchased

using Dollars,

*

N

Zi q?i
= — € [0,1] (61)
The only difference between k* and s* is that some packages may end up unsold due to market misco-
ordination. Therefore, in the experiment, we always have k* = s*. Because unsold packages perish, and
cannot be consumed in the next period, in equilibrium there are no unsold packages, and k* = s*.

In the benchmark treatment, we observe that k* = s* pretty much.

MP with versus without costs Comparison of the monetary policy treatment with versus without

transaction costs, note that

Dy_y VPMP  gyBMP

Y=Y, = P?’IP + IS?/IP (62)
D D,MPTRa B,MPTRa
>mr(D)Ht—+075t— (63)
4y pMPTRa : PMPTRa
t t
which requires that
D,MP D,MPTRa B,MP B,MPTRa

mD;_; Vfw g | +B Vi 075 VIMW >0 (64)

Pt Pt “ Pl]‘V[P Pt “

As analyzed in Schilling and Uhlig (2019a), if the central bank wants to implement an inflation target
in a currency competition world of the Dollar to the Bitcoin, it may face challenges. The increase in the
Dollar supply may not fully pass through into the Dollar price, or the Dollar velocity. Instead, there can be
a shift in the relevance of the Dollar-denominated versus the Bitcoin-denominated package market since
sellers can react to changes in the Dollar supply or prices by freely reallocating packages across markets.

This market shift can cause Dollar monetary policy to impact the Bitcoin price and velocity in addition
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to, or even instead of impacting the Dollar price. The following Hypothesis reflects these intricacies, and
are reminiscent of the results in Schilling and Uhlig (2019a), even though our package markets are more

segmented than theirs, as explained above.

7 Conclusions

Based on the theory contributions in Kareken and Wallace (1981); Schilling and Uhlig (2019a,b), this pa-
per studies in theory and in the lab how supply-oriented Dollar monetary policy and currency-specific
transaction costs impact the way the Dollar competes with an alternate central bank -independent cur-
rency, which we call Bitcoin.

In particular, we study how Dollar monetary policy and transaction costs affect how one currency
crowds out the other in terms of the quantity of goods traded in each currency, and thus currency domi-
nance.

The experimental results show that under currency competition, in line with the theory, an increase in
the Dollar supply without adding transaction costs benefits the Dollar with regard to its dominance, i.e.
total transaction volume, and preserves the traditional monetary policy channel between the Dollar sup-
ply and the Dollar price. However, transaction costs have strong effects on the economy, and weaken the
Dollar’s role as the dominant medium of exchange, by lowering the Dollar trade volume and amplifying

Dollar inflation.
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A Appendix

A.1 Theoretical Analysis

A.1.1 Treatment: Benchmark

In the benchmark treatment, we have neither monetary policy nor transaction costs. We next analyze a
green agent’s optimization problem. A red agent’s optimization is the same, with consumption shifted
one time period ahead. Green agents are buyers and hence consume in even periods, and are sellers in

odd periods. Let {; = 1 when ¢ is even, and zero when odd. The Lagrangian reads

L=Y &b’ | (e + Az o (Brg?) + Avs, o (b — Prgf) (65)
=0

+ A4, e (Peq) + Aa,(dy — Pegp) (66)

+Mis,i (g7 + a7 — ) (67)

+ Mg, (by— Prq® —briy) (68)

+Mi7,0(dy = Prqp — dis) (69)

+(1=&NB" | g, e (e — X0 = 20) (70)

+ 20,0 (b + Pyxp = byy1) (71)

+ 21,1 (ds + Przy—dis1) (72)

+ Ao, 1 X ++A23, 12 (73)

The following first order conditions apply.If ¢ is even and ¢+ 1 is odd,

. &L =ue)-Mise =0
I1. aaqL? = M, P = Aa Pr+ Mis, = Mz, P =0
II11. 667% =Als,xpt—ils,zﬁt+/115,t—116,tpt =0
IV. aﬁﬁl = —A19,0+1 + A20,141Prs1 + A2z 41 =0
V. agil =-Mo+1+ o1 t+1Pry1 + A2z 41 =0 (74)
VI & =hisf + e — Ao BT =0
VII. g—i = M4t BT+ A7, = Aor -1 B =0
VIIL 32 =—higf' + A0, 015 =0
IX. 5= =B+ Aar e B =0

Now assume that sellers sell some packages for both Bitcoins and Dollars in every period, i.e. x; >0
and z; > 0 for all . Assume, that a buyer buys some packages using Bitcoin and Dollars in every pe-
riod, g2, g8 > 0. Note, in equilibrium one implies the other. Then, market clearing prices P; and P, for
packages denominated in Dollars and Bitcoin are well-defined. Moreover, 113 ; = A14,; = A2p = A23,; = 0.

After solving for the Lagrange multipliers, the FOCs IV and V yield the Kareken Wallace result

Pra _ P
pt Pt

(75)

i.e., the inflation rates on Dollars and Bitcoins must be the same, or, writing this equilibrium condition
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in terms of the exchange rate Q; = P;/ P,

Qr+1=0Q; (76)

saying that the Bitcoin price denominated in Dollars must be constant across time. However, the initial

exchange rate Qg is undetermined. Further, one obtains

1
0</114t——u(0t)_ﬁ

u'(c 77
P, Pro (Cr42) 77
and
N 1
0= Aise = —=u'(cy) — B2 —1/(cr+2) (78)
Py 42

If not all Bitcoin and Dollars are spent in every period, ﬁtqf < by and Ptq? < d;,i.e. if there are
savings, as we observe in the experiment, then ;113,t =0= ;114, ¢. In that case, FOC VIII and IX yield the

consumption-Euler equations for consumption purchased in Bitcoins

pt+2 _p2 u'(cr42)
b, u'(cy)

(79)

and Dollars ,
Prio o U (Cry42)

P, T ue)

(80)

Market clearing In the benchmark model, we hold the Bitcoin and the Dollar supply constant across

time. In equilibrium, clearing of both goods markets requires

6
Y=Y,=30=) y (81)
i=1

6

6
Z tz+Z€ti (82)

6
= Z g+ a5 + Z Cyi 83)
Z bp ZG
=190t 1 qtt Z 0, (84)
P, P,
DZ?_I q)],‘:; le lqn
- = V4 85
DF, 55, Z i (85)
D VP B vE &
= + ¢ 86
B, 5, Z ti (86)
87)

6 D
where we have defined the Dollar velocity as the share of Dollars spent in each period, VtD = %,

6 B p
. . . . o, q5P e
and the Bitcoin velocity as the share of Bitcoins spent per period, VIB = %. In equilibrium, the
number of unsold packages is zero, 2?21 ¢:; =0 for any ¢.

Because we keep output Y constant across time, sequential market clearing requires

vb ypb vE VE
0=Y,~Y,. =D Yt T+l Zt U+l (88)
Pt Pt+1 Pt PH_]
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From above, in any equilibrium it holds Qs;; = Q; = Q, and thus

P, P
=Prs1 - (89)

Pii1=Pr —
t+1 t+1 Pt Pl

That is, because of the constancy of the exchange rate, I change in the Dollar price P;,; uniquely deter-

mines the change in the Bitcoin price pt+1. Replacing pt+1 in (88),

vb yDb vB yB
0=Y1- Y =D |- Ll (90)
pl Pt+l Pl Pt+1
ypb yD B VB p,
=p|L &), B +1 91)
Py P P P

Market clearing says, that an increase in the Dollar price Py (and thus increase in the Bitcoin price
according to (89)) either requires an increase in the Dollar velocity thil (Dollar savings reduction) or an

increase in the Bitcoin velocity VfH (Bitcoin savings reduction), or both.

If not all Bitcoins and Dollars are spent in every period (which we observe in the experiment), in

a symmetric equilibrium it holds ¢;; = y;; = yr+2,i = Cr+2,i, thus

D !
Prio  ou(cri2)

. = p? 92

Pt u/(cl’) ﬁ ( )
Piin ) u,(Ct+2) )

Pt‘ﬁ u'(cy) =P ©3)

since in a symmetric equilibrium, csy2 = yr42 =5 = y; = ¢;. Thus, we require

Po=p*P, <P, 99
Pt+2:'62PtSPt (95)

In short, if the agents save some Bitcoins and Dollars across periods, the prices should weakly decline.

If all Bitcoins and Dollars are spent, market clearing yields that the prices must be constant across

time:
B
5-zii _ Yi—Zi _ X _ 9ui 96)
T .~ , .~ D
2ti 2ti i gy
b; P
==L 97)
Pl’ dt
b2 p
- _ t t+1 (98)
Pl‘+l dt
bS.p
— At+1 tS+1 (99)
Pria dt+1
B
q .
— gl'l (100)
qt+1,i
=2z . 5 -z .
_ Yie+1,i t+1i _ t+1,i (101)
Zt+1,i Zt+1,i
B
Here, q—tg = %% holds because buyers spend all Dollars and Bitcoins, then we use constancy of the
t

ti
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exchange rate, and then use that since all buyers spent all currency, the sellers of that period obtain all
currency to spend as buyers in the next period. The equality above yields that z; = z;, is constant, thus
X¢ = X¢+1 is constant, thus g8 and gP are constant, which finally yields that the Bitcoin price P;.1 = P,

for packages is constant, as is the Dollar price, P; = P; is constant.

A.1.2 Treatment: Monetary Policy (no Transaction costs)

With monetary policy, the central bank multiplies every Dollar in the economy with the multiplier m per
period. In the experiment, m = 1.3, but we hold m general in the calculations here. The green agent’s
optimization problem changes with regard to the Dollar balances. Green agents are buyers and hence
consume in even periods, and are sellers in odd periods. As before, let {; = 1 when ¢ is even, and zero

when odd. The green agent’s Lagrangian reads

L=y &p" |4(e) + A3, (Br) + A e br - Praf) (102)
t=0

+ M (PeqP) + A (de - Piqp) (103)

+M1s,c(qP + g7 — ) (104)

+ A16,¢(by — PrgB — byyy) (105)

+Mi7,e(m(dy — Prqp) — dye) (106)

+(1=&)B" | Mo, (ye — X0 — 21) (107)

+ 20,6 (b + Pyxy — bryy) (108)

+ A1, (m(d; + Pyzy) — dyy1) (109)

+ Ao 1 Xt ++A23 121 (110)

The following first order conditions apply.If ¢ is even and ¢ + 1 is odd,

1. g—th = u/(Ct)—/115't =0
I1. 067123 :Al4,tpt_/114,tPt+/115,t—/117,tPtm =0
1. aaTLf = A3, Py — A13,1 Py + Mis,p — A e Py =0
Iv. 03[L+1 = _Alg,t+l+/120't+1pt+1+/122't+1 =0
V. ag,LH =-Mog+1+A21, 1 Prr1m+A23,01 =0 (111)
VI. g—i :Alg,tﬁt+/116,tﬁt—)120,t_1'3t—1 -0
VII. (;3_5[ :Al4,l‘ﬁt+A]7ytﬁtm—121yt_lﬁt_l =0
VIII. _OZIL-H :_116,t/3t+/120,t+1ﬁ”1 -0
IX. agif =17, + Aor, i1 B m -0

As before, assume that sellers sell some packages for both Bitcoins and Dollars in every period, i.e.
x; >0 and z; > 0 for all ¢. Assume, that a buyer buys some packages using Bitcoin and Dollars in every
period, g, g% > 0. Note again, in equilibrium one implies the other since sellers cannot sell if buyers
do not buy. Then, market clearing prices P, and P, for packages denominated in Dollars and Bitcoin are

well-defined, and A13,; = A14,; = A2p, s = A23,; = 0. Solving for the Lagrange multipliers, the FOCs IV and V
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yield a deviation from the Kareken Wallace result,

Py Pin
=m —
Pt Pt

(112)

i.e., the inflation rates on Dollars, on the left, must equal the Bitcoin inflation rate times the Dollar multi-
plier m, at any point in time. Put differently, from one period to the other, the Dollar inflation is m times
larger than the Bitcoin inflation. Writing this equilibrium condition in terms of the exchange rate, We

have
Qr+1=mQ; (113)

saying that the Bitcoin price denominated in Dollars must increase by factor m across time. The initial

exchange rate Qp remains undetermined, as in Kareken Wallace. Further, one obtains

. 1
0= Ny =—u'(c;) - p°m?

u'(c 114
B, P (Ct42) (114)
and
0<Ai3;= Aiu’(ct)—ﬁ2 Al u'(cr+2) (115)
p; Pty

If not all Bitcoind and Dollars are spent in every period, ﬁtqf < b; and Ptq? < dy,i.e. if there are sav-
ings, as we observe in the experiment, then ils,t =0= ;114, - In that case, FOC VIII and IX yield the

consumption-Euler equations for consumption purchased in Bitcoins

Do o U (C2)
pt u/(cl’)

(116)

and Dollars ,
Py — R2,.2 U (Cri2)

P, u'(cy)

(117)

Market clearing In the Monetary policy treatment, we hold the Bitcoin supply constant, and the Dol-

lar supply grows at rate m, D; = mD;_;. From above, in equilibrium, clearing of both goods markets

requires
6 D, vP BVBE 6
Y=Y,=30=) yu=—"t+—L4Y ¢, (118)
o1 P |
D, VP BVE &
—m——L LYy, (119)
Py Py i3

In equilibrium, the number of unsold packages is zero, Z?zl ¢;; = 0 for any ¢. Because output Y is con-

stant across time, sequential market clearing requires

vl mvP vE VB
0= Yt _ Yt+1 - D[ _t +1 A[ _ Al‘+1 (120)
Py P Py Py
From above, in any equilibrium it holds Q;+; = mQ; = m' Qy, and thus
Pry=—p Pr_1 P Py (121)
t+1 = o Pl P, mi r+1 P
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Replacing P,,1 in the sequential market clearing constraint, (88),

vDb  mtyp vB yB
0=Y;-Y;; =D | — - —11 1l (122)
P, Pty Py Py
vDb  mtyp B mvB p
=Dy -1 e By 1B A 20 (123)
P, Priy Py Priy

If not all Bitcoins and Dollars are spent in every period (which we observe in the experiment), in

a symmetric equilibrium it holds ¢;; = y;; = yr+2,i = Cr+2,i, and thus

D /
Prio  ou(cri2)

2
- = (124)
P[ u’(ct) ﬁ
p u'(c
+2 _ 22 (Cr+2) =,62m2 (125)
Py u'(cy)
Thus, we require
Prip=p*P <Py (126)
Piip = BPm*P, (127)

That is, the Bitcoin price should weakly decline. But the Dollar price may increase across time if fm > 1,
i.e. if m is large enough. In the experiment, this is clearly the case.
If all Bitcoins and Dollars are spent, in a symmetric equilibrium, d;;; = md;, thus, market clearing

and monetary policy yield

B
5-21  Yi—2u X i
= = e (128)
2ri 2ti i gy
b, P
=2 (129)
Pt dt
1 b2 p
==L (130)
m pt+l dt
bS.p
— At+1 tS+1 (131)
Py dy,y
B
q .
= (132)
qt+1,i
_ Yie+1,i t+1i _ t+1,i (133)
Zt+1,i Zt+1,i

since m cancels out. Thus, spending of all Dollars and Bitcoins implies that prices must be constant since

the increase in the Dollar balances cancels out the increase in the Dollar price of packages.

A.1.3 Treatment: Transaction costs (no Monetary Policy)

We next introduce transaction costs. As a consequence, the number of packages purchased using Dol-
lars and Bitcoins no longer equals consumption afforded using Dollars and Bitcoins. If an agent buys
qP packages using Dollars, she will consume r;(g”) gP chips packages, where r;(qP) < 1 is the marginal
package content after transaction costs, and is a function that is decreasing in the number of packages

purchased with Dollars. Here 1 - r(gP) is the quantity dependent transaction cost for Dollars. We pin
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down rt(q? ) in the main text above. Likewise, if an agent buys qf packages using Dollars, she will con-
sume 0.75 g chips packages, and the remaining share of 0.25 packages is lost due to frictions. Impor-
tantly, the cost per package remains at P, for Dollar purchases and P, for Bitcoin purchases, no matter
the quantity purchased using that currency.

We analyze again green agent’s optimization problem. A red agent’s optimization is the same, with
consumption shifted one time period ahead. Green agents are buyers and hence consume in even pe-
riods, and are sellers in odd periods. Let {; = 1 when ¢ is even, and zero when odd. The Lagrangian

reads

L=y &' |w(co) + Az o (BrgP) + Avs, e (b — PrgP) (134)
=0
+ Mt (Peqr) + Ma,i(di = Prgp) (135)
+ A5, (re(gP) gP +0.7548 - ¢)) (136)
+ M6t (be — Prqp — bein) (137)
+Mi7,6(de = Prqp — dis) (138)
+(1=&B" | Ag,r (e = xr — 20) (139)
+A20,0(by + Pyx; — byi) (140)
+ o1 o(ds+ Przi—diy1) (141)
+ Aoz X0+ +)Lz3,[zt] (142)
Define the short-cut
R(q;) = (a—rg) q?P +r(q?), (143)
0q;

which denotes the increase in Dollar-afforded consumption when buying an additional package using

Dollars. If ¢ is even and ¢ + 1 is odd,

L. &L =) Mise =0
I1. aiII;D =/114,tPt—7114,tPt+R(qlp)7tls,t—/117,tpt =0
II1. a‘% =13, Pt = A13,:Pr +0.75 15, — A1 By =0
IV. agfﬂ = —M1g,041 + A20,141 Pt + A2z, 141 =0
V. 6‘;{1 =—Mg,r+1 +A21, 041 Pra1 + 123,141 =0 (144)
VI. g—é[ = M13,e B+ A6, e BT — Aog,e-1 B! =0
VII. 5’—; = M4t BT+ A7, eBt = Aoy -1 B =0
VIII. agfﬂ = =16, " + Azo,r41 8"} =0
IX. % =Mz, B'+ Az, B =0

As before, assuming that sellers sell some packages for both Bitcoins and Dollars in every period, i.e.
x; >0and z; > 0 for all ¢, and that a buyer buys some packages using Bitcoin and Dollars in every period,
th , qf >0, itholds A13,; = A1a,r = A22,r = A23,; = 0. After solving for the Lagrange multipliers, the FOCs IV
and Vyield

P p. Pri1
0.75 =R(q;) ——. (145)
P, q: B,

That is, the Dollar inflation times the marginal consumption after Bitcoin transaction costs must equal
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the Bitcoin inflation times the marginal consumption after Dollar transaction costs. Thus, an increase
of the Dollar transaction costs (decrease in R(qP)) either lowers the Dollar inflation or raises the Bitcoin
inflation. Vice versa, a raise of the Bitcoin transaction costs (lowering 0.75 towards zero) either increases
the Dollar inflation or lowers the Bitcoin inflation, in equilibrium. The transaction costs in a currency
undoes the inflation in that currency.
Writing this equilibrium condition in terms of the exchange rate, we obtain
R(gP)

Q1= —0'75 Q: (146)

a higher marginal Dollar transaction cost (lower R) lowers the Bitcoin exchange rate across time whereas
a higher marginal Bitcoin exchange rate increases the Bitcoin exchange rate. The initial exchange rate Qg

remains undetermined. One obtains

o 1 1
0< A= —u'(c)R(GP) - BP——1/(cr12)R(gP.,) (147)
Py Pty
and
R 0.75 0.75
0< iz =——1u'(c) — B> =—1/(crs2) (148)
p; 142

If not all Bitcoind and Dollars are spent in every period, ﬁtqf < by and Ptth < d;,i.e. if there are
savings, as we observe in the experiment, then 113,[ =0= ;114,t. In that case, FOC VIII and IX yield the

consumption-Euler equations for consumption purchased in Bitcoins

2 u'(cr42)
u'(cy) '

Piio
p,

B (149)

Since the marginal Bitcoin transaction cost is contant in the number of packages purchased, it cancels

out and does not affect the pricing equation. For Dollars,

Piio =/32 R(Qﬂg) u'(CH?_). (150)
P, R(gP) u'(c)

the transaction costs do affect the pricing equation.

Market clearing with transaction costs means that aggregate consumption is below the aggregate
production, due to frictions. We hold the Bitcoin and the Dollar supply constant across time. We slightly
adjust the notation here and let q? the number of packages bought with Dollars, whereas rt(q?)q{J
is the consumption afforded with Dollars after accounting for transaction costs. Likewise, let qf the
number of packages bought with Bitcoins, whereas 0.756]? is the consumption afforded with Bitcoins

after accounting for transaction costs. We define the aggregate transaction costs as

6 6
Zl TraCo;; = Zl(l — g g +0.257 (151)
i= i=

In equilibrium, clearing of both goods markets requires
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6
Y=Y,=30=) yi (152)
i=1

6
= Z Z TraCot,+Z€n (153)
i=1 i=1 i=1
6
Z re(@t) qb +0.75 %) + Z(l (@) qr +0.255 + Z Oy (154)
i=1 i=1 i=1
DY%  ri(ql)qbp; BZ.:10.75q[.Pt 6 Do D g &
_ i= Dpt, i i oF i +Z(l—rt(q”))qti+0.25q”+izzi€ti (155)
D B B
=r,(gP ) +0.75 —L + (1 —r:(gP)) an+025 an+Z€” (156)
b,
lost consumption due
to frictions
pvp BVE b
=1(qP) = +0.75 =+ (1 - r[(q?)) +0.25 + Z . (157)
t ¢ P,
Consumptiorn after costs lost consumption due
to frictions
(158)

where we use that in a symmetric equilibrium, rt(q,f )= rt(q[ ) is the same across agents, where we have
defined the Dollar and Bitcoin velocity as before, as the share of Dollars respectively Bitcoins spent in

D _ Xi.140P B _ Xiapb Tt :
Vo === 5, and, V= ==5t—.In equilibrium, the number of unsold packages is zero,

each period,
Z?zl ¢:; =0forany .

Sequential market clearing requires

VD
0=Y;=Y1=D (rt((hD) P rt+l(qt+1) Vit ) +0.75B ( Hl) (159)
D VB
+D((1—rt(qt ) ——(l—rt+1)(qt+1) ”1)+0sz( ”1) (160)
Py Pt+1
eV, Ve
=r(q) D - +0.75B - (161)
Pt Pt+l Pt PH_]
VD D VB VB
+(1-r(g’)D 1140258 |- — Lt (162)
Pr P P, Py

where we have used that in a symmetric equilibrium, th is constant, since the transaction costs are reset
in every period t. Therefore, R(qt ) = R(qP ) and rt(q? )=n (qlD ) for all t. From above, in any equilibrium

it holds
P + Al (163)
t+1 Pl

. 075 b, 0.75 by _( 0.75

2D py e _p ol
R@D) " P ML, RGP PL (R(@D)

As before, a change in the Dollar price P;;; uniquely determines the change in the Bitcoin price Pi.
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Replacing Py in (190),

VD VD VB VB
0=V1-Y=r@g)Hp|L+ -] r075B |+ - L (164)
Py Py Py Py
VD VD VB VB
+(1-r(g?) D |2+ - L |+025B | L - (165)
Py Py Py P
yD yD B RgP)\' VB p
=r1(6]{))D 1l 075 — VlB_ Mgy ) Yentt (166)
P Py b, 0.75 Pii
vD vD B R( D) fVB p
+A-r(g?)D |2 - L1025 = |VE- ! r+1 1 (167)
P1 Pt+1 Pl 0.75 Pt+1
lost due to frictions
(168)

A.1.4 Treatment: Monetary Policy and Transaction costs

We next introduce monetary policy in addition to transaction costs.

We analyze again green agent’s optimization problem. A red agent’s optimization is the same, with
consumption shifted one time period ahead. Green agents are buyers and hence consume in even pe-
riods, and are sellers in odd periods. Let {; = 1 when t is even, and zero when odd. The Lagrangian

reads

L= i&ﬂt [u(ct) + 13, (PeqP) + Aus ¢ (b — Prq}) (169)
t=0

+ Mae(PeqP) + A (de - Peqp) (170)

+ M5, (re(gP) P +0.755 - ¢p) 171)

+M16,¢(br = Prgp — brs1) (172)

+Mi7,e(m(dy — Prqp) — dye) (173)

+(1=&)B" | Mo, (ye — Xt — 20) (174)

+ 20,6 (b + Pyxs — bryy) (175)

+ A1, (m(d; + Przs) — dys1) (176)

+ Ao, 1 X ++A23 124 177

If tiseven and ¢+ 1 is odd,
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1. g—f, =u'(c) — Ms,e =0
11 6061L? = A14,0Pt = Mgt Pr+ R(GP) Ais,. = Az emP; =0
I1. ;TL? = M, P — A, P +0.75 M1s, — Ay, Py =0
V. 62,61 =-Mog,r+1+ /120,t+1pt+1 + 122,141 =0
V. a‘z’ﬁl =—M19,r+1 + A21, 141 MPry1 + A23 141 =0 (178)
VI. g_lft = M13,B" + Mg, B’ — Aoo,i—1 1 =0
VII. g_;t = A BE+ Az mBl— Aoy 1 p1 -0
VIII. %ﬁl =~ B+ A20,041 8 =0
IX. af,,ﬁl =—M7,B' + Ao, mBHt? =0

As before, assuming that sellers sell some packages for both Bitcoins and Dollars in every period, i.e.
x; >0and z; > 0 for all ¢, and that a buyer buys some packages using Bitcoin and Dollars in every period,
q? , qf >0, itholds A13,; = A1a,r = A22,; = A23,; = 0. After solving for the Lagrange multipliers, the FOCs IV
and Vyield

~

r+1 _ r+1

P p
0.75 =mR(qP) == (179)
Pt Pt

if the Dollar transaction cost increases (lower R), the Dollar inflation may stay constant if the Dollar
multiplier m is increased by the “right” amount. Thus, for the Dollar inflation, an increase in the Dol-
lar transaction cost can undo a rise in the Dollar multipler, or, Dollar transaction costs and the Dollar
multiplier affect the Dollar inflation in opposite directions.

Writing this equilibrium condition in terms of the exchange rate, we obtain

R(gP)
0.75

Qiv1=m Q: (180)

if the Dollar transaction cost increases (lower R), the Bitcoin exchange rate stays constant if the Dollar
multipler is increased by the “right” amount. Thus, for the Bitcoin exchange rate, an increase in the
Dollar transaction cost can undo a rise in the Dollar multipler, or, Dollar transaction costs and the Dollar
multiplier affect the Bitcoin exchange rate in opposite directions. The initial exchange rate Qy remains

undetermined. One obtains

1

. 1
0= M =—u'(c)R(GD) - B*m* —— 1/ (cri2) R(q}L,) (181)
P, Pty
and
. 0.75 0.75
0< i3 = ——u'(c) — B2 =—1/(cr+2) (182)
b, 142

If not all Bitcoins and Dollars are spent in every period, ﬁtqf < b; and Ptqf’ < d;,i.e. if there are
savings, as we observe in the experiment, then ;113,t =0= ;114, ¢ In that case, FOC VIII and IX yield the

consumption-Euler equations for consumption purchased in Bitcoins

D !
Piin U (Cr42)

—= = ) 183
P, u'(cy) (183)

Since the marginal Bitcoin transaction cost is contant in the number of packages purchased, it cancels
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out and does not affect the pricing equation. For Dollars,

Py _p2 2 R(qu) u'(ci+2)

. 184
P, R(gP) u'(cy) (164

the transaction costs and the multiplier jointly affect the pricing equation.

Market clearing with transaction costs and monetary policy means that aggregate consumption is
below the aggregate production, due to frictions and the Dollar supply grows by factor m per period.
As before, let gP the number of packages bought with Dollars, whereas r,(g°)gP is the consumption
afforded with Dollars after accounting for transaction costs. Likewise, let g5 the number of packages
bought with Bitcoins, whereas 0.756],{3 is the consumption afforded with Bitcoins after accounting for

transaction costs. We define the aggregate transaction costs as

6 6
_Zl TraCoy; = Zl(l —rdg) qh +0.254% (185)
i= i=

In equilibrium, clearing of both goods markets requires

6 6 6 6
YEY[:?)O:Z)/U‘:ZC”"FZTT'QCO”'"'ZKU' (186)
i=1 i=1 i=1 i=1
D, VP BVE D, VP BVE 6
=r(gP) = 4075 — + (1 - ri(gP) 025 —-+ Y 0y (187)
. Py t Py Py i3
consumption after costs lost consumption due
to frictions
D; 1 VP BVE D; VP BVE 6
=mrg?) T 1075 — v m (- ri(gP) T 1025 — L+ Y 0y
. Py R Py P g
consumption after costs lost consumption due
to frictions
(188)
(189)
Sequential market clearing requires
vP vD vB vB
0=Y;— Y1 =D, |1i(gP) == —mri1(gP,) 2L | +0.75B [ - — (190)
i t( (g P, t+1{q Prit B, Py
vP vDh vB vB
+D; |(1-ri(gP) = —mA-r) (g2 2L | +0.25B [ - — L (191)
t( t\qy P, t+1\q 41 Prit B, Py
and
vP VDb vE vB
0=Y,— Y1 =D |n(gD) 2 -miri(gP ) 221 +0.75B [ - - 2L (192)
1= Y1 1( 1{q P t+1q 41 P P Py
vP vDb vE vB
+D1 A -11(gD) = —-m' (L= 1) (ghhy) =22 | +0.25B | - — (193)
( ' Pl " ak Pt+1 P] Pt+1
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A.2 Experimental instructions

Instructions

Welcome! Today you will be participating in an experiment studying economic decision-making. Your identity in
this experiment will be anonymized, information on your decisions will only be linked to your station ID, and never
connected to personally identifiable information. At the end of the experiment, you will be asked to provide your
IBAN for payment. Your IBAN will not be stored: once we have processed your electronic payment, we will erase
payment information. You may use a calculator anytime during the experiment.

There will be a set of instructions on the next page, please read these instructions carefully and answer the four-
question quiz on the following page in order to proceed to the experiment. You can go back and forth between
the instruction page and the quiz page as many times as necessary. Once all participants have answered all
guestions correctly, you will start the experiment. At the end of the experiment, you will be asked to fill out a
short questionnaire and submit your IBAN.

Thank you for your participation and good luck!
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Instructions

Overview of the experiment

In this experiment, you will be trading with other players to get as many chips as you can by playing a real-time market
game that uses a double auction mechanism (both buyers and sellers will be making offers). These chips determine your
payout at the end of the experiment. To get chips, you will need to buy and sell packages of chips with other participants
in the experiment. You will have to buy different types of packages of chips with different currencies. These market
games are made up of a sequence of periods. Each sequence consists of an indefinite number of periods. Basically,
how long it lasts is randomized. The number of periods played in each sequence is randomly determined in the following
manner: At the end of each period, the computer will roll a virtual 6-sided dice. If the numbers 2, 3, 4, 5 or 6 are rolled
from the dice, the sequence continues and you will continue playing the game, but if a '1" is rolled, the sequence ends and
the game will restart. This means that all currency holdings and chips you currently have will disappear, and a new
sequence will start. In other words, after each period, the market game continues with a probability 5/6 = 83% or
ends with a probability 1/6 = 17%.

We will run as many sequences as possible during the time for which you have been recruited. After a sequence has
ended, if there is not enough time remaining to start a new sequence, the experiment ends.

Before beginning the first sequence, you will have 2 practice periods to familiarize yourself with the interface. Your
decisions during those 2 practice periods will have no consequences on the actual experiment and will not count towards
your earnings. It will be made clear to you and all other players when the actual experiment will start.

The market game

You are part of a group of players participating in markets where you buy and sell packages of chips. The rules are the
same for all players. You will be split into equally sized groups of buyers and sellers. Each player will alternate between
the roles of seller and buyer from period to period. Whether you start your first period as a seller or a buyer is randomly
determined by the computer. For instance, if you are assigned the role of a buyer in period 1, you will then be a seller in
period 2, then a buyer again in period 3, and so on until the sequence ends.

You will buy and sell chips in two markets that each use different currencies: Market A using Currency A and Market B
using Currency B. Since you will alternate roles, buying chips is possible only every second period (when you are a buyer).
Whenever you begin a period as a seller, you will be given 5 packages which you cannot use or keep for yourself, your
goal as a seller is to sell these packages in order to increase your currency holdings to buy more packages when you are
once again a buyer.

Number of chips per package

Chips are bought and sold in packages. Packages come in two types depending on which market you buy them from,
the first type of package can only be bought from Market A which uses Currency A, the second type can only be bought
from Market B which uses Currency B. When you buy a package, the number of chips you get depends on which
currency/market you used to purchase the package and how many packages you already own.

e Packages bought with currency A can only be bought from Market A and will yield increasingly fewer chips, the
more you purchase of these packages in a given period, the less each new package of this type will be worth to you.
The first package bought using Currency A gives you 100 chips, the second package gives you 90 chips, ..., the
10th package only gives you 10 chips, ..., and any additional package beyond the 19th purchased only brings you
one chip.
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¢ Packages bought with currency B can only be bought from Market B and will always be worth 75 chips per
package regardless of how many you have bought.

Package st 2nd 3rd 4th 5th 10th 11th 12nd 19th and beyond
Chip content (in A) 100 90 80 70 60 .. 10 9 8 e 1
Chip content (in B) 75 75 75 75 75 .. 75 75 75 .. 75

Example: You buy 1 package using Currency A and 2 packages using Currency B in the first period of trading. Then you
alternate roles to seller in the second period, then in the third period of trading, are a buyer again and you buy 2 more
packages in Currency A and 1 more in package in Currency B. In total, you have purchased (100) + (100 + 90) = 290 chips
using Currency A and 3 x 75 = 225 chips using Currency B, for a total of 290 + 225 = 515 chips so far.

What happens during a period of the market game

e When you first start a sequence as a buyer (which will last a random number of periods), you will receive 100 units
of Currency A and 100 units of Currency B.

e At the beginning of every period when you are a seller, you will receive 5 packages, you must choose to allocate
them to be sold on Market A or Market B.

o At the end of every period when you are a seller, you lose all packages you failed to sell.

e In each period, you will participate (either as a seller or as a buyer) in two different markets, one using Currency A
(red boxes) and one using Currency B (blue boxes).

e Packages that yield diminishing numbers of chips are sold in Market A for Currency A, Packages that yield constant
numbers of chips are sold in Market B for Currency B.

e You will carry over currency changes from period to period according to your actions as a buyer or seller.

Phases within a Period and their time limits

1. Allocating Packages Phase: Sellers' choose what allocation of their 5 packages goes to Market A or Market B (30
seconds).
2. Trading Phase: Buyers and Sellers make real-time offers for packages (90 seconds).

Note: A trading phase will close before time runs out whenever there are no more packages available for sale or there

is no currency left to be spent. Hence, inncludig some waiting time, a period of the market game lasts a maximum of
3 minutes.

Allocating Packages Phase:

e This happens before the trading phase of a period
e Sellers are given 5 packages. They must choose how many of them they want to be offered on Market A and how
many can be offered on Market B.

Trading Phase

e Sellers post asks, offers to sell a certain number of packages and the price they want to sell.

e Buyers post bids; offers to buy a number of packages and the highest price they will pay up to.

e Bids/asks can be changed at any time if they have not yet gone through.

e You can cancel your last bid/ask by clicking the "Retract last bid" button and "Retract last ask" button

Note: You can shortcut your participation in the market by clicking on the "Accept best bid" button as a seller
(this means that you accept to sell at the highest price among all prices offered by the buyers), and by clicking
the "Accept best ask" as a buyer (this means that you accept to buy at the lowest price among all prices offered
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by the sellers).

e A trade is finalized every time there is an ask price equal or less than a bid price.
o The transaction price is the seller's asking price and the number of packages exchanged is the minimum
between the number of packages offered by the seller, and desired by the buyer.
o As a buyer, if no packages are for sale at or below your bid price, you will not buy any packages.
o As a seller, if no packages are demanded for a price equal or higher to your ask price, you will not sell any
packages.

Example:You are a buyer and your bid is 2 packages at 100 units of Currency A. There is a seller whose ask is 3
packages at 80 units of Currency A. The transaction takes place and you buy from that seller 2 packages at 80
units of Currency A.

e You can submit as many asks and bids as you want as long as the markets are open.

o As a buyer, you can never spend more currency than what you have allocated to each market. It can happen
that you are not able to spend all your currency holdings. In this case, the remaining balance is then
transferred to the next period.

o As a seller, you can never sell more packages than you have allocated to a Market. It can happen that you are
not able to sell all your packages. In this case, the unsold packages disappear at the end of that trading phase,
which means that they may not be consumed or sold later.

Your earnings at the end of the experiment

The chips you purchase convert into money, hence you can accrue earnings only when you are a buyer. The payoff
graphic below indicates how many Euros you can earn (y-axis) as a function of the number of chips you purchase in a
given period (x-axis). There is also a slider that you can use to see the exact amount of Euros for each exact number of
chips.

4

Earnings in Euro
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Highcharts.com

The more chips you buy, the more real-life money you can earn at the end of the experiment. However the chips you buy
will convert into progressively less currency the more chips you accumulate within a single period.

Your total earnings in each sequence are the sum of your earnings in every period when you are a buyer during that
sequence. At the end of the experiment, two sequences will be randomly selected (with equal probability out of all
sequences played) and we will pay you the money you earn during those two sequences, on top of a 9 euro
participation compensation for your time and efforts.

Summary
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¢ You will play several sequences of a market game which lasts a randomized number of periods. After each period,
the game ends with a 1/6 = 17% probability. When this happens, all currency holdings are reset to zero and a new
sequence starts.

¢ You will play as many sequences as time allows us. During each sequence, you will play alternating between being
buyers and sellers of packages of chips. You can buy and sell chips in Market A using Currency A, or Market B using
Currency B.

e At the beginning of each period, when you are a seller, you receive 5 packages of chips to sell to choose to allocate
to Market A or Market B, these packages cannot be used or kept by you after each period.

e You start every sequence with 100 units of Currency A and 100 of Currency B. Your changes will carry over from
period to period.

¢ The more packages you buy in Currency A, the fewer chips each additional package contains. Packages bought in
Currency B always contain the same amount of chips. This resets every period.

e The more chips you purchase in each period, the higher your payoff but earnings do not increase as fast as the
number of chips purchased. Only the total earnings from two sequences plus 9 euros will be paid out to you at the
end of the experiment.
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Quiz

1. Imagine that in a given period, you purchase 3 packages in currency A and 1in currency B.

(a) How many chips did you purchase?
(b) How many Euros did you make? (Please keep two decimal points)

2. Imagine that you are a seller and your ask is 3 packages at 10 units of currency A. There is a buyer whose bid is 2
packages at 18 units of currency A. Which one of the following applies?

<>

<>
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A.3 Graphical user interfaces (GUI)

Allocating the Packages

This is a training period and chips earned in this period won't count towards your earnings. You are a Seller. You
made €0.00 from previous periods in the sequence. Time remaining: 0:26

How many units will you allocate to Currency A auction house (from 0 to 5)?

Number of units to be sold in Currency B auction house

(from 0 to 5)

Figure 6: Screen of the sellers’ allocation page of packages between the two markets

Sequence Continues

Time left to complete the task: 0:04

You made a total of €0.00 from previous periods in the training sequence.

Figure 7: Screen indicating a continuing sequence
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