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Abstract

This paper analyses the intraday liquidity management game played in
large-value payment systems. With settlement risk and free but collater-
alized intraday liquidity, the intraday liquidity facility’s design is found to
determine resulting settlement delay and the effectiveness of the two-part
tariff to coordinate on early settlement. Stylised facts suggest that the
opportunity cost of collateral is perceived to be fixed as a consequence of
double duty on collateral required by Basle II liquidity regulations. Model
predictions are consistent with stylised facts from a comparison between
settlement behaviour in the Swiss Interbank Clearing (SIC) and Fedwire
funds.
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1 Introduction

This paper analyses the liquidity management game played by participants of
real-time gross settlement (RTGS) payment systems. Settlement in RTGS sys-
tems requires costly intraday liquidity. To save liquidity participants delay
payments to await incoming funds provided by other participants. Thus, settle-
ment behaviour is determined by strategic interaction that results in multiple
Pareto-ranked equilibria. Central banks as operators and overseers of such sys-
tems care about settlement behaviour as it influences safety and efficiency of
the RTGS system. At the same time, settlement behaviour depends on diverse
central bank policies. In particular, the terms and conditions of the provision
of intraday liquidity stay at the center of attention.

*I would like to thank Andy Sturm for valuable comments.
TThe views expressed in this paper are those of the author and do not necessarily represent
those of the Swiss National Bank.



Intraday liquidity is either provided uncollateralised but priced or collater-
alised but free. The former facility is often referred to as a daylight overdraft
facility while the latter is referred to as an intraday credit facility. Bech and
Garratt (2003) investigate both facilities assuming a cost of delay to be the
driving force of the liquidity management game. They assume a variable oppor-
tunity cost of collateralisation. Mills and Nesmith (2008) investigate priced but
uncollateralised overdraft systems assuming settlement risk to be the driving
force of the liquidity management game.

A crucial difference between the two facilities is that uncollateralised but
priced overdrafts are not charged when offsetting payment requests are processed
in the same period. Furthermore, it naturally gives rise to a variable liquidity
cost.! In contrast, collateralised but free intraday credit always bears an op-
portunity cost of collateral as collateral has to be posted upfront to be granted
a credit. This prefunding or collateralisation constraint motivates the analy-
sis of collateralisation policy. The opportunity cost of collateral is crucially
determined by the collateralisation policy of the central bank and bears corre-
spoinding consequences for the settlement strategy played by banks.

The literature works with different assumptions on the opportunity cost of
collateral for free but collateralised intraday liquidity facilities. For instance,
Bech and Garratt (2003) and Martin and Jurgilas (2008) underlie a variable
cost while Koboyakawa (1997) and Mills and Husain (2009) assume a fixed cost.
While cost assumptions are usually not motivated, we provide empirical support
and a justification for both assumptions. The cost crucially depends on the
collateralisation policy a central bank applies. First, an intraday credit facility
that allows to collateralise credits ad hoc exhibits a variable opportunity cost of
collateral because collateral can be reused intraday. However, we will see that
this is a necessary but not a sufficient condition for a variable cost. Second, an
intraday liquidity facility that only accepts permanently prepledged collateral
causes a fixed opportunity cost of collateral as collateral cannot be reused. This
holds true for any permanently collateralised intraday liquidity facility whether
based on credits or on overdrafts as permanent collateralisation is a sufficient
condition for a fixed cost. This is in line with the empirical literature. For
instance, Krénzlin and Nellen (2010) find a positive implicit intraday interest
rate in the Swiss franc repo market, indicating a positive opportunity cost of
collateral.

This paper contributes to the literature in three ways. First, to our knowl-
edge nobody has investigated collateralised facilities assuming settlement risk
to be the driving force. Second, to the analysis of the standard collateralised
intraday credit facilities? we add a new facility that is based on collateralised
overdrafts. While most central banks make use of intraday credit facilities, the
Federal Reserve System introduced a free but collateralised overdraft facility in

1See Bech and Garratt (2003), Martin and McAndrews (2008) and Mills and Nesmith
(2008) among others.

2This is relevant as worldwide RTGS systems predominately offer free but collateralised
intraday liquidity facilities (see World Bank (2010)). Moreover, the Federal Reserve System
introduced a collateralised overdraft facility on 24 March 2011.



March 2011.2 With settlement risk and free but collateralized intraday liquid-
ity, collateralisation policy is found to determine resulting settlement behaviour.
Third, the use of instruments normally motivated with the implementation of
early settlement is found to be essential to avoid multiplicity of equilibria that
may hinder coordination. Thus, we introduce a two-part tariff into the liquidity
management game. Finally, we find the effectiveness of the two-part tariff to
coordinate payments and to induce early settlement to depend on the collater-
alisation policy.

Assuming a variable opportunity cost of collateral, late settlement results
for systems with free but collateralised intraday credit. This is in line with
Mills and Nesmith (2008) who find late settlement to result for systems with
priced but uncollateralised overdrafts. While Mills and Nesmith (2008) and
this paper rely on the settlement risk approach, Koboyakawa (1997) and Bech
and Garratt (2003) rely on the delay cost approach. If the cost of intraday
credit is variable, Bech and Garratt (2003) show that the resulting equilibrium
depends on the relation between the cost of liquidity and delay for both type
of systems. Assuming a fixed cost, Koboyakawa (1997) shows early settlement
to result. This contrasts with our finding for a model with settlement risk.
While incentives to settle late are reduced this does not imply early settlement
but results in all strategy pairs to be equilibria and may, thus, hinder efficient
payment coordination.

These findings motivate the use of further instruments to induce coordination
on early settlement. Indeed, some central banks apply so-called through-put
rules or two-part tariffs. While a through-put rule prescribes the settlement of
fixed percentages of total settlement by prespecified times during the settlement
day, a two-part tariff induces earlier settlement by making the settlement fee
an increasing function of settlement time. Buckle and Campbell (2003) analyse
a through-put rule that is applied to participants in CHAPS, the UK RTGS
system. Ota (2011) compares resulting welfare if a through-put rule is applied
with resulting welfare if a two-part tariff is applied.

Ota (2011), assuming a cost of delay, and this paper both find a two-part
tariff to facilitate coordination on early settlement. We go beyond this result
showing that the quality of coordination depends on the collateralisation policy.
With a variable opportunity cost of collateral, the resulting settlement equilib-
rium depends on the steepness of the two-part tariff. In particular, the two-part
tariff must be steep enough to neutralise the strategic dependence on the cost of
intraday liquidity, payment uncertainty and settlement risk. Because the nec-
essary information to impose the right tariff is private or simply unknown, the
calibration of an effective two-part tariff is non-trivial and may hinder efficient
coordination, making a through-put rule the preferable instrument. In contrast,
given a fixed cost of intraday liquidity, the two-part tariff easily enforces coordi-
nation on early settlement. This comes as a result of a fixed opportunity cost of
liquidity that eliminates strategic interaction driven by settlement risk. Thus,

3See http://www.federalreserve.gov/paymentsystems for further information on the new
facility.



any positive two-part tariff enforces early settlement.

In 2011, the Federal Reserve System introduced a novel intraday liquidity
facility. A free but collateralised daylight overdraft facility works on the basis of
prepledged collateral. While this facility primarily aims at reducing the credit
risk of uncollateralised overdrafts, it is interesting to consider its effect on set-
tlement behaviour. As a consequence of free but permanently prepledged limit
for collateralised overdraft, this type of intraday liquidity facility goes along
with a fixed cost. However, free but collateralised daylight overdraft does not
result in early settlement. We find late settlement to prevail as a consequence of
settlement risk. A two-part tariff can induce early settlement, but needs to be
calibrated in dependence of payment uncertainty, settlement risk and the cost
of overnight liquidity.

Findings are validated by contrasting model predictions with stylised facts.
The first stylised fact is gained by comparing settlement behaviour in Fedwire
funds - the U.S. RTGS system - with settlement behaviour in the Swiss Interbank
Clearing (SIC) - the Swiss RTGS system. The second stylised fact results from
a change in the collateralisation policy of the Swiss National Bank (SNB) and
liquidity regulation.

First, we find evidence that settlement takes place substantially earlier in
SIC than in Fedwire funds. This is in line with model predictions. While Mills
and Nesmith (2008) predict late settlement for Fedwire funds (a system with
priced but uncollateralised daylight overdraft that implies a variable cost), we
predict early settlement for SIC (a system with free but collateralised intraday
credits - that implies a fixed cost - and with a two-part tariff).

Second, we find supportive evidence that collateralisation policy matters. In
2005, the SNB changed from its Lombard facility to a new ’liquidity-shortage
financing facility’ (LSFF).* Before the reform took place, intraday credits were
collateralised ad hoc by means of repos. Since the regime shift, collateral pre-
pledged for the LSFF can also be used to draw intraday repos. While the
collateralisation policy before the regime shift suggests a variable opportunity
cost of collateral, the regime based on prepledged collateral is associated with
a fixed cost. However, the regime shift was not accompanied with effects asso-
ciated with model predictions. Rather, the evidence found supports the view
that banks have perceived opportunity cost of collateral as fixed both before
and after the policy change took place. In line with Ball et al. (2011) we ar-
gue that this is related to the fact that regulatory required liquidity buffers
can be used to draw intraday liquidity, a practice referred to as double duty.
Because collateral prepledged for the LSFF is SNB eligible repo collateral and
can be credited against Basle II liquidity buffers, the cost of intraday liquidity
is fixed. Behaviour in SIC is in line with this view as neither settlement timing
nor intraday credit demand has changed after the regime switch.

The paper is organised as follows. Section two presents the model. In section
three settlement behaviour for systems with intraday credits and collateralised

4In the U.S. the discount window serves a similar role as the Lombard facility and the
LSFF in Switzerland. See www.snb.ch for further information on LSFF.



daylight overdraft is analysed. Section four studies resulting effects of a two-part
tariff and section five presents stylised facts. The final section concludes.

2 Model

The model is closely related to Mills and Nesmith (2008). There are three
periods denoted by ¢t = 0, 1, 2, for morning, afternoon and end-of-day. Two agents
called banks indexed by i € {1, 2} populate the payment system. Their objective
is to minimise the expected cost of making payments to one another. A third
institution is present that can be interpreted either as a private clearinghouse or
a central bank (hereinafter referred to as the central bank). Specifically, banks
can send and receive payments by moving balances across accounts that they
hold with the central bank. Banks are able to access liquidity from the central
bank, such as overnight credits and intraday liquidity either provided as daylight
overdraft or intraday credit.

We abstract from reserve requirements and precautionary motives for banks
to hold balances with the central bank in order to focus on the intraday liquidity
management game. This assumption allows us to describe the timing of events
such that banks start period 0 with a zero account balance. Then, with proba-
bility p, bank i € {1, 2} receives an instruction to make a payment of value 1 to
bank j # i.> The realisation of this payment shock is independent of whether
the other bank also receives a payment instruction and it is private information
to the bank receiving it. Mills and Nesmith (2008) interpret this as the inabil-
ity of banks to communicate with one another. Thus, banks cannot engage in
cooperatively coordinating payments in order to reduce expected costs. While
this looks extreme in the case of two banks, such an assumption seems to be
justifiable for systems such as SIC, CHAPS and Fedwire, where hundreds or
thousands of banks participate.

We assume that banks are granted intraday liquidity by the central bank. In
contrast to uncollateralised but priced overdrafts in Mills and Nesmith (2008),
banks can get either collateralised but free intraday credits or collateralised
but free overdrafts. It is assumed that the interest rate R forgone by holding
overnight reserves on central bank accounts is greater than the opportunity cost
banks incur if they draw a collateralized intraday credit.

Posting collateral comes either as a time of usage dependent (henceforth
variable) opportunity cost w (R > w > 0) that realises per period ¢t € {0, 1}, or as
a fixed cost 1 (R > 1 > 0) per settlement day. The variable opportunity cost of
collateral is born if and only if an intraday credit is drawn. The fixed opportunity
cost of collateral is born in any case, whether or not and for whatever length
intraday liquidity is drawn. This contrasts with uncollateralised but priced
overdraft for which a fee is charged if and only if the negative account balance

5 As in Mills and Nesmith (2008) this is a difference to the model by Bech and Garratt (2003)
where banks receive a second payment instruction shock in the afternoon. As also Mills and
Nesmith (2008) argue, a second shock would complicate the analysis without fundamentally
changing the results.



remains until the end of a period ¢ € {0,1}. In other words, no fee is charged if
payments offset within a period.

Furthermore, if a bank has not paid back its intraday credit or overdraft
by the end of period 1, it must borrow funds from the central bank at interest
rate R > w,® to bring back the account to zero. Also, during period 2 any
outstanding payment is made and funded by borrowing overnight at interest
rate R if necessary. While intraday credit cannot be drawn after period 1, i.e.
banks immediately have to draw an overnight credit, daylight overdrafts are
granted until the end of the day, i.e. offsetting transactions without any cost
remain possible. Overdrafts not paid back to central bank until the end of the
day are automatically replaced by overnight credits. These differences between
intraday credit and overdraft liquidity are consistent with the assumptions by
Bech and Garrett (2003) for intraday credits and by Mills and Nesmith (2008)
for daylight overdraft.5

If bank 4 receives a payment instruction it can decide to make the payment
either in period 0 or in period 1. As in Mills and Nesmith (2008) it is assumed
that a bank does not strategically delay payments until the end-of-day (period
2) unless it receives information concerning the ability of the other bank to send
payments. That is where settlement risk comes into play.

At the beginning of period 1, a bank may receive a settlement shock. Specif-
ically, with a small probability € > 0, bank ¢ cannot receive a payment from
the affected bank j during period 1, but will receive it in period 2. The reali-
sation of the settlement shock is independent across banks and its realisation is
common information. However, whether or not a bank is to receive a payment
from the affected bank with probability p remains private information. Thus, if
a bank finds out that it cannot receive a payment from the other bank, it can
delay any outstanding payments that must be sent to the affected bank until
period 2. Thus, differences in the game will be driven by the difference between
the intraday credit and the daylight overdraft, i.e. while the former does not
allow for offsetting in any period, the latter allows for offsetting even in the last
period. This difference affects the cost of borrowing overnight if payments are
delayed.

The settlement shock represents a certain type of settlement risk to the
receiving bank - defined as the risk that a payment is not sent and received
as expected, in this case by the end of period 1. Such shocks occur when the
sending bank suffers an operational disruption or lacks available liquidity to
send a payment at a particular point in time. This restricts the receiving bank’s
incoming source of liquidity that could offset outgoing payments and reduce its
own cost of sending payments. We can think of the settlement shock as a proxy
for uncertainty regarding incoming funds. Even though we might think of the
shock ¢ to be relatively small, it does have a cost in the model’s setup as it
raises the probability that a bank needs to borrow overnight.

The bank’s objective function is taken to minimise the expected cost of

6 Differences also mirror policies applied. For instance, SIC allows to draw intraday credits
until 3 p.m., while the settlement day ends at 4.15 p.m. Fedwire funds allows overdrafts to
be drawn until the end of the day.



making a payment. This objective becomes relevant only when a bank receives
a payment shock at the beginning of period 0. Thus, we can simply focus
on a bank’s payment strategy in the state of the world in which it receives a
payment instruction. The analysis is restricted to pure strategies. s; denotes
the strategy of bank ¢ given that it receives a payment instruction. The set of
possible pure strategies is s; € {m,a}, where m denotes a morning payment
(period 0) and a denotes an afternoon payment (period 1). A strategy profile
is a pair of timing strategies (s;,s;) for both banks. Thus, the expected cost
¢ of making a payment is a function of a bank’s payment timing strategy s;,
the timing strategy of the other bank s;, the probability p that the bank is to
receive a payment, the opportunity cost of intraday liquidity (either a variable
cost - w - or a fixed cost - 1) and the probability of settlement risk €. ¢ (s;, s;)
denotes bank i’s expected cost of making a payment when it plays the timing
strategy s; while bank j plays the timing strategy s;. This setup generates four
possible realisations of expected costs.

3 Collateralised intraday liquidity facilities

This section analyses collateralised intraday liquidity facilities. The first two
subsections focus on collateralised intraday credit facilities. While the first
subsection investigate the case of a variable opportunity cost of collateral, the
second subsection analyses the case of a fixed opportunity cost of collateral.
The third subsection is concerned with an overdraft facility that is collateralised
insofar as banks can go into overdraft up to the value of prepleged collateral.
Thus, this facility exhibits a fixed opportunity cost of collateral.

3.1 Variable opportunity cost of collateral

First, we assume a per-period opportunity cost w > 0 of pledging collateral. This
per-period opportunity cost is incurred whenever a bank processes a payment
request without having funds available in its settlement account to settle a
payment. Because collateral must be posted before processing a request in
order to obtain intraday liquidity, the morning cost of a bank depends solely
on the action taken by the bank itself and not on the opponent’s action. The
cost is w if the bank processes the request and zero if the bank decides to delay.
If the intraday credit has not been paid back until the end of a period, it is
automatically prolonged. Therefore, the opportunity cost of collateral has to be
taken into account for another period. If a bank has not paid back its intraday
credit by the end of period 1, it has to borrow in the overnight market at interest
rate R.

The settlement shock takes place at the beginning of period 1. Banks decide
on when to send payments and, accordingly, post collateral to receive an intraday
credit in case of insufficient liquidity. Finally, during period 2 any outstanding
payments are made. However, if no funds are available during period 2, the
bank has to draw an overnight loan in order to process outstanding payments



even if the other banks needs to settle an offsetting payment.
Depending on the strategy pair considered, the game leads to the following
four realisations of expected costs:

c(m,m) =w+ (1 -p)(w+R) (1)

emya) =w+p(l—c)w+pe(w+R)+ (1 —p)(w+ R) (2)
cla,m)=(1-p)(1—e)(w+R)+ (1 —p)eR (3)
cla,a) =p(l—e)w+peR+(1—-p)(1 —¢)(w+R)+ (1 —p)eR (4)

Suppose bank i receives a payment, then the first term in equations (1) and (2)
mirrors the necessity for bank ¢ to draw an intraday credit in order to settle
early. The second term in equation (1) reflects the fact that, if bank j does
not receive a payment order, bank ¢ has to prolong the intraday credit and,
additionally, it has to draw an overnight loan to bring the account balance
back to zero. In equation (2) settlement risk matters. If bank j does receive a
payment, the realisation of settlement risk may additionally force it not only to
prolong the intraday credit but also to draw an overnight loan. In equation (3)
and (4) the cost of bank 4 is analysed if its strategy is to settle late. Therefore,
no intraday credit is drawn in the first period. The difference between cost
functions (3) and (4) can be explained by the fact that in equation (3) we look
at a situation where bank ¢ with probability p has received a payment by bank
7 in the morning. Thus, given bank j receives a transaction, bank ¢ does not
incur a settlement cost since its payment is prefunded. Otherwise, bank i has
to draw an intraday credit and, finally, an overnight loan to bring its account
balance back to zero. If settlement risk realises, it can delay to period 2 in order
to circumvent the nessecity of an intraday credit. The same holds true for the
last two terms of cost function (4). In constrast to the previous situation, since
both banks play afternoon, settlement risk also plays a role if bank j receives a
payment instruction. As in cost function (4), the realisation of settlement risk
forces bank ¢ to draw an additional overnight loan.

The derivation of cost functions is set out in more detail in the appendix.
Figure 1 represents the game in normal form with equations (1) to (4) simplified
where appropriate.

Proposition 1 Under a collateralised intraday credit regime with a per period
opportunity cost of collateral w > 0 and a settlement shock € > 0, the strategy
profile (a,a) is the unique Bayesian Nash equilibrium. Furthermore, a is a
strictly dominat strategy for each player.

Proof. It is easy to see that for bank i c(a,m) < c¢(m,m) and c(a,a) < c¢(m,a)
and for bank j c¢(m,a) < c¢(m,m) and c¢(a,a) < c(a,m). |

We call an equilibrium efficient if it minimises the joint expected costs of the
two banks. It is easily shown that this is the case for the strategy pair (a,a).
Because a is a strictly dominant strategy, the strategy pair (a,a) is also Pareto-
dominant. In comparison to an uncollateralised but priced overdraft regime - as



Figure 1: Intraday credit system with variable opportunity cost of collateralln-
traday credit system with variable opportunity cost of collateral

m 2w-pw 2w+peR
2w-pw (1-pi{l-g)w
(1-pi{1-g)w {1-s)w+peR
2w+psR (1-g)w+peR

analysed in Mills and Nesmith (2008) - the intraday credit game with a variable
opportunity cost of collateral results in even stronger incentives to settle late.

If w=0and ¢ > 0, all strategy pairs become Bayesian Nash equilibria. This
is in contrast to Mills and Nesmith (2008) with free overdrafts for which (a,a)
survives the elimination of weakly dominated strategies. This difference arises
with intraday credits because banks cannot offsett payments in period 2. Thus,
they are not only affected by settlement risk if they have opposing strategies but
also if they both play a. The result is also in contrast to the delay cost approach.
As a result of the cost of delay, Bech and Garratt (2003) find early settlement
to be the unique equilibrium if intraday liquidity is for free (remember € = 0 in
their model).

If w>0and € =0, (a,a) results as the unique Bayesian Nash equilibrium.
Because a being a strictly dominant strategy, (a,a) is both efficient and Pareto-
dominant. Banks seek to avoid the cost of intraday liquidity by waiting for
incoming payments from the other participants. This is in line with Mills and
Nesmith (2008) and differs from the result in Bech and Garratt (2003). In the
latter, a positive cost of delay induces banks to settle payments early if the cost
of delay is lower than the intraday liquidity cost.

If w =0 and ¢ = 0, all strategy pairs are Bayesian Nash and efficient. Again
this is in line with Mills and Nesmith (2008) and clearly differs from the early
settlement result in Bech and Garratt (2003).

3.2 A fixed opportunity cost of collateral

We assume banks to have permanently prepledged collateral of value 1 at the
central bank. The opportunity cost of collateral ¢ is considered to be lower than
the overnight rate R > ). Banks use the possibility to draw an intraday credit
either in the morning m or in the afternoon a, according to their settlement
strategy. Again, if a bank’s intraday credit has not been paid back by the end
of period 1, it has to borrow overnight credit at a cost R.

The following cost functions result:

c(m,m) =1+ (1-p)R ()



Figure 2: Intraday credit system with a fixed cost
m 0 peR
0 0
0 peR
peR peR

c(m,a) =vY+peR+ (1 —p)R (6)
cla,m) =9+ (1-pR (7)
c(a,a) = +peR+ (1 -p)R (8)

Whatever the payment strategy is and whether or not a bank actually receives
a payment instruction, it incurs opportunity cost 1 since it has to prepledge
collateral to the amount that covers its intraday liquidity needs. Therefore,
its cost functions are determined by the fixed cost, the other bank’s strategy,
realising payment uncertainty and settlement risk. If bank j’s strategy is to pay
late, bank i’s cost is affected by settlement risk. If settlement risk realises, bank
i is urged to draw an overnight loan. Without realised settlement risk, bank i
would not necessarily be required to do so since bank j’s payment might just
be delayed due to operational problems. In case bank j’s strategy is to settle
early, bank 4’s cost is not affected by settlement risk. Again, in contrast to an
overdraft model, banks are also affected by settlement risk if both play a.

Again, the derivation of cost functions is explained in greater detail in the
appendix. Figure 2 represents the game in normal form with equations (5-8)
simplified where appropriate. By inspection of figures 1 and 2 it is easy to see
that this resembles exactly the result obtained for w = 0 beforehand.

Proposition 2 Under a collateralised intraday credit regime with a fized oppor-
tunity cost of collateral 1 > 0 and a settlement shock € > 0, all strategy profiles
are Bayesian Nash equilibria.

Proof. It is easy to see that c(m,m) = c(a,m) and c(m,a) = c¢(a,a) for bank i
and c¢(m,m) = ¢(m,a) and c(a,m) = c(a,a) for bank j hold true. m

From figure 10 it is easy to see that (m, m) is efficient as ¢;(m, m)4c;(m, m) <
ci(s,s)+cj(s,s) for all possible strategy pairs (s, s) # (m, m). Furthermore, the
strategy profile (m,m) is Pareto-dominant as ¢;(m, s) < ¢;(a, s) and ¢;j(s,m) <
cj(s,a) Vs e {m,a}.

The fixed opportunity cost of collateral leaves all possibilities open because
all strategy profiles are Bayesian Nash equilibria. This is a strong result. Ac-
knowledging the incentive to delay strategically that results from settlement
risk, a fixed opportunity cost of collateral neutralises strategic interaction.
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Moreover, the strategy profile (m,m) is a Pareto-dominant equilibrium. Be-
cause all strategy profiles are Bayesian Nash equilibria, it is compelling to as-
sume that (m, m) would be the effectively chosen equilibrium. However, a focal
point argument may not convince as an argument for early settlement to result.
This motivates the use of further instruments to ensure early settlement. For
instance, many central banks relay on instruments such as a through-put rule
or a two-part tariff. In essence, these instruments serve to coordinate payment
activity in the morning.

Koboyakawa (1997) analyses a fixed opportunity cost of collateral in a frame-
work with a delay cost and finds the strategy pair (m,m) to result as the chosen
equilibrium. In a delay cost framework, a sunk opportunity cost of collateral
results in the equivalent outcome to that obtained in a framework with free
overdrafts. Saying this, it is evident that above conclusion does not change
if ¢» = 0. In contrast, in a framework with settlement risk Mills and Nesmith
(2008) find late settlement to result also with free but uncollateralised overdraft.
Even though we find a fixed opportunity cost to neutralise incentives to delay,
(m, m) cannot be established as unique Baysesian Nash equilibrium.

Also, if ¢ = 0, all strategy pairs remain equilibria. In contrast to before,
however, no particular equilibrium is Pareto-dominant. The same result is ob-
tained by Mills and Nesmith (2008) for free overdrafts. In contrast, Bech and
Garratt (2004) predict early settlement as a consequence of the delay cost.

3.3 A prepledged overdraft facility

A fixed opportunity cost of collateral invites to reflect on free but prepledged
overdraft facility. On 24 March 2011, the Federal Reserve System introduced
such a facility next to the priced but uncollateralised overdraft facility. Perma-
nently prepledged collateral involves a fixed opportunity cost . If banks on
top of the prepledged amount of collateral have to rely on priced but uncollat-
eralised overdraft, this results in a variable cost of intraday liquidity. As this
new intraday liquidity facility is of interest in its own right, we assume banks
to prepledge the full amount of collateral needed for overdrafts, i.e. 18$.

The crucial difference to the game with a fixed opportunity cost of collateral
is that the strategy pair (a,a) does not involve costs related to settlement risk.
This is related to the assumption that an overdraft facility is open until the
end of the day. In contrast, intraday credits are ususally open until a predeter-
mined time before the end of the day. Thus, given intraday credits, we allow
to draw intraday liquidity until period 1 and banks immediately have to draw
overnight credit to settle payments in period 2. In contrast, given an overdraft
facility, banks are able to offset payments in period 2 without having to draw
overnight loans. This is why banks are only prone to settlement risk if they play
different strategies. The derivation of cost functions are further discussed in the
appendix.

The following cost functions result:

c(m,m) =1y +(1-pR (9)
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Figure 3: Overdraft system
m 0 peR
0 0
0 0
peR 0

c(m,a) =¢Y+peR+ (1 —-p)R (10)
cla,m) =y +(1-p)R (11)
cla,a) =¢+(1-pR (12)

Figure 3 represents the game in normal form with equations (9-12) simplified
where appropriate.

Proposition 3 Under a collateralised overdraft regime with fixed opportunity
cost of collateral b > 0 and a settlement shock € > 0, the strategy profiles (m,m)
and (a,a) are Bayesian Nash equilibria. The strategy profile (a,a) survives the
elimination of weakly dominated strategies.

Proof. It is easy to see that ¢(m,m) = c(a,m) and c(a,a) > c(m,a) for bank i
and c¢(m,m) = c(a,m) and c(a,a) > c(a,m) for bank j. Furthermore, it is also
easy to see that c(a,s) > c(m,s) and c(s,a) > c(s,m) hold true V s € {m,a}.
|

Because the model setup is identical to Mills and Nesmith (2008), it does not
come as a surprise that we find the same results for free overdrafts (i.e. ¢ = 0).
As a fixed cost of collateral is sunk, the game is played as if overdrafts are for
free. Settlement risk determines the strategy pair (a,a) to be the surviving
equilibrium even though a prepledged overdraft facility makes the cost of using
intraday liquidity sunk and both Bayesian Nash equilibria - (m,m) and (a,a) -
are efficient and Pareto-dominate the other strategy profiles. (a,a) is the chosen
strategy pair because playing morning risks to be exposed to settlement risk.
Letting € = 0, it is easy to see that all strategy profiles become Bayesian Nash
equilibria and no particular one suggests itself to be chosen.

Mills and Nesmith (2008) argue that a priced overdraft system in the pres-
ence of settlement risk results in late settlement. In the light of above proposi-
tion, the Federal Reserve System’s introduction of a prepledged and free overdaft
facility cannot be justified as an instrument to foster early settlement. Thus,
the introduction of a prepledged and free overdraft facility without further in-
struments will not affect settlement timing.

The move towards earlier settlement in Fedwire funds that has been observed
since late 2008 is related to the fact that overnight reserve holdings have been
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showing peak values due to unconventional monetary policy at the zero lower
bound (see figure 8). The fact that the same can be observed for SIC (see figure
9) confirms this view. In both Mills and Nesmith (2008) and Bech and Garratt
(2003), this situation is mirrored by a free intraday liquidity that is caused by
an unpreceded level of overnight reserves. However, as soon as unconventional
monetary policy will be neutralised and reserve levels return to pre-crisis levels,
incentives to delay payments return. The coordination later in the day is hard
to change since keeping it assures that miscoordination does not result in higher
overnight refinancing needs caused by settlement risk.

Given free choice of usage of either facility, we expect banks to opt for the less
expensive solution to the greatest possible extent. Furfine (2001), Baglioni and
Monticini (2008) and Kraenzlin and Nellen (2010) provide evidence that the im-
plicit intraday interest rate as a proxy of the opportunity cost of collateralisation
is lower than the overdraft fee charged to cover the credit risk of uncollateralised
intraday liquidity.” In the same vain, Ball et al. (2011) argue that double duty
makes the cost of collateralisation sunk, respectively understand this to be the
reason why collateralised intraday liquidity is indeed less expensive than the
currently charged overdraft fee in Fedwire funds. Thus, we would expect banks
to reduce uncollateralised overdrafts as far as possible because the collateralised
overdraft facility provides a less expensive source of intraday liquidity. Even
though current numbers on the relative use of the two facilities from 24 March
2011 on have to be treated with caution due to the high reserve balances at
the zero lower bound, the choice by banks seems to be clearcut. Out of total
overdrafts on average almost 93%® have been collateralised.

4 Two-part tariff as a coordination device

A two-part tariff is often understood to incentivise early settlement, similarly
to a through-put rule. Two-part tariff is applied by various RT'GS systems, for
instance SIC.Our model setup allows us to introduce a two-part tariff by simply
adding a late settlement fee 7 > 0.° The central bank charges the late settlement
fee whenever settlement occurs during the last two periods.'® In the following
subsections we analyse the effects on settlement behaviour if a two-part tariff is
introduced in above analysed setups.

7Along with the introduction of the new facility, the Federal Reserve System incentivised
the switch from priced to prepledged overdrafts with an increase of the overdraft fee from
36bp to 50bp.

8Data is available on http://www.federalreserve.gov/paymentsystems/psr _data.htm. Au-
thor’s calculation.

9As set out in Ota (2011), one could well have an early settlement fee 7., and a late
settlement fee 74. T4 — Tm = 7 > 0 makes notation easier.

100ta (2011) argues that a negative morning fee 7,, < 0 in combination with a positive
evening fee 7, > 0 allows to implement an overall cost-neutral tariff scheme with strong
incentives to settle early. We completely abstract from such aspects as our focus lies on the
incentive effects.
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Figure 4: Intraday credit game with a variable cost and a two-part tariff

! 2w-pw 2w+peR
2w-pw {1-p){1-g)w+t
(1-p){l-e)w+t {1-e)w+peR+T
2w+peR (1-e)w+peR+T

4.1 A variable opportunity cost

Compared to cost functions (1) to (4), the only change is related to the late
settlement fee:
c¢(m,m) =w+ (1 -p)(w+ R)

(
emya) =w+p(l—c)w+pe(w+R)+ (1 —p)(w+ R) (14

cla,m)=(1—-p)(l-¢e)(w+R)+(1—peR+T7 (
cla,a) =p(l—e)w+peR+(1—p)(1 —¢e)(w+ R)+ (1 —peR+T (16

Figure 4 represents the game in normal form with equations (13-16) simplified
where appropriate.

Proposition 4 Under a collateralised intraday credit regime with a per period
opportunity cost of collateral w > 0, a settlement shock € > 0 and a two-part
tariff T > 0, the strategy profile (a, a) is efficient if 7 < (1+&—p)w—peR. (a,a)
and (m,m) are both efficient if T = (1 4+ ¢ — p)w — peR. (m,m) is an efficient
and Pareto-dominant strategy profile if T > (14 € — p)w — peR. The following
strategy profiles emerge as equilibria:

1. If 7 < w(l + e — pe), (a,a) is the unique Bayesian Nash equilibrium.
Furthermore, m is a strongly dominating strategy for each player;

2. If 7 = w(l+ e —pe), (mm) and (a,a) are Bayesian Nash equilibria.
Furthermore, the strategy profile (a,a) survives the elimination of weakly
dominated strategies;

3. Ifw(l4+e—pe) >7>w(l+e), (mm) and (a,a) are Bayesian Nash
equilibria;

4. If T =w(l+¢), (m,m) and (a,a) are Bayesian Nash equilibria. The strat-
egy profile (m,m) survives the elimination of weakly dominated strategies;

5. If 1 >w(l+¢), (m,m) is the unique Bayesian Nash equilbrium. Further-
more, m is a strongly dominating strategy for each player.
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Proof. It is easy to see that following inqualities hold true w(1—p+e)—peR <
w(l+e—pe) < w(l+e¢) (Figure 5). Let s,b,c € {m,a}. If 7 > (1—p+
g)w—peR, (m,m) is efficient and Pareto-dominant as c(m,m) < ¢(b,c) for any
(b,c) # (m,m). If T = (1 —p+¢e) — peR, both (m,m) and (a,a) are efficient as
c(s,8) < c(b,c) for any (b,c) for whichb# c. If T < (1 —p+¢e)w — peR, (a,a)
is efficient and Pareto-dominant because c(a,a) < c¢(b,c) for any (b, c) # (a,a).

1. Ift <w(l+e—pe), ¥ se{m,a} it holds true that c(a,s) < c(m,s) and
c(s,a) < c(s,m);

2. If T = w(l4e—pe), for bank i c(a,m) < c¢(m,m) and c(a,a) = c(m,a) and
for bank j c(m,a) < ¢(m,m) and c(a,a) = c(a,m). Thus, V s € {m,a} it
holds true that for bank i c(a, s) < c(m, s) and for bank j c(s,a) < c(s,m);

3. Ifw(l+e—pe) <71 <w(l+e), itis easy to see that for bank i c(a,a) <
c(m,a) and c(a,a) < c(a,m) and for bank j c(m,m) < c(m,a) and
c(m,m) < c(a,m);

4. If T =w(1+¢), it is easy to see that for bank i ¢(m,m) = c(a,m) and for
bank j c(m, m) = c¢(m,a). Furthermore, for bank i c(a,a) < c(m,a) and
for bank j c(a,a) < c(a,m). Thus, for bank i c(m,s) < c(a,s) and for
bank j c(s,m) < c(s,a);

5. If 1> (1+¢e)w, V s € {m,a} it holds true that for bank i c(m,s) < c(a, s)
and for bank j c(s,m) < c(s,a).

Figure 5 illustrates the proposition. It is evident that steering settlement
behaviour is a non-trivial undertaking if the opportunity cost of collateral is
variable. While the opportunity cost of collateral may be publicly observable,
at least on the basis of a market wide implicit intraday interest rate, other
variables may not be so. Both settlement risk and the payment shock may be
difficult to infer from payment data.

Ota (2011) concludes that a two-part tariff is able to reduce aggregate liquid-
ity cost if banks incur delay cost and differ in their cost of liquidity. However,
the conclusion is based on a model without payment uncertainty. We show
that if payment uncertainty and settlement risk are present, for an effective
calibration of the two-part tariff one must take into account the opportunity
cost of collateral, payment uncertainty and settlement risk. Thus, given a vari-
able opportunity cost of collateral, it is far from evident which two-part tariff
implements early settlement and improves welfare.

It is interesting to do comparative statics. An increase in p widens the
area of indeterminancy between point A and B by moving point A to the left.
However, it does not increase the necessary level of 7 to make early settlement
the unique equilibrium. An increase in € leaves the area of interderminancy the
same but increases the necessary level of 7 to make early settlement the unique
equilibrium. An increase in w widens the area of indeterminancy and increases
the necessary level of 7 to induce early settlement.
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Figure 5: Resulting equilibria in dependence of 7
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Figure 6: Intraday credit with a fixed cost and a two-part tariff
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4.2 A fixed opportunity cost

Under a fixed cost of intraday credits early as well as late settlement are Bayesian
Nash equilibria. We argued that banks choose the Pareto-dominant morning
equilibrium. While this may not suffice as an equilibrium selection argument,
the situation facilitates the elimination of the late settlement equilibrium. In
particular, the introduction of a two-part tariff allows to change early settlement
into a dominant strategy for both players.

The following cost functions result:

c(m,m) =Y+ (1 -p)R (17)
c(m,a) =¢Y+peR+ (1 —p)R (18)
cla,m)=v+(1—-p R+ (19)
cla,a) =Y +peR+(1—p)R+T1 (20)

Figure 6 represents the game in normal form with equations (17-20) simplified
where appropriate.

Proposition 5 Under a collateralised intraday credit regime with a daily fixed
opportunity cost of collateral 1 > 0, a settlement shock € > 0 and a two-part
tariff T > 0, (m,m) is the unique Bayesian Nash equilibrium. The strategy m
18 a strictly dominating strategy for each player.

Proof. It is easy to see that for bank i c(m,m) > c(a,m) and c(m,a) > c(a,a)
and for bank j c(m,m) > c¢(m,a) and c(a,m) > c(a,a). W
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Figure 7: Overdraft system with a two-part tariff
m 0 peR
0 T
T T
peR T

In contrast to a variable opportunity cost of collateral, with a fixed op-
portunity cost any level of 7 allows to eliminate late settlement or areas of
indeterminancy. In particular, the effect of the two-part tariff does not depend
on payment uncertainty, settlement risk and interest rates as any 7 > 0 makes
early settlement to be a strictly dominating strategy.

4.3 A prepledged overdraft facility

Again, with the exception that we add a positive fee 7 > 0 in case of late
settlement, the same cost functions result as for the case without a two-part
tariff:

c(m,m)=v+(1—p)R (21)
c(m,a) =¢Y+peR+ (1 —p)R (22)
cla,m)=¢v+(1—-pR+7 (23)
cla,a) =Y+ (1 —-p)R+7 (24)

Figure 7 represents the game in normal form with equations (21-24) simplified
where appropriate.

Proposition 6 Under a collateralised overdraft regime with a daily fized oppor-
tunity cost of collateral v > 0, a settlement shock ¢ > 0 and a two-part tariff
7> 0, (m,m) is the efficient and Pareto-dominant strategy pair. Depending on
T, the following strategy profiles emerge as equilibria:

1. if 7 > peR, (m,m) is the only Bayesian Nash equilibrium. The strategy
m is a strictly dominating strategy for each player.;

2. if 7 = peR, the strategy pairs (m,m) and (a, a) are Bayesian Nash equilib-
ria. The strategy pair (m, m) survives the elimination of weakly dominated
strategies;

3. if 7 < peR, the strategy profiles (m,m) and (a,a) are Bayesian Nash
equilibria.
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Proof. It is easy to see that c¢(m,m) < c(a,a), 2¢(m,m) < c(m,a) + c(a, m).
Furthermore, ¢(m, m) < ¢(m,a) and ¢(m,m) < ¢(a, m). Therefore, the strategy
profile is both efficient and Pareto-dominant.

1. If 7 > peR, it is easy to see that for bank i c¢(m,m) = c(a,m) and
¢(m,a) > c(a,a) and for bank j ¢(m,m) = ¢(m,a) and c(a,m) > c¢(a,a).
Furthermore, V s € {m, a} it holds true that for bank i ¢(m,s) > c(a, s)
and for bank j c¢(s,m) > c(s,a);

2. If 7 = peR, for all strategy pairs (s;,s;) for which s; # s; it holds true
that c(s;, s;) > ¢(m,m) and c(s;, sj) > c(a, a);

3. If 7 < peR, it is easy to see that for bank ¢ c(a,m) = c(a,a) and
c(a,a) > c(m,a) and for bank j c¢(m,a) = c(a,a) and c(m,a) > c(m, m).
Furthermore, for bank 4 c(a, s) > ¢(m, s) and for bank j ¢(m, s) > ¢(a, s)
hold true.

]

The introduction of a two-part tariff makes the strategy pair (m,m) the
efficient and Pareto-dominant equilibrium whatever value is chosen for 7 > 0.
Thus, for any 7 > 0, it is compelling to believe in (m,m) as the strategy pair
chosen. Thus, earlier settlement in a collateralised but free overdraft system
can be induced by establishing a two-part tariff. However, for 7 < peR, (a,a)
remains a Bayesian Nash equilibrium next to (m,m) and there is no assurance
that (m,m) is effectively chosen. In particular, given one tries to move from a
well-established late settlement to an early settlement equilibrium, stronger in-
centives may well have to be provided, i.e. 7 > peR. Again, the implementation
of a two-part tariff requires careful calibration.

5 Stylised facts

5.1 Comparing SIC and Fedwire funds

A comparison between SIC and Fedwire funds shows that settlement in SIC
takes place earlier than in Fedwire funds. This is consistent with the prediction
of Mills and Nesmith (2008) and this paper. An overdraft system with a vari-
able liquidity cost predicts late settlement for Fedwire funds while a model for
intraday credits with a fixed opportunity cost of collateral and a two-part tariff
predicts early settlement for SIC.

Bech, Martin and McAndrews (2011) provide an empricial analysis of the
timing of payments in Fedwire funds (see figure 8).!' As they extract all pay-
ments to and from settlement institutions such as CLS, we remove similar pay-
ments from SIC data (see figure 9). This allows to focus on the non-settlement

I Reprint of figure zy was kindly permitted by Bech, Martin and McAndrews (2011) (still
has to be asked for!!!!).

18



Figure 8: Deciles of Fedwire Value Time Distribution
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Sources: Federal Reserve Bank of New York. Authars' calculations.

institutions’ fund transfers that are subject to strategic decisions of the sending
party.12

We are able to compare the last 2 1/2 (5 1/2) hours of the Fedwire funds
settlement day with the last 2 1/4 (5 1/4) hours of the SIC settlement day.'* We
do so for the period from 2003 to mid 2007, i.e. the period after the introduction
of Continuous Linked Settlement and before the financial crisis starting 2007.
This period is unaffected by any responses to the financial crisis such as higher
intraday liquidity demand (such as in the case of SIC - see figure 10) or unusually
high overnight balances. However, the basic conclusion that SIC settles earlier
than Fedwire funds remains valid for the time until the first quarter 2012. Bech,
Martin and McAndrews (2011) show that around 50% of value is settled 2 1/2
hours before the system closes. Also, only 20% of the value is settled 5 1/2
hours before the system closes (see figure 5). Figure y shows that 2 1/4 hours
before SIC closes more than 90% of turnover is settled. Furthermore, 5 1/4
hours before end of day 50% of turnover is settled in SIC.

Even though institutionalised payments with fixed settlement times are re-
moved from the data analysed, many further issues may affect settlement be-
haviour. For instance, differring market structures could alter settlement be-
haviour (e.g. 8000 participants in Fedwire funds versus less than 400 in SIC).
Armantier et al. (2008) argue that insitutionalised payment times stemming
from CHIPS and DTC in particular serve as focal points for other payment
activities. Due to the financial crisis tri-party repo in the US has found special
attention. Armantier et al. (2008) find late settlement activity for this secured
interbank money market. As pointed out in Kraenzlin and Nellen (2010) the

121n the case of SIC, institutionalised payments stem from CLS, payments that originate
from securities and repo settlement or related services and several retail clearing houses. For
Fedwire funds payments stemming from CHIPS, CLS and Depository Trust Company (DTC)
are not considered.

13SNB’s data base on SIC knows hourly data points only. This does not allow to reproduce
the analysis for Fedwire funds based on deciles of value time distribution.
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Figure 9: Monthly percentages of the value settled by a specific time of the SIC
settlement day
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secured money market in Switzerland settles the repurchase transaction early
in the morning as delivery-versu-payment (DVP) transaction.!* However, these
institutionalised transactions are removed from the SIC data.

Mills and Nesmith (2008) mention that even though their model qualita-
tively explains the stylised facts concerning Fedwire, other factors such as late
arriving payments may also contribute to the settlement patterns observed. In-
deed, anecdotal evidence suggests that a substantial fraction of payments is
known ahead of the settlement day. Most relevant in terms of value are inter-
bank payments that originate from any form of interbank trading. Such trades
are usually concluded some days ahead of the settlement day. However, another
large fraction of payments originates on the settlement date itself. Such pay-
ments are related to customer payments and unsecured interbank money market
transactions. Indeed, Bartolini et al. (2008) find evidence that same day money
market transactions are subject to substantial strategic delay. There is also
evidence for SIC that strategic delay is an issue. As reported in Nellen (2010),
the experience with the introduction of a two-part tariff for SIC in April 1988
and its more progressive application from 1989 on is that - in terms of the
number of payments, many more payments were released earlier than before as
early release and settlement incurs lower fees. However, in terms of the value
of transactions released and settled, a remarkable move towards later release
and settlement can be noticed from 1990 onwards. Relating these facts makes
clear that substantial payment management takes place in internal queues and
is, thus, subject to strategic delay.

To summarise, for both categories of payments - those that are known ahead
and those that are generated on the same day - strategic interaction is known

MEarly settlement of repos in Switzerland is consistent with the prediction of early settle-
ment timing for DVP transaction in Mills and Nesmith (2008). Early settlement would also
result as equilibrium outcome for DVP transactions in systems with collateralised intraday
liquidity facilities.
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to be an issue. While the exact extent is hard to quantify, the phenomenon of
strategic delay in payment systems is real. The period of quantitative easing
starting end of 2008 has provided further evidence of strategic delay for both
types of systems (see figures 8 and 9 show drastic reductions in delay due to
bascially free and unlimitled supply of overnight reserve balances). Since differ-
ences in the timing of payments are substantial and settlement figures compared
reflect payments that are not institutionalised, we believe that the difference in
settlement timing stems from the fundamental factors.

5.2 Collateralisation policy and intraday credit demand

In 2005, collateralisation of intraday credit changed because the SNB introduced
the liquidity-shortage financing facility (LSFF). This new facility replaced the
former Lombard credit facility. Both facilities’ objective is to allow banks to
insure against potential liquidity shortages by means of a liquidity facility that
is priced 50 bp above the market’s secured overnight interest rate.'® Also,
both facilities require banks to define a credit limit and to preplege the limit
determined with collateral of the same value on a yearly basis. The Lombard
facility was phased out by the end of 2005. From 2006 on, the only facility to
insure against liquidity shortages is the LSFF.

The SNB provides free but collateralised intraday liquidity by means of re-
pos. Thus, intraday repos are conducted against collateral eligible for repo
transactions with the SNB. While collateral prepledged for the Lombard facil-
ity was not made available to draw intraday credits, collateral prepledged for
the LSFF is available to draw intraday credits. Thus, the period before 2005
is associated with a variable opportunity cost of collateral because collateral of
intraday credits that were repaid can be reused. In contrast, collateral that is
permanently pledged for the LSFF is blocked and results in a fixed opportunity
cost of collateral.

To assess potential effects of the change from the Lombard facility to the
LSFF, we can draw on proposition 4 and proposition 5. We associate two
potential effects with such a policy change. Settlement behaviour and intraday
liquidity demand may change. Proposition 5 predicts early settlement for a
fixed cost. Proposition 4 predicts early or late equilibrium depending on the
chosen two-part tariff. If 7 < w(1 4+ & — p) the model predicts (a,a), if 7 >
w(1 + ) the model predicts (m,m). Therefore, to assess whether a change can
be expected, we need to evaluate the steepness of the two-part tariff. Let us
simply consider whether 7 < w by a considerable margin. Given this is the case,
we can be confident that late settlement results with a variable opportunity cost
of collateral.

We can do so on the basis of an hourly implicit intraday interest rate of
repo transactions that mirrors the opportunity cost of collateral. Nellen and
Krénzlin (2010) estimate the annualised implicit hourly intraday interest rate
to be 0.45bp from the Swiss franc repo market before the financial crisis 2007.

151n the course of the financial crisis the penalty rate was reduced from 200bp to 50bp.
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Figure 10: Monthly averages of intraday credits drawn (I) and established limits
for the liquidity-shortage financing facility (LSFF) in CHF billions
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To be indifferent between sending a payment of CHF 4.58 Mio!® now or to
await incoming funds (assuming the bank receives a payment during the coming
hour), the two-part tariff has to be increasing with an hourly rate of CHF 0.57.
Currently, the effective beginning of day fee is CHF 0 whereas the end of day
fee is CHF 2 from 2pm on.'” However, starting at CHF 0, the end of day fee
has to be CHF 13.60 for a 23 hours settlement day to make banks indifferent
between sending the payment nor or awaiting incoming funds. Even if we just
consider the 9 opening hours of the repo market, the fee has to raise to CHF
4.60 until the end of the day. As both estimates are far above CHF 2, we infer
7 < w(l + & — p). Thus, the current two-part tariff does not support early
settlement for many large-value payments if the opportunity cost of collateral
is variable. This view is validated by the move towards earlier settlement after
2009 when overnight interest rates reached the zero lower bound and reserve
balances reached unpreceded levels (see figure 9).

First, in line with the theory and this observation we predict that the equi-
librium to change from (a, a) to (m,m) with the move from the Lombard credit
facility to the LSFF. However, inspection of figure 9 clearly reveals that no
change in settlement behaviour took place around 2006.

Second, the move from (a, a) to (m,m) is expected to go along with a change
in the demand for intraday credit. We assign a value of 1$ for an intraday
credit drawn over a period, i.e. we assign a value of 2§ for an intraday credit
drawn during two periods. With a variable cost, bank ¢ draws an intraday
credit in period 1 with probability (1 — &) (remember that we presume bank
1 to receive a payment instruction for sure). With probability p, bank j also
receives a payment instruction. With probability (1 — ¢), bank ¢ receives the
payment and draws an intraday credit while with probability e, it delays the

16 This is the average payment value for payments exceeding CHF 100’000 in 2006.
17"The SIC day starts at 5pm (the day before the value date) and ends at 4.15pm.
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payment until period 2. With probability (1—p), only bank ¢ receives a payment
instruction. Again, with probability (1 —¢), it draws and intraday credit while
with probability € it delays the payment until period 2 and directly draws an
overnight credit. Thus, the expected intraday volume equals 1 — €.

With a fixed opportunity cost the probability is p that both banks receive a
payment instruction and prefund their payments. Then payments are offset in
period 0 and banks do not need to draw further intraday credits. The probability
is (1—p) that bank j does not receive a payment instruction. Bank ¢ cannot pay
back the intraday credit drawn at the end of period 0 and prolongs it to period
2. Whether settlement risk materialises does not play a role as bank ¢ will have
to pay back the intraday credit at the end of period 1 and needs to draw an
overnight credit. Thus, the expected demand for intraday credit is 1 4 (1 — p).
Thus, with a fixed opportunity cost of collateral the demand for intraday credit
is larger than under variable opportunity cost of collateral (2 —p > 1 —¢).

Intraday credit demand can change in two possible ways. First, the over-
all demand measured as total intraday credit drawings over the day changes.
Second, total drawings of intraday credits can be drawn for a shorter or longer
period of time, i.e. outstanding intraday credits can be drawn earlier and be
repaid later. None of these effects were observed after the change in collaterali-
sation policy.

Figure 10 shows the maximum value of intraday credits outstanding and
the established limit for the LSFF since 2005'%, when the new facility was
introduced. The demand of intraday credits has steadily increased since 2003.
However, as reported in Kraenzlin and Nellen (2012), this is primarily related
to the increasing number of SIC participants. Only after the second half of 2007
a pronounced increased can be seen. However, this increase is related to the
financial crisis starting in the second half of 2007. Another astonishing fact is
that banks in drawing intraday credits have never exploited their established
limits by a considerable margin. If their demand were not satiated, banks could
exploit limits without incurring any substantial extra costs.

Figure 11 shows a value-weighted daily duration of intraday credit drawings
as an avarage number of hours intraday credits are drawn. Again, we cannot
observe a change in the demand for intraday credits.

We infer from this that banks perceived the opportunity cost of collateral to
be fixed both before and after the introduction of the LSFF and settled early
as a consquence. This provides evidence for the presumption stipulated by Ball
et al. (2011). If banks can use collateral that belongs to their Basle II liquidity
buffers, double duty allows them to draw intraday credits essentially for free.
This is indeed the case for Switzerland. Both before and after the switch to the
LSFF collateral used to back up intraday credits has been taken into account
as Basle 1II eligible liquidity buffers.!®. Thus, collateralisation policy crucially

18The heavy increase in the sum of LSFF limits from 2006 on is related to a Swiss finish of
Basle II liquidity regulations for larger banks in Switzerland.

19Gee http://www.snb.ch/en/emi/liqq for a list of collateral elligible as liquidity buffers.
See http://www.snb.ch/en/iabout/stat/statpub/bchpub/stats/bankench for statistical evi-
dence on the liquidity regulation. The list of eligilbe collateral for intraday repos is found
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Figure 11: Value-weighted daily duration of intraday credit drawings in hours
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determines the opportunity cost of collateral and resulting settlement behaviour.

6 Conclusions

We analyse the intraday liquidity management game assuming settlement risk
to be the driving force of strategic interaction. While Mills and Nesmith (2008)
analyse a system with priced but uncollateralised overdrafts, we focus on settle-
ment behaviour in RTGS systems with free but collateralised intraday liquidity.
Settlement behaviour in such systems is shown to depend on the collateralisa-
tion policy. Because the policy influences the cost of intraday liquidity, it shows
corresponding effects on settlement behaviour. Moreover, we find the effective-
ness of a two-part tariff to depend on the collateralisation policy. In addition to
intraday credit facilities with a variable or a fixed cost of intraday liquidity, we
analyse the effect on settlement behaviour of the new facility introduced by the
Federal Reserve System, namely free but collateralised overdrafts. Findings are
validated by contrasting model predictions with stylised facts that result from a
comparison between the settlement timing in Fedwire funds and SIC and from
a change in the collateralisation policy of the SNB.

A variable opportunity cost of intraday credits results in late settlement.
The two-part tariff may be able to induce early settlementbe but is difficult to
implement. To induce early settlement the tariff has to consider appropriately
the intraday and overnight cost of liquidity, payment uncertainty and settlement
risk. One might consider whether a through-put rule is more appropriate for
this setup. A fixed cost for intraday credit results in all strategy pairs to be
equilibria. Even though early settlement is Pareto-efficient, early settlement is
just one equilibrium. However, as all strategy pairs are equilibria, a small but
strictly positive two-part tariff can easily establish early settlement as the unique

on http://www.snb.ch/en/ifor/finmkt/operat/snbgc/id/finmkt repos baskets.
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equilibrium. Thus, the two-part tariff is an effective instrument to coordinate
payment strategies and implement early settlement for a fixed opportunity cost
of collateral. A collateralised overdraft facility also results in late settlement.
Even though a two-part tariff is able to induce early settlement, careful calibra-
tion is required too to avoid multiplicity of equilibria.

Model predictions are validated by a comparison between Fedwire funds and
SIC. Furthermore, both regulatory practice and stylised facts from a change
in the collateralisation policy of the SNB support the view that a permanent
prepledging requirement is a sufficient but not a necessary condition to result
in a fixed opportunity cost of collateral. As Ball et al. (2011) point out, it may
suffice for banks to be able to use assets as collateral for intraday credits that
at the same time serve as liquidity buffers required by regulation - a practice
often referred to as double duty.

The analysis suggests different policy conclusions. First, the Basle Commitee
on Banking Supervision (BCBS) is currently reviewing how to regulate intraday
liquidity risk under Basel I11.2° Ball et al. (2011) understand double duty on
exisiting liquidity buffers under Basel II to be the reason for the relatively better
performance of payment systems with collateralised intraday credit facilities.
However, if a new intraday liquidity regulation changes the cost of intraday
liquidity from a fixed one to a variable one, it may affect settlement performance
of major payment systems. In particular, if the opportunity cost of collateral
becomes variable due to new regulations, coordination on early settlement might
become more difficult. Therefore, as Ball et al. (2011) suggest, RTGS systems
might have to provide additional incentives to preserve early settlement. While
their focus is on liquidity-saving mechanisms, we point out that a prepledging
requirement for collateralised overdrafts can make the intraday liquidity cost
sunk.

Second, Ota (2011) suggests a two-part tariff to be more efficient in com-
parison to through-put rules given an environment with a delay cost, payment
certainty and heterogeneity with regard to participants’ liquidity cost. While
Ota (2011) highlights that his findings may not survive payment uncertainty,
we analyse a liquidity management game without a cost of delay but assume
settlement risk and payment uncertainty. We find payment coordination with a
two-part tariff to be non-trivial unless the cost of intraday credit is fixed. Fixed
or sunk costs are strategically irrelevant, leaving all strategy pairs as equilbria.
Thus, a small but strictly positive two-part tariff is sufficient to induce early
settlement. We find the calibration of the two-part tariff to be challenging
for systems with a variable cost of intraday credit. Next to the cost of both
intraday and overnight liquidity, the central bank would have to consider the
extent of payment uncertainty and settlement risk to induce early settlement.
Thus, we point out that the calibration of the two-part tariff is difficult and
that a through-put rule to implement early settlement should be evaluated, in
particular for system with intraday credits and a variable cost.

Third, one may think of collateralised overdraft as an instrument to overcome

20See BCBS (2010).
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late settlement. The model predicts that a complete change from a system
with a priced but uncollateralised daylight overdraft facility to a system with
a free but collateralised daylight overdraft facility does not eliminate incentives
to strategically delay payments. Thus, if the Federal Reserve System’s new
collateralised overdraft facility - next to the reduction of credit risk - is aimed
to reduce settlement delay, additional instruments are necessary to induce early
settlement. This puts the focus on a two-part tariff or a through-put rule. While
early settlement Pareto-dominates other strategy pairs for any steepness of the
two-part tariff, early settlement to be the unique equilibrium requires the two-
part tariff to be above some threshold determined by the overnight interest rate,
payment uncertainty and settlement risk.

Therefore, in line with Ota (2011) and this paper, the two-part tariff is ef-
fective and easy to implement for systems with an intraday credit facility that
exhibits a fixed opportunity cost of collateral such as SIC. However, for systems
with a variable cost of intraday credits a two-part tariff may not be recom-
mendable as a wrongly calibrated tariff may destroy settlement coordination.
To a somewhat lesser degree this holds true for systems that offer a collater-
alised overdraft facility. However, having reached the zero lower bound in many
economies, this could be the perfect moment to introduce a two-part tariff.

While the choice of instrument to coordinate settlement early seems to be
appropriate for SIC, Ota (2011) raises doubts on whether the calibration of the
two-part tariff is appropriate. As outlined in Heller, Nellen and Sturm (2000),
one has to consider that SIC serves both as a retail and a large-value payment
system. This may call for further research, particularly if one considers Vital
(1990) as well as Rochet and Tirole (1996). Rather than to understand the
two-part tariff as an instrument to induce early settlement, they understand it
as a device to sequence payments efficiently. This is in line with the observation
by Nellen (2010) that SIC participants have released and settled small-value
payments earlier and large-value payments later after the two-part tariff was
introduced in April 1988. As discussed in this paper, the steepness of the two-
part tariff indicates that it was not primarily aimed to provide incentives for
the early settlement of large-value payments.
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8 Appendix

8.1 Cost functions for Propositions 1 and 3

Equation (1/13) evaluates bank i’s cost if both banks play morning and bank
j sends its payment in the morning. The probability is p that bank j receives
a payment instruction. Altough payments are offset, both banks incur the op-
portunity cost for drawing intraday credits because collateral has to be pledged
ahead of sending payments. The morning cost only depends on bank i’s action.
The probability is (1 — p) that bank j does not receive a payment instruction.
Therefore, bank ¢ ends up with an intraday credit - it concludes both its morning
and afternoon period with an intraday credit - and must borrow in the overnight
market to cover it. Therefore, in addition to the intraday credit for the morning
it bears the opportunity cost for the afternoon and the interest rate for the
overnight loan.

Equation (2/14) pertains to bank 4’s cost if it sends a payment in the morn-
ing and bank j sends its payment in the afternoon. The probability is p that
bank j receives a payment instruction. Bank ¢ sends its payment and bears the
opportunity cost for the morning. In the afternoon, bank j sends its payment.
The probability is (1—¢) that the payment is received by bank ¢ and it can repay
the intraday credit without having to draw an overnight loan. However, the in-
traday credit has to be prolonged from period 0 to period 1 causing opportunity
cost w. The probability is € that a settlement shock occurs. In this case, bank ¢
must also prolong the intraday credit and incurs the associated opportunity cost
for another period. Furthermore, it ends ends up with an intraday credit at the
end of period 1 and, therefore, must borrow in the overnight market to bring
the account balance back to zero. Finally, the probability is (1 — p) that bank
j does not receive a payment instruction. As before, bank ¢’s cost of settlement
is the sum of the opportunity cost of collateral and the overnight interest rate.

Equation (3/15) shows bank ¢’s cost if it sends a payment in the afternoon
while bank j sends its payment in the morning. The probability is p that bank
J receives a payment instruction. Bank ¢’s account balance will increase to 1.
Bank 4 will then send its payment in the afternoon. Regardless of whether there
is a settlement shock, bank ¢ does not face a settlement cost as it enters the
afternoon with a positive account balance. Bank ¢ does neither have to borrow
an intraday credit nor does it have to borrow in the overnight market. The
probability is (1 — p) that bank j does not receive an instruction. Bank 4 sends
its payment in the afternoon. The probability is (1 — ) that the payment will
go through. In this case, bank i’s cost is w + R because the payment requires
an afternoon intraday credit and a loan from the overnight market to repay the
intraday credit at the end of period 1. The probability is € that a settlement
shock occurs. In this case bank i does not draw an intraday credit and delays
its payment to period 2. However, in period 2 it will have to draw an overnight
loan in order to process the payment. Thus, bank ¢ faces the cost of an overnight
loan R in case a settlement shock occurs.

Equation (4/16) evaluates bank i’s cost if both banks send payments in the
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afternoon. The probability is p that bank j receives a payment instruction. The
probability is (1 — €) that there is no settlement shock. Then both payments
will offset each other. However, banks incur the opportunity cost of collateral
w. The probability is ¢ that a settlement shock occurs. Because information
regarding the shock is public, both banks delay their payments until period 2
to avoid the cost of drawing intraday credits. Even though payments would
offset each other such that no overnight loans have to be made, banks have to
prefund settlement. Therefore, banks incur the cost of an overnight loan. The
probability is (1 — p) that bank j does not receive a payment instruction and
bank 4’s cost is determined in the same manner as for equation (11).

8.2 Cost functions for Propositions 2 and 4

Equation (5/17) evaluates bank #’s cost if both banks play morning. The proba-
bility is p that bank j receives a payment instruction. Since there is no possibility
of a settlement shock taking place and payments offset each other, an overnight
loan is not required. The probability is (1 — p) that bank j does not receive a
payment instruction. Bank ¢ ends up with an intraday credit drawn at the end
of period 1 and must borrow in the overnight market to cover it. Therefore, in
addition to the fixed opportunity cost 1, bank ¢ incurs the cost of an overnight
loan.

Equation (6/18) pertains to bank i’s cost if it sends a payment in the morning
and bank j sends it in the afternoon. The probability is p that bank j receives
a payment instruction. Bank ¢ sends its payment in the morning and for that
purpose will draw an intraday credit. In the afternoon, bank j sends its payment.
The probability is (1—¢) that the payment is received by bank ¢ and the intraday
credit can be repaid. Bank 7 is able to avoid an overnight loan. The probability
is € that a settlement shock occurs. In this case, bank ¢ ends period 1 with an
open intraday credit and must borrow in the overnight market to pay back the
intraday credit. Finally, the probability is (1 —p) that bank j does not receive a
payment instruction and bank ¢’s cost is the opportunity cost plus the overnight
interest rate.

Equation (7/19) analyses bank i’s cost if it sends a payment in the afternoon
while bank j sends its payment in the morning. The probability is p that
bank j receives a payment instruction. Bank i’s account balance increases to 1.
Bank ¢ then sends its payment in the afternoon. Regardless of whether there
is a settlement shock, bank ¢ does not incur any costs because it enters the
afternoon with a positive account balance of 1. Either the payment goes out in
the afternoon or it goes out in period 2. In any case, bank i does neither have
to draw an intraday nor an overnight loan. The probability is (1 — p) that bank
j does not receive a payment instruction. In any case, bank 7 sends its payment
in the afternoon and bank ¢ needs an overnight loan to pay back the intraday
credit.

Equation (8/20) evaluates bank #’s cost if both banks send payments in the
afternoon. The probability is p that bank j receives a payment instruction.
The probability is (1 — €) that the payment is received by bank . Thus, both
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banks settle their payments in the afternoon and pay back their intraday credit
without having to draw an overnight loan. The probability is € that a settlement
shock occurs. Thus, both banks send payments in period 2 and, therefore, both
banks have to draw an overnight loan. The probability is (1 — p) that bank j
does not receive a payment instruction, and bank ¢’s cost is determined by the
need to draw an overnight loan to pay back the intraday credit.

8.3 Cost functions for Propositions 3 and 6

Equation (9/21) evaluates bank ¢’s cost if both banks play morning. The proba-
bility is p that bank j receives a payment instruction. Since there is no possibility
of a settlement shock taking place, payments offset each other and there is no
overdraft at the end of the morning period. The probability is (1 —p) that bank
j does not receive a payment instruction. Bank ¢ ends up with an overdraft
at the end of period 1 and must borrow in the overnight market to cover it.
Therefore, in addition to the fixed opportunity cost 1) bank ¢ incurs the cost of
an overnight loan.

Equation (10/22) pertains to bank #’s cost if it sends a payment in the
morning and bank j sends it in the afternoon. The probability is p that bank j
receives a payment instruction. Bank ¢ sends its payment in the morning and,
thus, incurs an overdraft. In the afternoon, bank j sends its payment. The
probability is (1 — €) that the payment is received by bank ¢ and the overdraft
is eliminated. The probability is € that a settlement shock occurs. In this case,
bank 7 ends period 1 with an overdraft and must borrow in the overnight market
to set the account back to zero. Finally, the probability is (1 — p) that bank j
does not receive a payment instruction and bank ¢’s cost is the opportunity cost
plus the overnight interest rate.

Equation (11/23) analyses bank 4’s cost if it sends a payment in the afternoon
while bank j sends its payment in the morning. The probability is p that bank
J receives a payment instruction. Bank ¢’s account balance increases to 1. Bank
i then sends its payment in the afternoon. Regardless of whether there is a
settlement shock, bank ¢ does not need additional liquidity because it enters the
afternoon with a positive account balance. Either the payment goes out in the
afternoon or it goes out in period 2. The probability is (1 — p) that bank j does
not receive a payment instruction. Bank ¢ sends its payment in the afternoon
and needs an overnight loan to set the account balance back to zero at the end
of period lor period 2.

Equation (12/24) evaluates bank 4’s cost if both banks send payments in the
afternoon. The probability is p that bank j receives a payment instruction. If
there is no settlement shock both banks settle their payments in the afternoon
and payments offset so that no bank has to draw an overnight loan. If there is a
settlement shock both banks send payments in period 2. Again, payments offset
each other. The probability is (1 — p) that bank j does not receive a payment
instruction. Therefore, bank i needs an overnight loan to set the account balance
back to zero.

30



