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Abstract

We analyze the impact of the recent financial market crisis on the Euro Overnight Index
Average (EONIA) and interbank market trading and assess the effectiveness of the ECB
liquidity policy between 07/2007 - 08/2008. We extend the model of [QMO06] by (i) incor-
porating the microstructure of the EONIA market including the ECB fine-tuning operation
on the last day of the maintenance period (MP) and banks’ daily excess liquidity, (ii) giv-
ing insight into banks’ trading behavior characterized by an endogenous regime-switch and
suggesting an efficient procedure to simulate the entire MP, and (iii) proposing a model for
market distortion due to lending constraints which lead to a bid-ask spread for the EO-
NIA rate. The model is calibrated by simulation fitting daily EONIA rates and aggregate
liquidity measures observed between March 2004 and September 2008. Besides lending con-
straints we consider market segmentation and aggregate liquidity shocks as possible market
distortions in the crisis period. For a calibration cross-check and for estimating the timing
of the endogenous regime-switch we use panel data covering liquidity data of 82 Euro Area
commercial banks for the period 03/2003 - 07/2007. With the calibrated model the ECB
policy of liquidity frontloading is evaluated and compared with a reserve band system policy

similar to the Bank of England’s framework. We find that liquidity frontloading is a small
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scale central bank intervention which is capable of stabilizing interest rates in both friction-
less and distorted markets. Simulations suggest that without frontloading the EONTA would
have been, on average, 23 basis points above the policy rate (target); with frontloading, the

overnight rate is, on average, on target.
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1 Introduction

The main goal of this paper is to develop a theoretical framework to analyze the impact of the
financial market crisis on the euro overnight interbank market, and assess the effectiveness of
the liquidity policy followed by the European Central Bank (ECB) during the August 2007 -
September 2008 period.

Whilst the unsecured euro interbank money market for maturities above one-week was
severely disrupted by the financial market turmoil since its beginning, with vanishing volumes
and large spreads over secured sources of funding (e.g. the repo market), the unsecured overnight
interbank market saw an increase in transactions volumes, relatively low spreads and volatility
in the overnight interest rate (EONIA)!. Therefore, it is unclear whether market frictions were
pervasive (and if this was the case of what type) in the euro interbank market during turmoil.

The liquidity policy followed by the ECB during the August 2007 - September 2008 period,
labeled frontloading, consisted of shifting the timing of the supply of refinancing, within the
reserve maintenance period, rather than changing the overall (average) size of funds available to
the banking system. Thus, it is somewhat puzzling how the ECB managed to steer the overnight
interest rate so close to the policy rate under turmoil (at an average zero spread) given the very
limited costs in terms of increased overnight interest rate volatility and frequency of fine-tuning
operations. At that time, some commentators referred to the policy as “flooding the market
with liquidity”, which is a misinterpretation of frontloading. This paper attempts to shed light
on the question of how frontloading works.

Our theoretical framework is based on the seminal work of Quirés and Mendizdbal (2006)
(herein [QMO6]). In their framework banks are assumed to receive a liquidity shock at the end of
the day after the market for daily funds has closed (see [Poo68]). Facing this uncertainty about
end-of-day liquidity shocks, banks manage their reserves by trading on the interbank market so
that the costs of borrowing (lending) liquidity shortages (surpluses) to the ECB are minimized.

In the first part of the paper we extend [QMO6] in several dimensions. Firstly, we generalize
the [QMO06] model by casting it into a regime-switching model in which banks change liquidity
management from a backward-looking liquidity shock correction mode into a forward-looking
reserve management regime; in the model, banks follow the former mode in the early stages
of the reserve maintenance period (RMP) and switch to the latter mode towards its end, the

timing of the switch being endogenously determined. With this adjustment we are not forced

'EONIA is a quantity weighted average of the interest rate charged on overnight loans by a panel of Euro area
banks.



to limit our simulations to the 3 last trading days as in [GQMOS] to tackle the problem of curse
of dimensionality but we are able to simulate the entire maintenance period of approximately
28 days.

Secondly, we explicitly incorporate the microstructure of the EONIA interbank market in our
analysis. We model (i) the ECB policy of fine-tuning operations (i.e. provision or absorbtion of
liquidity to mitigate liquidity imbalances) on the last day of the RMP, (ii) daily excess reserves
held by banks as observed in aggregate liquidity data and (iii) week-end effect which seems to
be rather influential during the financial turmoil and cause the EONIA to be U-shaped during
the last week of the RMP. Consequently, we are able to explain and reproduce the empirically
observed level and shape of the EONTA rates in the last week of the maintenance period.

Thirdly, in order to analyse the impact of the financial crisis on the euro interbank market
we consider three types of market distortions: 1) credit rationing, 2) market segmentation
as implemented in [GQMO8|, and 3) aggregate (negative) liquidity shocks. The assumptions
underlying our model of credit rationing are motivated by the observation of increased banks’
overnight lending to the ECB. We assume that banks prefer the ECB as counter-party and only
partly lend to the interbank market. Thereby we show that banks’ lending constraints lead to
a bid-ask spread for the interbank market rate.

In the second part of the paper we calibrate the theoretical model and conduct simulation
exercises in order to evaluate the impact of the liquidity policies of the ECB. The model is
calibrated by a systematic search for a combination of parameters that minimize the Euclidian
distance of simulated versus realised values of the interest rate and liquidity aggregates. The
simulations are carried out along the lines suggested in Gaspar, Quirés and Mendizébal (2008)
(herein [GQMO8]) and are conditional on aggregate liquidity data observed between March 2004
and September 2008. For cross-checking the calibration of the idiosyncratic liquidity shock
volatility and for estimating the timing of the regime-switch we use GMM methods and sur-
vival analysis, respectively, using individual bank’s liquidity data collected for 82 Furo Area
commercial banks covering the period March 2003 - July 2007.

The main conclusions from calibration are as follows: 1) market segmentation and lending
constraints were not a significant feature of the Euro inter-bank overnight market before the
crisis; 2) increasing liquidity volatility (idiosyncratic or aggregate) is neither necessary nor suf-
ficient to generate the kind of market developments that were observed during the crisis; 3) to
replicate the trading patterns observed during turmoil one needs a combination of increasing

market segmentation and credit limits (rationing).



With the calibrated model, the ECB’s liquidity frontloading policy is evaluated and compared
with a reserve band system policy similar to the Bank of England’s framework (which we model
following MacGorian (2005 a, b) [Mac05b] and [Mac05a]). Simulations suggest that without
frontloading the overnight interest rate would have been, on average, 23 basis points above
the policy rate (target); with frontloading and a fine-tuning operation on the last day of the
maintenance period, the overnight rate is, on average, on target. Comparing the fine-tuning
policy of the ECB to a reserve band system similar to the framework of the Bank of England we
find that in case of liquidity frontloading both systems are equally able to anchor the overnight
rate on the last day of the maintenance period where the latter seems to improve over the former
in terms of higher average interbank market trading, lower transaction costs and lower EONIA
standard deviation. However, if we assume that liquidity imbalances are not mitigated by
frontloading in the early stage of the maintenance period, compared to the fine-tuning operation
system, the reserve band system is less effective in steering interest rates towards the policy target
rate.

There is a caveat in our analysis that should be borne in mind. With its liquidity policy the
central bank fosters market activity and steers the overnight interest rate; however, the source of
market distortions, captured in the model by market segmentation and lending constraints, is not
addressed / impacted by the policy (i.e. are kept as exogenous parameters in the simulations).
This can be justified only if those distortions have their roots in solvency, rather than liquidity
problems.

The remainder of the paper is structured as follows. Section 2 reviews the main features of the
operational framework of the Furosystem and presents stylized facts about liquidity management
by banks in the euro area, the euro overnight interbank market and the open market operations
of the ECB, before and after August 2007. The empirical evidence provides the motivation for
our theoretical framework. Section 3 reviews the [QMO06] model and introduces the notation. In
Section 4 we present the regime-switching model. In Section 5 we adapt the model of [QMO6]
to incorporate banks’ demand for excess reserves and the ECB’s fine-tuning operation on the
last day of the maintenance period. In Section 6 we discuss aggregate liquidity shocks and
introduce lending constraints in the model. The principles of frontloading are discussed in
Section 7. Model calibration is presented in Section 8 including the estimation of the timing of the
regime switch and the distribution of individual bank’s liquidity shocks; we discuss alternative
scenarios based on simulating different combinations of liquidity shocks, lending constraints and

market segmentation both for the pre-crisis and crisis periods and compare the simulation results



with observed aggregate values. In Section 9 we simulate and evaluate different open market
operations policies and different degrees of frontloading. The main conclusions are presented in

Section 10.

2 Operational Framework and Stylised facts

2.1 Main features of the operational framework

The operational framework of the Eurosystem contains three main elements: minimum reserve
requirements with averaging provision, standing facilities, and open market operations. Below
we briefly describe each of these components.

Reserve requirements contribute to stabilizing money market interest rates. Euro area banks
have to keep minimum reserves (ie current accounts) with National Central Banks (NCB). Re-
serves must be kept on average over a maintenance period which has approximately one month
duration. Required reserves are remunerated - linked to the marginal rate of the Main Refinanc-
ing Operations (MROs). Current account holdings beyond the minimum requirement are not

remunerated (excess reserves).

Additionally, there are two types of standing facilities, one providing liquidity (against col-
lateral), which is the marginal lending facility and another, absorbing liquidity, which is the
deposit facility. Both are overnight facilities taken at the discretion of the banks, and, in gen-
eral, there are no limits set by the ECB to their recourses by banks. Standing facilities have
penalty rates: marginal lending +100 basis points above the Minimum Bid Rate (MBR, policy
rate) and deposit facility -100 basis points below the MBR. These two rates set a corridor for
the interbank market overnight interest rate.

There are three main types of open market operations:

1. The Main Refinancing Operations (MROs) are liquidity providing reverse transactions,

with one-week maturity, conducted every week.

2. The Longer Term Refinancing Operations (LTROs) are liquidity providing reverse trans-

actions, with three-month maturity, conducted once a month.?

3. Fine Tuning Operations (FTOs) provide or absorb liquidity. They have neither fixed

?During the crisis the ECB introduced other term refinancing operations: Supplementary Longer Term Refi-
nancing Operations (SLTRO) with 3-month, 6-month and 12-month maturities; and a Special Term Refinancing
Operation (Maintenance Period Operation - MPO) with maturity equal to the length of the reserve maintenance
period, with allotment and settlement on its first day.



frequency nor maturity. Since 2005 the ECB conducts (almost) systematically an FTO on

the last day of each reserve maintenance period.

2.2 Stylized Facts

This section presents stylised facts about banks’ liquidity management in the euro area, the euro
overnight interbank market and the open market operations of the ECB, before and after August
2007.2 The aim of the section is to provide empirical motivation for the theoretical framework
and the extensions to the [QMO06] model that will be introduced in the following sections.

Our sample of daily aggregate data includes both tranquil and turbulent times. The begin-
ning of the pre-crisis sample is March 2004, which coincides with the introduction of several
changes to the operational framework of the Eurosystem. One change relevant for the modelling
framework is the execution of fine-tuning operations on the last day of the maintenance period,
i.e. the provision or absorbtion of liquidity to mitigate liquidity imbalances. While the frame-
work for FTOs was setup in March 2004, these operations have been carried out with higher
frequency since February 2005 (see [ECB06]). To the extent that fine-tuning operations are
anticipated by market participants the overnight interest rate is expected to settle close to the
key policy rate* on the last day of the reserve maintenance period. However, demand for excess
reserves by (some) banks introduces an asymmetry in the fine-tuning operation which makes its
implementation complicated. The following sections will deal with this difficulty.

The crisis period in our sample starts on 9 August 2007, when the French bank BNP Paribas
closed three investment funds with exposure to US sub-prime loans. The sample ends on 15
September 2008, when the investment bank Lehman Brothers collapsed and the ECB switched
to fixed rate tenders with full allotment. The analysis of the second “wave” of financial market
turbulence is outside the scope of the present paper. The pre-crisis (crisis) period covers 33 (14)

maintenance periods.

Open market operations During the crisis period the ECB followed a frontloading lig-
uidity policy, i.e. additional liquidity was provided via allotments above benchmark® during the
early stage of the reserve maintenance period with the surplus gradually reduced throughout
the reserve maintenance period, either through allotments below benchmark or via liquidity

draining fine-tuning operations.

3Further information on the operational framework of the Eurosystem is presented in the Appendix.

“The key policy rate of the ECB is the minimum bid rate in the weekly Main Refinancing Operations.

SBenchmark allotment is defined as the amount of refinancing that allows banks to fulfil their reserve require-
ments smoothly (linearly) over the reserve maintenance period.



Figure 5 plots the average outstanding volumes of refinancing operations over the last 28 days
of the reserve maintenance period, normalised by the minimum reserve requirement, and the
empirical distribution of fine-tuning operation volumes on the last day of the reserve maintenance
period. In the pre-crisis period the provision of liquidity via MROs and LTROs was stable
throughout the reserve maintenance period; the outstanding refinancing via MROs was higher
than the outstanding longer term refinancing via LTROs (see Figure 5a, b). There were no
FTOs except on the last day of the maintenance period (see Figure 5¢); on the last day of
the maintenance period FTO volumes were very small and showed a symmetrical distribution
centered around zero (see Figure 5d). In total there were 11 liquidity providing FTOs and 14
liquidity absorbing FTOs.

In the crisis period liquidity frontloading was implemented by high and decreasing tender
amounts at the MROs. At the same time, and in contrast to the pre-crisis period, the share
of liquidity provision via MROs became lower than the share of liquidity provision via LTROs;
there was a shift towards longer-term refinancing by the ECB in order to fill the funding gaps
of banks that were opened by the drying-up of market term funding after the crisis (see Figure
5e, f). During the crisis FTOs were conducted also in the early part of the reserve maintenance
period and were on average liquidity draining operations (see Figure 5g). On the last day of the
maintenance period liquidity has been drained by fine-tuning operations with volumes centered
around -10% of the MRR (see Figure 5h). Hence, the ECB’s open market operations policy in
the crisis period can be characterized by liquidity frontloading through MROs during the entire

maintenance period and liquidity absorbtion via FTOs during the reserve maintenance period.

Current accounts and reserve fulfilment path by banks Figure 6 shows evidence on
banks’ current accounts and information on their reserve fulfilment path over the last 28 days
in the maintenance period. In the pre-crisis period banks fulfilled their reserve requirement in a
smooth way; the deficiency® was linearly reduced over the maintenance period and the current
accounts were stable, slightly above 100% of the minimum reserve requirements reflecting average
excess reserves of approximately 5-8 bps per MRR (see Figure 6a, b). Daily liquidity conditions
were stable throughout the maintenance period with only minor daily imbalances emerging
(Figure 6¢).

In the crisis period the deficiency deviated from the linear fulfilment path due to the front-

loading policy of the ECB. In fact, banks’ current accounts decreased on average from 110%

SDeficiency at a certain day is the remaining reserve requirement to be met until the end of the maintenance
period.



of MRR at the beginning of the maintenance period down to 80% of the MRR at the end of
the maintenance period (Figure 6e). The deficiency decreased faster in the early stage of the
maintenance period compared to the pre-crisis period (Figure 6f). As a result, daily liquidity
conditions varied significantly throughout the maintenance period with sizable daily imbalances
emerging (Figure 6g). The mean aggregate accumulated reserve surplus on the last day of the
maintenance period was non-zero and centered around 14.5 % (12%) of the MRR in the pre-crisis

(crisis) period.

EONIA Figure 7 plots the average EONIA and the total interbank market trading volume
over the last 28 days of the maintenance period in the pre-crisis and the crisis period. In the pre-
crisis period, EONIA stayed almost constant at approximately 7-8 bps above the MBR most of
the time with increasing volatility towards the end of the maintenance period; on the last day of
the maintenance period EONIA converged towards the MBR level (Figure 7a) thus suggesting a
small deviation from the strict martingale hypothesis. In the pre-crisis period interbank market
trading volume exhibited a marked increasing pattern over the maintenance period (Figure 7c).

In the crisis period interbank market rates show higher volatility with the EONTA spread
(over the MBR) moving around zero. Around weekends and towards the last days of the mainte-
nance period EONIA showed a marked U-shape pattern with a minimum on the penultimate day
(Figure 7b). Comparing the trading volume of pre-crisis and crisis period one observes a slightly
higher (lower) trading volume in the crisis period at the beginning (end) of the maintenance

period reflecting again the frontloading policy of the ECB (Figure 7d).

Standing facilities Figure 8 plots the recourses to the marginal lending facility (MLF)
and the deposit facility (DF). During the crisis period banks’ recourses to the deposit facility
were higher than in the pre-crisis period (Figure 8a, b), while the recourses to the marginal
lending facility remained approximately unchanged or were even lower during the crisis period

(Figure 8a, b).

Modelling challenges posed by the empirical evidence It is noticeable that in both
the pre-crisis and in the crisis period the EONIA is close to the MBR on the last day of the
maintenance period; however, it shows a slight declining trend during the maintenance period,
and a U-shape pattern towards its end. Simultaneously we observe an aggregate accumulated
reserve surplus of 14.5 % (12%) of the MRR and mean FTO liquidity absorbtion of 0% (10%)

of the MRR on the last day of the maintenance period in the pre-crisis (crisis) period. These



observations cannot be explained by the [QMO06] model.

Moreover, neither [QMO06] nor [GQMO8] allow for lending constraints which was a widespread
feature of the interbank market during the crisis period, as reported by banks. Further and
possibly related to the issue of lending constraints, the [QMO06]/[GQMO08| framework does not
take into account the empirical observation that banks’ lending to the ECB deposit facility
increased in the crisis period, while banks’ borrowing from the ECB lending facility remained
unchanged.

In the following sections we present a theoretical framework capable of explaining the stylized

facts and incorporates a variety of market distortions.

3 The [QMO06] model of banks’ liquidity management

In this section we review the seminal [QMO06] model of the market for daily funds in the Euro
area. The model incorporates the ECB standing facilities which are an important feature of the
Euro-system operational framework and provides the backbone for our own model.

The model considers n banks and assumes that the interbank market is frictionless. A bank
J at time t is characterized by the tuple (ag, d{ ) where ag denotes the bank’s current account
kept at the central bank and d{ is the deficiency, i.e. the remaining reserve requirement on
day t of the maintenance period. Each bank trades the amount bg in the interbank market,
where b} < 0 (b > 0) corresponds to borrowing (lending) funds. After the interbank market
closes each bank j receives a liquidity shock )\{, which we interpret as resulting from imperfect
monitoring of outflows and inflows of funds. The liquidity shocks are assumed to follow a
probability distribution F'; more specifically we consider a normal distribution with mean p and
standard deviation o, i.e. X ~ N(u,0). The j-th bank’s current account and deficiency are

updated every day such that
ag—&-l = Cbi + Ai? di—&-l = max(di - maX(ag—H - bgv 0)’ 0)7 (1)

respectively (see Figure 1). A bank must fulfil its reserve requirement on average over a main-

tenance period; therefore d];p 41 = 0, where T'" denotes the last day of the maintenance period.
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Figure 1: Intra-day schedule

In the [QMO6] model the interbank market rate is determined by the costs of using the
central bank’s standing facilities, i.e. the marginal lending rate i* and the deposit rate % for
borrowing and lending funds from and to the central bank, respectively.

Overnight overdrafts are not allowed by the central bank; thus, if a bank faces an overdraft on
days prior to the last day of the maintenance period, t < T, i.e. if ai 11— b{ < 0, it has to borrow
from the marginal lending facility of the central bank at the marginal lending rate i'. If a bank
fulfills its reserve requirement before the end of the maintenance period, i.e. d{ — a{ 1t b{ =0,
it is said to be locked-in. In this case the bank lends the surplus to the central bank at the
deposit rate i%. On the last day ¢ = T of the maintenance period the bank must borrow from
the marginal lending facility any unfulfilled reserve requirement d]f - (ajf + )\%ﬂ — b%ﬂ) at rate
il. If it is locked-in, it lends to the central bank at the deposit rate i¥. Given that, compared
to interbank market trading, transacting with the central bank involves penalty rates, i.e. it is
costly for a bank to fulfil its reserve requirement ahead of time or to miss it on the last day.

On the last day of the maintenance period, ¢t = T, the solution of the model gives the optimal

trading b7. and market clearing rate i7 which are equal to, respectively

Vp=Dr — Ar — (&) —a}),  ip =i+ (i' —iY)F(Dr — Ar) (2)

> >
where D; = 2 :711 and A; = j:; are the aggregate deficiency per bank and the aggregate

current account per bank on day t, respectively (see [QMO6]).

Liquidity conditions are said to be balanced on the last day of the reserve maintenance period,
when Dp = Ap. If F() is symmetric around zero, i.e. )\{ ~ N(0, 0), balanced liquidity conditions,
F(0) = 1/2, imply that, ip = i 4 (i* —i%)/2, i.e. the equilibrium level of the overnight interest
rate is the mid-point of the interest rate corridor set by the rates on the standing facilities (i
and ). Therefore, in order to steer the overnight interest rate the central bank may choose to
set the rates on the standing facilities symmetrically around the policy rate (i*) given that the
market equilibrium and the ”targeted” policy levels of the overnight interest rate would coincide

(ip = i), at least on the last day of the reserve maintenance period, provided that it ends with

11



balanced liquidity conditions.
For days t < T — 1 prior to the penultimate day of the maintenance period there is no closed
form solution to the liquidity management problem. The bank determines the borrowing or

lending such that

di +b{ —a{

. . , . 4 . oV o
il =P - ) + - Fd ] —aD) = [ 0D, (3)
where A i
—7 ift =
oVy B T b7 —ad )
&g_’ —il(1 - F(d +b —al) + g%ﬂﬂgmg ift<T °
S t+1

The intuition for equation 3 is as follows: In equilibrium, banks equate the marginal revenue
of lending funds (zi, the market rate) to the expected marginal cost. The expected marginal
cost is a weighted average of three terms: the cost of marginal lending, which happens with
probability F' (b{ — a{ ) which may happen if, for example, the bank borrows ”too little” in the
market and then faces a ”large” end-of-day liquidity shock (Ai — b{ + a{ < 0); the cost of being
locked-in, which happens with probability 1 — F(d + b/ — al), which may occur if, for example,
the bank borrows ”too much” in the market and then faces a ”small” end-of-day liquidity shock
(d — al — X +b] = 0); and the cost of carrying one unit of reserve deficiency into the future,
which is measured by the third term on the r.h.s. of equation 3. Further intuition for this
dynamic cost term can be gained by looking at the solution for the penultimate day in the
reserve maintenance period, 7' — 1.

As shown in [QMO06], the rate zi on days t < T can be approximated by

&l +b] —a]
il =i F (b~ al) + i1~ F(d] + ¥~ a) + Elien) [ fO0dx. (5)
b —a]

On day T — 1 equation (5) becomes

By = APV — )+ i1 = F(d)_y + ¥y —al_y))
+Bir](F(dp_y +Vp s = 0 y) = (0 — afy)) (6)
According to equation (6) the equilibrium overnight rate on the penultimate day of the
reserve maintenance period (7' — 1) is a weighted average of three rates: i’ with weight equal
to the probability of an overdraft on that day, F (5%71 - a%wfl); i with weight equal to the
probability of the bank locking-in on that day, 1 — F(d}_, + b, — al»_|); and Elir], the

12



expected rate on the last day of the maintenance period, with a weight equal to the probability
that the bank is neither locked-in nor faces an overdraft on day 7T'— 1. Thus, the cost of carrying
one unit of reserve deficiency into the last day of the reserve maintenance period is measured
by Elir], conditional on the bank being neither locked-in nor face an overdraft on day 7' — 1.
In the special case when, F(d}._, +b)_, — a{f_l) —F(b_ — a]f_l) =1, then z'gp_l = Elir]; if
balanced liquidity conditions are expected for day T, E]ir] = ¢*, and then, 2‘%71 = 4*; under these
special conditions the central bank is able to steer the overnight interest rate at the policy rate
level also on the penultimate day of the reserve maintenance period. However, these conditions
are, in practice, difficult to verify and may not extend backwards in time before T'— 1, as it will

be elaborated in the following sections.

4 Regime-switching model of reserve management by banks

In this section we introduce the main building blocks of our theoretical framework. We start
with the observation that there is no analytical solution to the model of [QMO6] for all but the
last two days of the reserve maintenance period. Therefore, solutions for days ¢ < T — 1 have
to be obtained through numerical approximation techniques as done also in [GQMOS8]. Still,
simulation of a single maintenance period with more than three days is hard to get without
further simplifications. In fact, solving the model for maintenance periods of 28 days, like the
average length of a reserve maintenance period in the euro area, is too time consuming. Thus, in
the early stages of the reserve maintenance period, treasurers at commercial banks are unlikely
to manage their daily trading in the interbank market by taking the entire reserve maintenance
period into account.

As a simplifying assumption [QMO06] suggest to impose the martingale property for the

overnight interest rate in the model, which simplifies the simulations:
it - E[it+1]. (7)

However, assuming the martingale property during the early stage of the reserve maintenance
period leaves the distribution of interbank market trading b{ indeterminate. This, of course, is
not an appealing feature of the model especially if one is interested in explaining trading volumes.
In fact, even if the indeterminacy of lending volumes might be acceptable during tranquil times,
during turmoil the distribution of trading volumes becomes an important driver of interbank
market dynamics. Our modelling approach allows pinning-down both rates and volumes and,

thus, is suitable for analysing the interbank market under both calm and turbulent conditions.
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We simplify equation (6) by noting that, given the size of the reserve requirement in the euro
area, at the beginning of the maintenance period the probability of a bank getting locked-in is
virtually zero,

1— F(d +b —al)~0. (8)
Thus, in the early stages of the reserve maintenance period a bank determines its interbank

market trading according to
il = Elivp1] + (i' = Eliep ) F(b] — af) (9)

i.e. the rate zi depends on the expected rate ;1 for the next day and the probability F (bg — a{ )
of having an overdraft; it is not dependent on the deficiency. Thus, management of no-overdrafts
can be considered as the primary reason for interbank market trading in the early stages of the
reserve maintenance period.

Rearranging equation (9) gives the optimal interbank market trading b] of the j-th bank,

o i — Elivsa)
b =al + P 22 10
t t il — E[Zt+1] ( )
If the interbank market is cleared at the rate zg = it, then
n ) n ] . E[Zt 1]
0=S"0 = af + nF! <“+) . 11
j;l t ];1 t Zl o E[2t+1} ( )

If zg = 44 and from equation (10) and equation (11) the supply of funds b{ can be calculated as
bl = A +al. (12)

Therefore in the early stage of the maintenance period a bank trades the deviation of its current
account a{ from the market’s average current account A;. If the bank’s previous current account
is at about the level of the current market’s average, i.e. if A; ~ a{_l, the bank will borrow
funds if it received a negative shock on the previous day and will lend if a positive shock was
received, i.e. the bank follows an error (liquidity shock) correction mechanism. Furthermore, if

shocks are assumed to sum up to zero across banks on each day in the maintenance period,

n .
S A =0 (13)
j=1
and if the market is frictionless, then
- Sy i
by = —]T +ai_+ XN (14)
nogl . : 4
= —Z]_;Ltz +ag_y+ N+ N (15)
t=1
= > X (16)
s=1
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where a{ = ay; in a frictionless market the bank’s interbank borrowing or lending is independent
of the liquidity shocks of the other banks and only depends on the own shocks received in the
past.

If the fund supply is given by equation (12), the deficiency is updated by

¢ = max (d]_, — max (41 +_,,0),0) (17)

which means that the deficiency is reduced by the average current account in the market A; 1
and the own shock )\{_1 experienced on the previous day.

Inserting equation (12) into equation (9) gives the equilibrium rate which is equal to
it = Elirs1] + (i' = Elirg1]) F(=Ay). (18)

The equilibrium overnight rate depends only on the average current account A; and the expected
rate on the next day E[i;+1]. Note that as the market rate is bounded from above by the marginal
facility rate, i’, the second term on the right hand side of equation (18) must be non-negative,
which suggests that the martingale hypothesis might not be verified in the early stages of the
reserve maintenance period; in fact the overnight rate might be expected to decline over the
reserve maintenance period (i; > FEl[i;4+1]), which is consistent with the evidence presented in
Section 2.

Compared to the models [QMO06] and [GQMO8], we differentiate between two regimes. Regime
I represents the early stage of the maintenance period when the probability of getting locked-in is
zero and the backward-looking liquidity shock correction model described in this section applies.
Under this first regime, banks only manage overdrafts and overlook the deficiency. Under the
first regime rates and trading are determined by equations (9) and (12), respectively. However,
as soon as the probability of getting locked-in crosses a certain threshold, 1 —F (di + b{ — ag) > €,
a switch takes place into regime II where funds supplied bg and the optimal overnight interest
rate zi are determined by the forward-looking equations proposed by [QMO06] and reviewed in

Section 3. The timing of the regime switch will be discussed in Section 8.

5 Fine-tuning operation on t =T" and excess reserves

In the model of [QMO06] banks expect the overnight rate to be equal to the policy rate on
the last day of the maintenance period, if liquidity is balanced, i.e. if average deficiency is
equal to the average current account. However, in Section 2 which reports stylized facts in the
FEuro area we observe rates near the policy rate along with liquidity surpluses indicating that

the banking system accumulates excess reserves of about 14.5% (12.0%) of the daily average
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reserve requirement in the pre-crisis (crisis) period without increasing interbank market lending
pressure on the last day of the maintenance period. Moreover, starting in February 2005 with
higher frequency, the ECB carries out a fine-tuning operation on the last day of the maintenance
period, which mitigates liquidity deviations from the seemingly targeted excess reserves. Both
targeted excess reserves and fine-tuning operations are not modelled in [QMO06]. We address this
shortcoming by explicitly taking into account the ECB’s fine-tuning operation f on the last day

of the maintenance period, ¢t = T, and the targeted (accumulated) excess reserves, S of banks.

5.1 Excess Reserves

Excess reserves are not remunerated and therefore should be zero given the alternative offered
to banks to place any surplus at the deposit facility, which is remunerated. However, in the Eu-
rosystem recourse to the deposit facility is not automatic; it must be requested by the bank. The
empirical fact that there are excess reserves in the euro area can be explained if the opportunity
cost of holding a (small) liquidity surplus is lower than the marginal cost of paying the treasurer
to transfer excess funds to the deposit facility (see [ BCMHWO06]). For small institutions, which
have low reserve requirements, this may indeed be the case.

Each bank’s liquidity surplus on ¢t = T after interbank market trading and receiving shocks
is given by

alp — b — db + N (19)

As 370 b]f = 0, the per bank aggregate liquidity surplus is
S ah — V) — df+ N, = A — Dr (20)
j=1

Based on the argument in [BCMHWO06] we assume that banks keep daily excess reserves
which accumulate up to the average excess reserves S on the last day of the maintenance period.
Furthermore, we assume that the bank trades b{ — X in the interbank market, i.e. banks trade
the additional amount —X to keep daily excess reserves as buffer. In this case it can be shown
in analogy to the derivation in [QMO06] that the equilibrium interbank market rate on the last

day of the maintenance period is given by
it =i% 4 (i' —i%)F(S — Dy + Ar). (21)

where on the last day X does not enter the equation as no overdrafts are managed on this day.

For days t < T prior to the last day of the maintenance period the formulas for the i-th bank’s
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optimal rate are given by

S+d]+b]—al - X

. . . . . . v, o
i =i F(b] —al — X)+i'1—F(S+d +b —al — X)) — / (DN (22)
b —al—X i

where
oV, —ir S ift="T
— = . T o e i . (23)
od! —id(1 = F(S+d +b] —al — X))+ Ik S FODAN] it <T

— 00 t+1

Correspondingly the interbank market trading in regime I is given by
bl = —Ay+a] + X. (24)

Hence, if X < 0 banks borrow more and lend less in order to achieve excess liquidity. For the
remaining theoretical discussion we assume X = 0 in regime I and only consider the impact of

targeted excess reserves on the last day of the maintenance period.
5.2 Fine-tuning operation

According to equation (2) interbank market rates increase with decreasing liquidity surplus. To
mitigate such effects of liquidity imbalances on interbank market rates the ECB carries out a
fine-tuning operation on the last day of the reserve maintenance period, when the averaging

mechanism ceases to apply (see Figure 2).

b, d, f v, YA

I Il Il Il >
i T T T

morning FTO trading end of day

Figure 2: Intra-day schedule on the last day of the maintenance period

We assume that the ECB determines the fine-tuning operation as a function h of the ag-
gregate liquidity surplus Ap — Dy after trading and recourses to the standing facilities and the

accumulated excess reserves S targeted by banks on t =T, i.e.
f=h(Ap,Dr,S) (25)

where we assume that in case of a liquidity surplus f < 0 and in a liquidly deficit f > 0. The
amount S represents the willingness of banks to keep excess reserves. Hence S is equal to the

accumulated excess reserves held per bank during the maintenance period.
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Liquidity is balanced if f = 0. In case of liquidity imbalances we assume that through the
fine-tuning operation f the central bank provides or drains liquidity at the rate i/ which we
assume to be equal to the MBR.”

If f <0, i.e. in case of a liquidity surplus, the costs cgp of a bank using the ECB’s standing
facilities at ¢t = T are given by borrowing at the marginal lending facility at the rate i* up to
the targeted accumulated excess reserves S, i.e. if aéﬂ — d]f — bjf + )\%ﬂ < S, or by lending at the

rate i/ up to an amount of —f and lending the remaining surplus at the rate i¢ such that the

targeted accumulated excess reserves S are met, i.e.
A = ilNdh + b — af = Np) (@) — b+ Ny — d < S)
— i - N — ) - S)I(S < alp— U+ N —d) < S — f)
= (ag b+ M= S+ f = dp) = IS — | <~ )+ Ny df)
where I(z) is an indicator function equalling 1 if the condition z is true, and 0 otherwise. The

optimal trading b7 is determined by®

i =i+ (it =iV F(d) + ¥ — a4+ S) + (i — i F(d) + b — ad + S — f). (26)

In case of a liquidity deficit, i.e. if f > 0, the costs ¢/, are calculated as the cost of borrowing,
where up to the amount f the rate if applies and for the remaining amount of borrowing the
rate i’ has to be paid. The costs of lending given by the rate i¢. Both borrowing and lending

banks are assumed to target accumulated excess reserves of S. Then, the costs are given by
A= (MS+d+ 0V —al—No— )+ il HI(a) — b+ Ny —d) < S — f)
+ I S+d A+ —ah - NS - f<a—b+ XN, —d. < 9)
— i ah — b+ N — d — S)I(S < afp — b+ N — ).
The corresponding first order condition for the optimal interbank market trading b]f is given by
i =i+ (it =i YF(d) — [+ b — a4+ S) + (if —iYYF(d) + b, — al + S). (27)

If the rate i/ is set equal to the MBR, i.e. if if = #, then the interbank rate for both liquidity
providing (f > 0) and liquidity absorbing (f < 0) fine-tuning operations is equal to

J .d
g .d 77— 1
=1 +

T 2

(F(d) — f + b — a + S) + F(d} + b — al + 5)). (28)

"This is a modelling simplification. In practice, the ECB has provided (drained) liquidity in FTOs using
variable rate tender procedures with a minimum (maximum) bid rate equal to the policy rate. The marginal rate
in FTOs has been close though not equal to the minimum bid rate.

8See Appendix Section B for the derivation of this first order condition.
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If f is evenly distributed across all banks, we can derive a formula for the equilibrium trading
amount bgp by the following approach. We start from the model of [QMO06] which gives the market

clearing trading at the rate ir as
bp = (Dr — Ar) — (d — ag). (29)
Inserting into equation (28) gives

. L od
iT:i]Tzid—i-Z 2Z(F(S—f+DT_AT)+F(S+DT_AT)). (30)

As f and S are equal for all banks, the rate ZJT is equal for all banks and therefore equal to the
equilibrium rate ip. Therefore, the amount of market trading in case of fine-tuning is the same
as in the case of no fine-tuning operation. The difference due to fine-tuning is the equilibrium
rate which is higher (lower) in case of a liquidity deficit f > 0 (surplus f < 0).

Moreover, from equation (30) it follows that if the central bank targets an interbank market

194t

5 then the amount of the fine-tuning operation has to be

rate equal to the MBR, i.e. ip =

determined such that
F(S—f+Dpr—Ap)+ F(S+Dr—Ar)=1. (31)
By assumption the distribution F' fulfills the condition 1 — F'(z) = F(—z); thus we obtain
f=2(S+Dr— Ar) (32)

i.e. the central bank has to provide (drain) twice the banks’ perceived liquidity surplus (deficit)
S + Dp — Arp in order to reach an interbank market equilibrium rate equal to the MBR on the
last day of the maintenance period. Note that when the maintenance period enters its last day
with current accounts sufficiently large, i.e. when, S+ Dp = Ap, the fine-tuning volume is null,
f = 0. The empirical evidence reviewed in Section 2 suggests that this situation corresponded
to the average case before the crisis.

Figure 9 illustrates the relation between the fine-tuning operation and the accumulated daily
reserve surplus on the last day of the reserve maintenance period.

As an approximation the FTO volume can be calculated as the difference between the accu-
mulated reserve surplus observed in the morning of the last day of the maintenance period (before
trading) and the mean accumulated reserve surplus in the evening (after trading) amounting to
S =14.5% (S = 12%) of the M RR in the pre-crisis (crisis) period. A simple OLS regression for

the amount of the fine-tuning operation f gives:
f~ —0.01741 + 1.05912(S + Dy — Ag) (33)
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where the coefficients are significantly different from zero at the 1% level. This OLS model has

a R? of 0.87. Hence the ECB practise deviates from the rule derived above.

6 Modeling the impact of the financial crisis

To analyse the impact of the financial market crisis on the functioning of the overnight interbank
market, the model presented in the previous sections has to be refined. We follow the strategy
of introducing deviations from and/or constraints on optimality. First, we consider a negative
aggregate liquidity shock to the supply of funds in the overnight interbank market. The liquidity
shock is assumed to follow a distribution N(u, o) where p < 0. The impact of the aggregate
liquidity shock on interbank market trading and overnight interest rate is discussed in Section
6.2. Second, we introduce constraints on market lending such that banks lend part of their
liquidity surpluses to the central bank (see Section 6.3). In both cases, i.e. lending constraints
and negative liquidity shocks, we additionally analyze different degrees of market segmentation
(Section 6.1 and Section 8.2).

Counterpart risk and uncertainty about own funding needs may be two reasons for banks
to lend sub-optimally under turmoil. Both factors also may contribute to market segmentation,
which may have been reinforced, after the crisis, due to the segmented (national) nature of
banking supervision and financial stability responsibilities, thereby potentially hindering the

cross-border flow of liquidity.

6.1 Market segmentation

We model market segmentation as suggested by [GQMO08]. We group the n banks into smaller
groups with size s, n/s being the number of bank groups and allow trading among banks only
within each group. Consequently, the shocks within a group do not necessarily sum up to
zero leading to aggregate shocks > % )\{ = pj within each group even though )\g ~ N(0,0)
and Z?:l )\{ = 0. The aggregate group shock pf can be positive or negative leading to lower
or higher group rates, respectively. In the overall market the cross-section dispersion of the

interbank market rates increases due to market segmentation (see [GQMOS]).

6.2 Aggregate liquidity shock

In this section we refine the model by introducing aggregate liquidity shocks. Here we consider
only regime I; the impact of aggregate liquidity shocks in regime II is simulated and discussed

in Section 8.2. We denote A{ T =—u+ )\{0 the liquidity shock with mean g > 0 bank j receives,
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where A° ~ N(0,07) and
Z A0 =0 and Z N~ =—n-p (34)
i=1 i=1

If negative aggregate shocks are received by banks, the current accounts update such that

joo_ J—
a;, 1 = ap +A; , where

a{_H ~ N(a{ — -t \/{50). (35)
and
t
a§+1:a{—u-t+ZAg°. (36)
s=1

The per bank aggregate current account is equal to

J
D1 Gy

=A; —u-t. 37
n 1= M (37)
The supply of funds in the interbank market and the equilibrium rate in the early stage of the
maintenance period, respectively, are given by
bi=—Aitp-(t—1)+a—p- -1+ N =-Ar+a+Y N (38)
s=1 s=1
and

it = Eligra] + (i — Eliga]) F(=Ar +p- (£ = 1) (39)

Comparing equation (18) and equation (39) one observes that as a consequence of a negative
aggregate liquidity shock, the equilibrium overnight interest rate will be higher as the probability
of an overdraft increases. According to equation (9) the bank trades the amount bg so that
the deviation of its current account from the market average is zero. As all banks experience
the aggregate shock, the deviation of a single current account from the market average is not
influenced by the aggregate shock. Therefore, the distribution of the trading b{ in the interbank
market is not affected by the negative aggregate liquidity shock.

6.3 Lending constraints

The introduction of lending constraints in the model is motivated by the empirical observation of
successful liquidity absorbing fine-tuning operations in the early stage of the reserve maintenance
period and banks’ usa of the deposit facility after turmoil (see Figure 5 and Figure 8). We assume
that banks supply only part of their optimal unconstrained lending to the interbank market and
lend the remainder to the ECB by going to the deposit facility and by participating in liquidity
absorbing FTOs.
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On the last day of the maintenance period ¢t = T we assume that banks with a liquidity
surplus lend b]fl with lending constraint 0 < [ < 1 to the interbank market at the interbank
market rate ¢ and b%ﬂ(l — 1) to the ECB by taking recourse to the deposit facility at deposit
rate i%. The profit of a lending bank j on the last day is given by

bl + i (1 — 1) — ¢(T) (40)

where ¢(T') are the costs of using the standing facilities in case of an overdraft or in case of

getting locked-in (see Section 3 and Section 5). The optimal borrowing/lending b%ﬂ is given by

-d
g .d L 8C(T)
ip =1 i + 6()% . (41)

For the fine-tuning operation model this condition results in

. 1 g\ F(=f+S+dl 4b) —al )+ F(S+dl+b).—al ,
y i 4 (i — ) (=f+S+dy+br agl) (S+d}+bl.—al) b, > 0 "
tp = S o
r ; ; .y F(—f+S+dJ.+b).—al )+ F(S+d%+b).—a? ;

id (Zl —Zd) (=f T+br ag) (S+di+bh—a%.) b% <0

Hence the equilibrium lending interest rate is higher than the equilibrium borrowing rate (dis-

continuity at b}, = 0) generating a bid-ask spread given by

l_Z,d)F(—f+S+d{'p+b§—a§)+F(S+d§+b§—a§)1—l

&), = (i
spready = (i 5 ;i

(43)

The spread is positively dependent on the width of the interest rate corridor i* — i¢; on the
volume of the liquidity absorbing fine-tuning operations f < 0; on the targeted excess reserves
S and the fraction of non interbank market lending 1 —{. The optimal interbank market trading
min(b%}, bjfl) for different levels of lending constraint [ as well as the spread]f is illustrated in an

example in Figure 3.
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Figure 3: Demand curve for i = 3%, i' = 5%, D}, = 100, A% = 100, f = 0, S = 0, M}, ~
N(0,40).

On days t < T, we assume that the banks lend b%l to the interbank market at rate i7 and

the remaining lending b%.(1 — 1) to the ECB at a rate equal to the weighted average of the FTO
rate and the deposit rate i%. As a proxy we assume that this average is equal to the interbank
market rate, which can be observed to fluctuate around the MBR in the crisis period. The
equilibrium interbank market trading is given by

(—Arta)) (1+)+5 3" (ai—a])

min(b7, 1) = (L+1)2 =y 1 (141%)

bl >0

A+ a] + L bt bl <0

where I* = (1 — 1)/l and n! is the number of lending banks.

From Figure 3 we see that lending constraints lead to an increase in the overnight interest
rate on the last day of the maintenance period. In regime I, the equilibrium rate is given by

oL,
i = Elivel + (= Bl P 30 (44
i—

where bi’l > (. Therefore, in both regimes lending constraints lead to higher interest rates.

The impact of lending constraints on the interbank market if markets are segmented is

simulated in Section 8.2.

7 How does frontloading work?

As shown in the previous section, market frictions such as aggregate shocks or lending constraints
increase interbank market rates. A central bank may wish to intervene through liquidity injec-

tions in order to steer the overnight interest rate towards the policy rate. The frontloading

9See Appendix Section C for the detailed derivation.
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policy implemented by the ECB during the market turmoil in 2007/2008 consists of providing
the additionally required liquidity in the early stage of the maintenance period and to adjust
for liquidity imbalances at the end of the maintenance period. In this section we sketch how
liquidity frontloading works. Our results rely on the regime-switching model and on the model
for the fine-tuning operation on the last day of the maintenance period.

Assume a simplified model where the regime switch takes place on the last day of the main-
tenance period. Furthermore, assume that the liquidity imbalance m = S + Dp — Ap on the

last day T is perfectly projected in regime I. We compare two scenarios:

Frontloading projected liquidity imbalances If the central bank front-loads the lig-

uidity m in regime I, the current accounts change to
az +m (45)
while the amount of interbank market trading is not affected as
b = —Ar—m+a] +m=—A +a. (46)
However, frontloading decreases equilibrium interest rates down to
it = Elivy1] + (i — Eligt1]) F(—A; — m). (47)

Further, the average deficiency Dy is reduced as in interbank market equilibrium the individual

deficiency is approximately reduced by
d = max(d! — max(azJrl +m —b/,0),0) = max(d} — max(A4; + m,0),0) ~ d} — A, —m. (48)

Consequently, on the last day of the maintenance period the required amount of the fine-tuning

operation leading to interbank market rates equal the MBR is zero, i.e.

f=2(S+Dr—m—Ap)=2(S+Dr—(S+ Dr — Ar) — Ar) =0. (49)

No frontloading In an alternative scenario, assume that the central bank does not front-
load liquidity supply in regime I. As a consequence, the amount of trading remains unchanged
but interest rates are higher compared to the frontloading case. Further, the final fine-tuning
operation is given by

i.e. it requires twice as much funds to reach the MBR as in the frontloading scenario.

24



Policy implications We can draw two conclusion from this simple example. First, the
frontloading policy of the ECB leads to a decrease, and stabilizing effect, in the overnight interest

rate. The interbank market rate is given in regime I by
it = Blive] + (i' = Elirt1]) F (= Ay) (51)

and may alter in turmoil periods due to (a) changed liquidity A; or (b) changed expected
future rates E[i;4+1]. The combined strategy of frontloading liquidity in regime I and eliminating
remaining liquidity imbalanced on ¢ = T via a fine-tuning operation such that iz = MBR
(a) mitigates liquidity effects measured by A; and (b) keep interest rate expectations E[i;1]
stable. If there is no frontloading but only a fine-tuning operation on the last day guaranteeing
ir = M BR, rates go up in regime I due to volatile liquidity conditions during turmoil periods.
Second, controlling expected rates is more efficient with frontloading. As shown in the simplified
example above, frontloading excess reserves is more efficient in a ”quantity” sense (e.g. smaller-
scale central bank intervention) than providing excess reserves solely on the last day of the
maintenance period.

However, this argument is based on a very simplified model. Thus, in the next sections we

consider a more realistic set-up.

8 Calibration of the Model Parameters

For simulating the model discussed in the previous section we estimate the following parameters

for the pre-crisis and the crisis period:

the average point of time at which banks switch from backward-looking liquidity shock

correction to forward-looking reserve management,

the distribution parameters for the idiosyncratic liquidity shock A} ~ N (u, o),

the parameter for banks’ lending constraint [, and

the degree of market segmentation s.

The calibration is done in two main steps.!? Firstly, in Section 8.1, we estimate the timing of

the regime-switch using survival analysis. For this purpose we use data on the daily end-of-day

10The models discussed in the previous section relies on the assumption that the distribution for the liquidity
shocks F'is homogeneous across banks. To approximatively guarantee this assumption in the presence of different
sized banks in our sample we consider liquidity shocks which are normalized by the adjusted minimum reserve

. i _ MRR]
requirement R} = :

= —go - This normalization is discussed in greater detail in the appendix.
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current accounts cuac{, minimum reserve requirements mrrf and net lending to the standing
facility netr{ of j =1,...,82 euro area banks, covering the period between March 2003 and July
2007.11

Secondly, with the timing of the regime-switch fixed, we simulate the model with different
combinations of parameters and market distortions, in order to find a combination of parameter
values that minimises the Euclidian distance between simulated and the realised values of the
EONIA and aggregate liquidity figures (See Section 8.2). The simulations are carried out along
the lines suggested in [GQMO8] and are conditional on aggregate liquidity data observed between
March 2004 and September 2008.

The plausibility of the calibrated variance of the (idiosyncratic) liquidity shock distribution
is cross-checked with an estimate of the volatility parameter using GMM methods applied to

the panel bank data (see Appendix D).

8.1 Timing of the regime-switch

In section 4 we mentioned that the regime switch should depend on the (magnitude of the)
probability of getting locked-in P(dz + bg — ag < )\{ ). When this probability is below a certain
threshold, €, each bank is assumed to manage only overdrafts, i.e. to keep, b; + a; > 0, but not
the deficiency, i.e. banks are in regime I. When the threshold is reached, the regime is switched
and banks start to manage both deficiency and overdrafts.

While we cannot observe a{, bz and /\{ directly, the panel data set contains the end-of-day

current account cuacz for bank j given by
cuac) = al — bl + . (52)
Using this information we can infer the probability of the bank getting locked-in by
P(d +b —al < N)=P(d < cuac)) =1 — P(cuac] < d’)

Hence, for the estimation of the probability of a bank getting locked-in we do not need to
measure (unobservable) liquidity shocks or interbank market trading; in fact, all that is needed
are the observable end-of-day current account cuacz and deficiency d{ , which is included in our

data set. The deficiency d{ is calculated by

& = max(d{_l — max(cuac] — netr!,0),0) (53)

"From the original sample of 95 banks we excluded subsidiaries of international investment banks which show
a pattern of liquidity management which is not comparable to the management of the majority of banks in the
sample.
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where the net recourses to the standing facilities netr] are taken into account. d) = n - mrr]

with n equal to the number of days in the maintenance period and mrr{ is the minimum reserve
requirement in this period.

Accordingly, the probability of an overdraft is given by
PN <bl —al) = P(cuad <0) (54)

We approximate the cumulative distribution function P(cuacg < X) by an empirical cumu-

lative distribution function P(X) ~ P(cuac) < X) for each bank i with

p(X) _ Z?:l I(C;QCZ < X)

(55)

where I(.) is an indicator function equaling one if the stated condition is fulfilled, otherwise it is
zero. The summary statistics of the distribution of the observed current accounts cua,cz is given
in Table 1.

For the estimation of the timing of the regime switch we apply survival analysis. We calculate
the probability of a bank getting locked-in P(di ) and compare it to a threshold e. For different

choices of the threshold € we estimate the survival function
S(e); = Prob[(1 — P(d))) < € (56)

where S(€); is the probability that at time ¢ the probability of getting locked-in is below a
threshold € , i.e. that the regime switch has not occurred up to time ¢. Time is measured in
days until the end of the maintenance period. Depending on the magnitude of the deficiency
and the current account distribution some banks may, others may not, switch regime by the end
of the maintenance period. Therefore, we apply the Kaplan-Meier estimator for nonparametric
estimation of S(¢) in a right-censored problem.

Table 2 and Figure 10 plot the survival function for large, medium and small sized banks if (a)
e =0 and (b) € = P(0); i.e. banks start to manage their deficiency either when the probability
of getting locked-in is (a) greater than zero or (b) greater than the probability of an overdraft.
Table 2 compares the values of the survival function for the last week of the maintenance period,
while Figure 10 plots the survival function over the entire maintenance period.

First of all, we observe that for different bank sizes the survival function has different values
(see Figure 10). The log-rank test rejects the null hypothesis of equality of the survival functions
of large, medium and small sized banks at the 1% significance level (this result is omitted in

Table 2.
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Figure 10 shows at which point of time the survival function deviates from 1. If ¢ = 0 the first
trading day when the survival function is below 1 is on the last Thursday, second last Monday
and second last Thursday in the maintenance period for large, medium and small sized banks,
respectively. If € is set equal to the probability of an overdraft, the survival function starts to
decline around one week before the end of the maintenance period for small and medium sized
banks and approximately on the last Friday for large sized banks. In Table 2 we observe that
on the last Friday of the MP around 60% of all banks are not locked in. Further, we note that
the last weekend in the maintenance period causes a jump in the regime switch probability. The

deficiency on Monday, after a weekend, is calculated as

d?\/[onday = max(d%m’day -3 max(a%riday + AJFriday - bzn'riday7 0)7 0) (57)

which implies that the deficiency jumps from Friday to Monday by 3max(a%riday + )\%Mday —

bj

i day,O). This weekend effect is especially relevant for the last weekend in the maintenance

period: while on the last Friday in the maintenance period approximately 60% of all banks
are not locked-in, on Monday, after the weekend, only 9% of all banks are not locked-in. This
observation is in line with [GQMO0S8] who show that the distribution of the EONIA on the last
two to three days of the maintenance period differs from the distribution on the previous days
of the maintenance period. For our simulation study we assume that the regime switch is on

the last Monday of the MP for all banks.

8.2 Simulations

With the timing of the regime switch fixed around the last weekend in the reserve maintenance
period, we systematically simulate different combinations of parameter values and scenarios of
market frictions (lending constraints, market segmentation, aggregate liquidity shocks) in order
to choose which one reproduces most closely, in simulations, the main empirical features and
stylized facts of the euro overnight interbank market during the August 2007 - September 2008
period. The simulation design is similar to the one suggested by [GQMO08].!?

We simulate the last 8 days of the maintenance period from Tuesday to Tuesday. This period
covers 6 trading days and one weekend. For consideration of the latter we apply equation (57)
for updating the deficiency on Monday. In this period the outstanding refinancing (MROs and
LTROs) provided to the banks by the ECB is constant and, thus, the EONIA can be assumed to
be determined only by banks’ liquidity management according to the adapted model discussed

in the first part of this paper. We apply the regime switching model described in Section 3

2However [GQMO8] simulate only two days of active trading and neglect the last weekend effect.
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and Section 4 and assume that on the first 4 trading days (Tuesday to Friday) banks apply the
backward-looking error (liquidity shock) correction model, while on the last two days (Monday
and Tuesday) the supply of funds in the interbank market is determined by the forward-looking
model.

We consider n = 60 banks and initialize the state space by setting the banks’ deficien-
cies dij, current accounts agﬂq and the targeted reserve surplus equal to empirical observed
averages Dp_7, Ap_7 and S. We observe an average (adjusted) deficiency of Dp_; = 784
(Dr_7 = 723.5), an average current account of Ap_7 = 101 (Ap_7 = 96.5) and an accumulated
reserve surplus of S = 14.5 (S = 12.0) in the pre-crisis (crisis) period (quantities are given as
multiples of the average minimum reserve requirement times 100).

By starting the simulations conditional on the aggregate deficiency D7p_~ and the average
current account Ar_7, the central bank’s liquidity frontloading is implicitly taken into account

in the simulation. The higher the fraction IA?;:;’ the lower the amount of frontloading. Hence, in

the pre-crisis period frontloading is given by % = 7.76 and in the crisis period by % = 7.50.

The interest rate corridor of the standing facilities is set at i = 3% and ' = 5%, the level of
ECB policy rates during most of the sample period. The amount of the fine-tuning operation f
on the last day ¢ = T is endogenously determined according to, f = S — Dy + Ap (see Figure
9).

We simulate 1000 maintenance periods. The integrals in equation (3) and equation (4)
are approximated by Monte Carlo simulation with 500 simulation paths. A description of the
algorithm applied for solving the stochastic dynamic programming problem at ¢t < T in regime
2 is described in the Appendix in Section F.

We carry out simulations assuming different parameter values for the liquidity shock distri-
bution )\{ ~ N(u,0), the lending constraint [ and the degree of market segmentation s. For both
the crisis and pre-crisis period we consider three assumptions for the liquidity shock volatility
o € {30,45,55}. This range covers the empirically estimated individual liquidity shock volatil-
ity (see Section D). Liquidity shocks are generated such that Z?:l )\g = nu, i.e. in case of no
aggregate shocks, u = 0, the impact of liquidity shocks on the aggregate current account Ar is
zero. For details on the generation of the liquidity shocks see [GQMOS8]. Furthermore, we test
two scenarios of different degree of market segmentation s. We assume one scenario without
frictions, i.e. s = 60, and a scenario with market segmentation with 3 segments consisting of
s =60/3 = 20 banks.

For each scenario we calculate the per capita deficiencies D;, average end-of-day current
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accounts A; (excluding FTOs and after trading and receiving shocks) and the average amount
of trading [ Bl = 3_7_; |b¢| as multiples of the minimum reserve requirement times 100 on the last
5 trading days of the maintenance period. Additionally we report the EONIA spread (EONTA
- MBR) on each simulated trading day. For the last day of the maintenance period we report
the lending/borrowing amount of the fine-tuning operation and if I < 1 also the bid-ask spread
spreadr.

For the determination of the EONTA on each simulated trading day we approximate the
official calculation method by defining the simulated EONTA as the quantity-weighted average
interest rate for all lending banks where the rate is weighted by the bank’s amount of lending.
As the EONIA is determined based on the reporting of unsecured lending transaction in the
interbank market of banks with the highest business volumes in the Euro money markets, we
focus on simulating the liquidity management of large size banks. The following scenarios are

considered:

e Pre-crisis scenarios with and without market segmentation: Dp_7 = 780, Ap_7 = 101,

S =145

e Crisis scenarios with and without market segmentation and increased frontloading: Dr_7 =

723.5, Ap_7=96.5, S =12.

e Crisis scenarios with and without market segmentation and negative aggregate shocks:

Dpr_7 = 723.5, Ap_7 = 96.5, S = 12 analyzing the impact of an aggregate shock of
p=—0.5.

e Crisis scenarios with and without market segmentation and lending constraints. Dp_7 =

723.5, Ap_7 = 96.5, S = 12) and with lending constraints [ = 0.97 and 0.99, respectively.

Table 3 reports the Euclidian distance between simulated and observed average EONIA
spread, variation in the EONIA spread across maintenance-periods , shape of EONTA spread,
and liquidity characteristics. For calibration we select the combination of parameters that
minimises the Euclidian distance between simulated and observed values; the observed and
simulated averages for the EONTA spread are illustrated in Figure 11.

The combination of parameters that minimises the choice criteria before the crisis is, s = 60
(no market segmentation), o = 45, and no lending constraint [ = 1.

Therefore the simulations suggest that market segmentation and lending constraints were

not a significant feature of the Euro inter-bank overnight market before the crisis. Moreover, the
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smooth declining path of EONTA observed towards the end of the reserve maintenance period,
which documents a small deviation from the strong martingale hypothesis, can be explained in
our model by the liquidity management regime-switch that occurs just after the last weekend in
the period; it is only from that day onwards that banks start focusing on end-of-period conditions
managing their reserve deficiency in a forward-looking manner.

The combination of parameters that minimises the choice criterion EONIA spread during
the crisis is, s = 20 (market segmentation), o = 45, and lending constraint [ = 0.99, which gives
(marginally) better results than those obtained with [ = 0.97.'> However, given that the latter
parameter gives lower Euclidian distances for the liquidity criterion, we chose [ = 0.97 for the
calibration exercise.

It is interesting to note that simulations with the aggregate shock alone generate the third
lowest criterion for the EONIA spread and the lowest criterion for the liquidity characteristics,
with unchanged idiosyncratic volatility parameter from pre-crisis level (o = 45). However,
the aggregate liquidity shock alone does not allow reproducing in simulations the shape of the
EONTIA spread during the crisis; it is market segmentation that generates in most simulations a
U-shape pattern for the EONIA spread.

Overall, the simulations suggest that a combination of market segmentation and lending
constraints is needed in order for the model to replicate the observed patterns of trading in the
interbank market during the crisis. The simulations suggest, somewhat surprisingly, that neither
aggregate liquidity shocks nor increasing volatility of idiosyncratic liquidity shocks were the main
features of the impact of the financial market crisis in the interbank overnight market as they
under-perform compared to a combination of market segmentation and liquidity constraints in
reproducing the shape and level of the EONIA spread during the crisis. Of course, in practice,

it might be the case that all factors were present during the crisis.

9 Policy evaluation

In this section we evaluate different policies of providing and absorbing liquidity in the crisis
period. For this purpose we simulate the last 8 days of 1000 maintenance periods conditional
on different values for aggregate deficiency and current account combinations at the simulation
starting point. Based on the results presented in the previous section, we calibrate liquidity

shocks to be distributed according to )\g ~ N(0,45). Furthermore, we calibrate market segmen-

13The plausibility of the calibrated variance of the (idiosyncratic) liquidity shock distribution is cross-checked
with an estimate of the volatility parameter using GMM methods applied to the panel bank data (see Appendix
D).
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tation at s = 20 (3 banking groups) and lending constraints of [ = 0.97. Based on the empirical
evidence banks’ targeted accumulated excess reserves are set at S = 12. The marginal lending
rate (deposit rate) is assumed to be i' = 5% (i = 3%).

For policy evaluation we compare two different degrees of frontloading and two different

systems of providing or absorbing liquidity on the last day of the maintenance period:

e We measure the degree of frontloading by the ratio of aggregate deficiency and aggregate
current account observed after the last MRO in the maintenance period and implement
different frontloading policies by starting the simulations conditional on different ratios
of aggregate deficiency D7_7 and current account Ar_7 . We compare the aggregate
frontloading policy observed in the crisis period (Ar_7 = 96.5/Dp_7 = 723.5), with a
scenario generated by approximating Dp_7 and A7p_7 without frontloading. For generating
the latter scenario we run the shock correction model for the first 15 trading days of the
maintenance period (including weekends) with lending constraints [ = 0.97 and market
segmentation s = 20 assuming no change of medium or long term refinancing via MRO
or LTRO. As a result we obtain the ratio Ar_7 = 96.5/Dp_7 = 807 for the case of no

frontloading in the crisis period.

e We compare the ECB’s fine-tuning operation policy on the last day of the maintenance
period with the reserve band system of the Bank of England discussed in Appendix E.
For the simulation the reserve band is set to r7b = 28.14 The volume of the fine-tuning
operation f on the last day ¢t =T is endogenously determined according to the estimated

ECB rule (illustrated in Figure 9), i.e. f~S — Dp+ Arp.

For each policy we calculate different criteria capturing the effectiveness and the efficiency
of the different policies. The former measure how the policy performs in keeping EONIA close
to the policy target (eg EONIA spread close to zero); the latter compare the policies by their

degree of interference with market functioning.

e EONIA predictability: we calculate the EONIA spread over the MBR on the last day of
the maintenance period and the time-series volatility of the EONIA over the last 5 trading
days. A policy is considered to be more effective, if it leads to lower EONIA spread on the

last day of the maintenance period, and lower EONIA standard deviation.

e Transaction costs: due to lending constraints banks trade at a bid-ask spread on the

Mph =28 = 0.01 x MRR X days in the RMP.
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interbank market. The bid-ask spread is calculated according to equation (43). A policy

is considered to be more effective, if it leads to a narrower bid-ask spread.

e Interbank market activity measured in average (absolute) trading volume during the
last two days of the maintenance period. We only consider the trading volume in regime
II as in regime I the average trading volume is independent of the applied policy as banks
only correct for liquidity shocks and do not manage reserves. A policy is considered to be

more efficient, if it leads to larger trading volumes.

e Liquidity Provision: by calculating the liquidity provided/absorbed on the last day of
the maintenance period by the central bank and by comparing the total amount of liquidity
provision including the amount of front-loaded liquidity we focus on the supply side of each
policy. A policy is considered to be more efficient, if it requires less funds to be provided

to the market by the central bank.

Figure 12 plots the EONIA over the last 5 trading days for the four evaluated policies. Table
6 compares the benchmark policy defined to be frontloading plus fine-tuning operation on t=T
as observed in the crisis period to policies with and without frontloading combined with reserve
band system or fine-tuning operation on the last day of the maintenance period. For each
quality criterion the average value over all simulated maintenance periods and the difference to
the benchmark policy is given.'®

First we analyze the case when there is no frontloading in the crisis period scenario. In
this case the entire liquidity (approx. 61 % of the MRR) is provided on the last day of the
maintenance period (see Table 6), where there is no significant difference between fine-tuning
operation and reserve band system (not reported in the table). The total liquidity provided
exceeds the ”observed frontloading” case by about 15-16 % points. Furthermore, if there was
no frontloading in the crisis period the EONIA would have been approximately 23 bps higher
on the last day of the maintenance period (in case of a fine-tuning operation on the last day
of the maintenance period). The impact of no frontloading would have been even higher if the
(symmetric) reserve band system was adopted instead of the fine-tuning operation. In this case
the EONTA would have been approximately 38 bps higher. Moreover, no frontloading leads to
higher EONIA time-series standard deviation and higher bid-ask spread which is approximately
0.7-1.2 basis points higher compared to the observed frontloading scenarios (see Table 6 and

Figure 12). Interbank market trading activity measured in average trading volume is also lower

15We refer to quality of policy rather than welfare analysis because the latter is associated with general equi-
librium, whereas the scope of ours is partial (dis)equilibrium analysis.
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if no frontloading is carried out. Depending on whether a FTO or the reserve band system
is adopted on the last day of the maintenance period, the interbank market trading is 4-9
percentage points lower than in the observed frontloading scenario. Hence, we conclude that
irrespective of whether a fine-tuning operation is conducted or a reserve band system is in place,
on the last day of the maintenance period, if there is no liquidity provided in the early stage of
the maintenance period and if markets are not frictionless, liquidity provision only on the last
day of the maintenance period leads to higher total liquidity provision by the central bank. This
confirms the results of Section 7 for markets with frictions. Furthermore, and more importantly,
even with increased liquidity provision in case of no frontloading, the EONIA, transaction costs
and the interbank market activity cannot be steered as close to the targets as it is in the case of
frontloading. For instance, considering the EONIA spread, even with liquidity provision of 61%
of the MRR the EONIA spread cannot be steered towards zero due to market segmentation and
lending constraints.

Comparing the fine-tuning operation and the reserve band system in case of frontloading as
observed, we note that the reserve band produces slightly better though statistical significant
results for all quality criteria. The reserve band system absorbs slightly more liquidity on the last
day of the maintenance period (-3.3% of the MRR compared to -3.0% in case of a FTO), leading
to a more efficient use of liquidity, higher average interbank market trading, lower transaction
costs and lower EONTIA standard deviation. Nevertheless, both the fine-tuning operation and
the reserve band lead to EONTA spreads which are not statistically different from zero on the

last day of the maintenance period.

10 Conclusions

In the first part of this paper we extended the [QMO06] model of the euro overnight interbank
market in three directions. First, we incorporate the microstructure of the European interbank
market to capture the level and the shape of the European interbank market rate. Second, we
propose a regime switching model with endogenous regime switch which allows to simulate the
entire maintenance period without facing the problem of curse of dimensionality. Moreover, the
model provides theoretical insights into the trading behavior of banks in the early stage of the
maintenance period. Thirdly, we propose a model for an interbank market which is distorted
by credit rationing and show that lending constraints of banks leads to a bid-ask spread on the
interbank market.

In the second part we use our model to study the impact of the market turmoil on the euro
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overnight interbank market by allowing for market segmentation, lenders’ credit lines (credit ra-
tioning), and aggregate liquidity shocks. The main conclusion of the calibration and subsequent
simulation is that increasing liquidity volatility (idiosyncratic or aggregate) is neither necessary
nor sufficient to generate the kind of market developments that were observed during the crisis.
In fact, for the model to replicate the kind of interbank trading patterns observed during turmoil
what is needed is a combination of (a) increasing market segmentation, which leads to U-shape
pattern of the EONIA and increased EONIA volatility; and (b) credit limits (rationing) which
increase the level of the EONIA.

Using panel data of 82 Euro Area commercial banks covering the period March 2003 - July
2007 we find that (i) the average idiosyncratic liquidity shock volatility is around 45% of the
minimum reserve requirements and that (ii) banks on average switch from a backward-looking
liquidity shock correction regime to a forward-looking reserve management regime around the
last weekend of the maintenance period. The latter result confirms the observation of [GQMOS|
who observe that the EONTA distribution on the last three days differs from the EONIA distri-
bution on previous days of the maintenance period.

Based on simulations of market segmentation and lending constraints, we evaluate ECB’s
liquidity frontloading policy and compare it with a reserve band system policy similar to the Bank
of England’s framework. The simulation results suggest that without frontloading the overnight
interest rate would have been, on average, 23 basis points above the policy rate (target); with
frontloading and a fine-tuning operation on the last day of the maintenance period, the overnight
rate is, on average, on target. Therefore, our theoretical result that frontloading is an efficient
tool to stabilize interest rates, is also confirmed for distorted markets. Comparing the fine-
tuning policy of the ECB to a reserve band system similar to the framework of the Bank of
England we find that while both are equally able to anchor the overnight rate on the last day of
the maintenance period, the latter seems to improve over the former in terms of higher average
interbank market trading, lower transaction costs and lower EONTA standard deviation.

There is an additional insight provided by our analysis. With frontloading the central bank
fosters market activity and steers the overnight interest rate; however, the source of market
distortions, captured in the model by market segmentation and lending constraints, are not
addressed / impacted by the policy as they are kept as exogenous parameters in the simulations.
This only can be justified if those distortions have their roots in solvency, rather than liquidity
problems. To the extent that our model captures the main features of the impact of the financial

market turmoil on the functioning of the interbank market, it highlights as well the limits to
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central bank policy focused on liquidity management.
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A Minimum reserve requirement adjustment

To ensure the assumption that the distribution for the liquidity shocks F' is homogeneous across

banks in the presence of different sized banks in our sample we consider liquidity shocks which
MRR!

are normalized by the adjusted minimum reserve requirement R] = To0 > 1-e. by
. )\{
1

We further assume!® that the shocks are distributed such that

o (W —d
Fb] —a])=F (tht> (60)

where A7 ~ F* and ) ~ F. Then equation (10) becomes
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If the interbank market is cleared at the rate zg = 1, then
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B Optimization problem for the fine-tuning operation

In case of a liquidity surplus, i.e. if f<0, then the expected profit is given by

-
Blirb) — &) = inb — i [ (M} = 3)fOr)dAr

—00

15For instance, if F' and F* are normal distributions, then
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In case of a liquidity deficit, i.e. if f > 0, the expected profit is given by
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C Inter-bank market trading in case of lending constraints

In the shock correction model we assume that the interbank market trading is determined by
J— —1 (i —Elirs1] j

a + F~! <"?‘E["t+ﬂ) bl <0

A —Elies1]

b =

where b{ ~ is the non-interbank-market lending.

By setting
gy S b it — Blig1]
0= b =4 =0 4 pt (_t _t“).
jz:; o n it = Elig41]
we get
. nopiT . .
AU (N'IP® D bt S
min (b, bi1) = SR A
—A; +a] + =2 b <0
By further assuming that ¥~ =b/(1-1) and solving the equation system we obtain
t t
(—~Ae+a)) A+ +LE S (ai-a])
b — (2 () bi >0
—A¢+a] + Lyt byt bl <0

D Liquidity Shock Volatility

For cross-checking the validity of the calibrated idiosyncratic shock volatility parameter we
estimate the volatility parameter directly applying GMM to the panel bank data covering the
period March 2003 - July 2007.
The i-th bank’s observable current account cuact after trading during regime I and receiving
the liquidity shock is given by
cuack = at — b 4+ \.. (64)

Guided by the theory derived in Section 4 we model interbank market trading by
b; =—A;+ ﬂaé + €. (65)

This specification is motivated by the observation of banks targeting liquidity excess reserves,
where X = (8 — 1)a’ + € (see Section 5).

Then the current account is given by
cuac, = (1 — B)al + Ay + \i + ¢
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Inserting equation (65) into equation (64) and taking first differences leads to

Acuactyy = Appr — A+ Ay = AL+ (1= 9)(agyq — af) + Aerga (66)

= A1 — Ar+ N — BN+ Aerya (67)

For model estimation we lean on the idea of covariance estimation for panel data proposed by
[HMS82]. We proceed in two steps: we first run OLS regressions on Acuac] to filter MRO and
LTRO changes and to extract the corresponding residuals Acuac: which we consider to contain
the pure information about liquidity shocks Ai. In a second step we estimate the covariance
structure of the residuals Acuac, with a parametric function of market segmentation s, the
trading parameter 3, and shock liquidity variance ai.

Considering market segmentation as introduced by [GQMO0S8| we get

s J
j=1

4 A . .
Acuacy | = Tt + A1 — BAL+ Aerp (68)

where we used the fact that al,; —a} = A\l and A; = # We additionally consider banks
to have different idiosyncratic shock volatilities. If shock volatility varies with bank size, we
estimate o) jarge, O\ medium and o smqn for large, medium and small banks, respectively. By the

law of total variance we get for the shock volatility

*2 2 2 2
O)N = OXlargePlarge + O\ mediumPmedium + O\, smallPsmall (69)

2

€

where p, is the probability of occurrence. By assuming p(A, \i) = —L fori#j, Var(e) =0

the covariance structure (6) with 0 = (o), s, 3) is specified as

Var(Acuacy,,) = <(88_21) - (8(;1_)(5)5_22)> Y

2(s = 1)(5 — B)orss 1 2\ .2 2
- s ’ 1+ (= — 2
(n—l)s + ( +($ 5) )U)\,s+ O¢ (70)
] p—] 1 2 11 * 2
’ = D Oxs — AsON T O
Cov(Acuac;, ,, Acuacy]) . B) oy, — ‘ia sON— O (71)

where we assumed that Ele;\] =0
For filtering medium and long term effects we carry out an OLS regression to obtain the

residuals cuac, i.e.
Acuact = o+ fMEOAM RO, + BETRO ALT RO, 4+ Acuac. (72)

The residuals Azuac: of the time series regressions of each banks’ current account changes are
taken as input for the GMM estimation. Distribution moments, normality test and autocorre-

lation for the residuals Acuac, are given in Table 4.
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In Table 5 we report the results of the GMM estimation of the model parameters. We find
the idiosyncratic volatility to be around 42% for large banks, 38% for medium sized banks and
36% for small banks. The J-test indicates that the moment conditions specified above fit the
data. Note that market segmentation has almost no impact on the estimation results. The main
conclusion is that the calibrated volatility parameter, o = 45, is close to the value estimated for

the large banks in the sample.

E Reserve band system

Within the reserve band system of the Bank of England, each bank is not required to meet
the reserve requirements exactly but only within a band width of £1% of the MRR. If the
reserves are within the band they are remunerated by the rate i" equaling the official interest
rate. [Mac05b] and [Mac05a] provide formulas for the optimal interbank market trading in the
[QMO06] model. We model a similar policy where we assume that the remuneration rate i" equals

the rate # and that the band width is equal to
rb=0.01 - M RR - days in maintenance period (73)

i.e. equal to the accumulated maximum excess reserves remunerated at ¢". Then by adapting
the formulas of [Mac05b] and [Mac05a] the interbank rate and trading on the last day of the
maintenance period are determined by

l -d . . . ; ; i
C(F(=rb+ S+ dj + Uy — a}y) + F(rb+ 5 + djp + b — a})) (74)

if the deficiency of bank j is outside the reserve band, and by

-

(F(b), — a%) + F(rb+ S + & + bl — af))) (75)

if the deficiency of bank j is inside the reserve band (if the bank is inside the band it has to
avoid an overdraft, i.e. it has to ensure that a{f - b]f > 0 otherwise it has to borrow funds at the
marginal lending facility). Figure 4 compares the demand curves of the fine-tuning operation
and the reserve band system in an example. In this example, if a bank in a reserve band system
ends within the reserve band on the last day of the maintenance period, optimal lending is at
a lower rate than in the fine-tuning operation system. For banks with deficiency outside the
band, the individual lending and borrowing rates in a reserve band system are bounded from
below and above by rates resulting from liquidity providing and liquidity absorbing fine-tuning

operations, respectively, in a non-reserve band system.
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Figure 4: Demand curve for i = 3%, i' = 5%, D% = 100, Ajf =100, f =0, S =0, )\jf ~
N(0,40).

F Description of the Solution Algorithm

On the pen-ultimate day ¢t = T — 1 of the maintenance period a system of equations of the
form iZ_'p_l = f(bz‘f_l, d{;_l, a{;_l, E(ir)) with j = 1,...,n has to be solved to obtain the optimal
trading b]f—1 for each bank such that the market is cleared. The calculation requires to calculate
the expected value of the rate ix = f(br_1,br,ar—1,dr—1, A\r—1) where br_1, by, dr and ar are
n-dimensional vectors of trading, deficiency and current accounts at 7" and T — 1, respectively.
For solving this problem we fix a rate 77 and determine the market clearing trading vector
I;T_l for i = %T. Conditional on BT_l we calculate the rate i7. We repeat this procedure
systematically until the difference 17 — i < tol where tol is a tolerance level.

For the determination of market clearing trading b; we generate a grid where the entry b(k, 7)
gives for bank j = 1,...,n the optimal trading b]f_l at the individual optimal rate i = i]f_l

d

with ¥ = {i?,i% + %,...,il - ’;——jl,z’l}. The optimal trading is given by b{ = b(k,j) with
k = argminp|> %4 (h,j)|, i.e. where the market imbalance is lowest. Although this procedure
is computational expensive it allows to consider trading constraints in the determination of the
optimal market clearing market vector. An example for a trading restriction is the constraint

that current accounts are not allowed to be negative, i.e. ag - bg > 0.

G Figures and Tables

42



‘pojiord st uormnquiysip reorduws oY) portod oouruejUIRT o) JO ARp )sB[ o) U0 uorjerado
Suruny-euy oY) 104 -poajjord are ‘Apparyoedser ‘porrad SISLD pue sSLo-o1d oY) ur pourad souRULIUIRMI FT puR ¢¢ JO (oUul] Pajjop) UOIJRIASD
pIepue)s [F ueowl pue (oul] JYSreI)s) uea]y "(YYIA) SIUOWLIMDoI 0ATIosoI wnwiui oY) jo sofdiynur ur uoeArd ore (()I.) suorjerodo-guruny
-ouy oy} pue ‘(OYI/1) suonyerado Jumueuygal we) Suol ‘(OYJN) suorjerado Sumueuysl urely ‘007 Ioquejdeg pue () IOQUIBAON UsdMId(
potad eouruULjUIR 9Y) JO (ARPSONT, WO SUIPUS ‘ARPSOUPOA\ UO Jurpre)s) sAep Qg 9se[ oyj sunmp suoljerado josrewr uodo s gOH :G oIN3I

qY N q4Y N g4 IN q4 v
SISLD v om— () sisuo Srr (S) SISLO 57 (3) s1suo S (9)
ol
N,o Q,o N,ow v,ow oW HL nL L=E] am oW HL nL ¥4 EL [el}} HL nL I=E] 3Im OW HL nL R=E] am
— L o Sy A S A A A A °
, &
° o  m==--- <
b ° YT TTTTTssss-os <
Lo S R DR
N o e
Lo m | o |HI( =
: S .-
& = .
L. g 3 . -5 3 AEREEE R Yoo B
................. . o
o -
Ll [N)
Lo .
N N N
IS S
LS ccccccccccee " "~ ecccnccacca=-"
&
_ HH W 1 WU _ MU ~ HH W
ststIo-a1d Dois (p) sist-o1d F () sisto-oxd 5275 (q) sist-oad Fon ()
ol
“ o0 o " ON HL AL ¥4 3M OW HL nNL ¥4 3m ON HL NI ¥4 3M ON HL NI ¥4 3M ON HL NL ¥4 3M ON HL nNL ¥4 3m
L o S S A A B} Sy A S A A A A °
) &
I o
@ S
L | s —_——
[ . ,
o ) 3 5
La § Fe
& =
= L 3 3 B
| [ e
L. ° B —
r~ B e I
B e iccccmeaa- 5

r
€0

43



"UOTINLIISTP Tedrrrdue Ue Jo WLIO] Ul USAIS ST porrod 90URULIUTRW 9} JO ABD }se[ 97} U0 SNdINS 9AIISOI PajR[NUINIIE
o1 ], ‘pomrold axe ‘Afparpoadser ‘porrad SISLID pue sISLID-o1d o) ul poled eouruULjUIRW ] PUR €€ JO (9UI] PO}jOP) UOIJRIASD pIepuer)s ] F Ueou
pue (aur] 1ySre1ss) uesy ‘Q00¢ oqueideg pue (7 I0QULAON Usemiaq poliad sdourULIUIRT A JO SARD Q7 1Se[ o) SuLmp (YYJN) Siuewalmboal
OAIOSOI WINWIUIW 9} Jo so[diynur ur parnseswr (QY(J) sndins ssooxo A[rep o) pue (AoUSIOYOP Poonpol A[IRdUI] B PUR ADUSIOYIP POAIISCO T[] JO
90uaIafIP) Tred JULI[Y[N] IeUI] 9} WOIJ UOTIRIASD ‘(DY [))) SOI[IoR] Suipue)s SUISN pue SUIPRI) I9)Je PAAISSCO SB SIUNO0IIR JUILINY) 19 oINSI]

SISLO YOOV (1) st SU( (9) sIst1o A>uatoyya(] uoneIAd( (§) sisto VD ()

0£0 520 020 ST0 oro 500 000
L L L L L L L

ON VS HL NL NS ¥4 3M OW VS HL NL NS ¥ 3Im ON HL NI ¥4 3M ON HL NL ¥4 3IM
T Y B AT T T T T T Y N S T R R |

S0'0- 0T0-

fususq
000
sy¥a
w

S00
red wawyny feaul ay) Woy uoneIap.

oT'o

ST0

sisto-01d SYNOV (P) SISt G (I (2) stst10-01d Aouaroye(] uoryeras( (q) sisto-o1d Dy N (e)

050 520 0z0 ST0 oro 00 000 ON VS HL NL NS ¥4 3M OW VS HL NL NS ¥ 3m ON HL NL ¥4 3M ON HL Nl ¥4 3IM
I I I I I I I Ll T T T T R R S R SR |

oT’0-

S0'0-

T
w

Aysusq
T
000

sya
Ued 1INy JE3UI B WOl UONEINaD

44



™ ™
o 7 o 7
o o
c 7 c 7
=T oo
§ o5 § o
g -
a a
8 K
c o < o
§ 24 § 24
- | \ - |
? \ ?
\
\
o o
c - o - \
! T T 1T T 1 111 T 1T 1T T T T T ! T r T 11T 1 1 11 1 T 1T 1T T T T 1771
WE FR TU TH MO WE FR TU TH MO WE FR TU TH MO WE FR TU TH MO
(a) EONIA Spread pre-crisis (b) EONIA Spread crisis
o o
< 4 < 4
o . o
’
8 8 - ‘
o o
x 8] x 8 |
€ o £ s
2 2
=1 wn =1 wn
T N4 S N4
> o > o
o o
g g
[} [}
wn wn
g g
e T T T 1T 17 11 11 1117 1T T T 71 e LI N L N I N Y N N B B B
WE FR TU TH MO WE FR TU TH MO WE FR TU TH MO WE FR TU TH MO

(c) Volume crisis
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Figure 7: EONIA spread over the minimum bid rate (MBR) and trading volume over the
minimum reserve requirements (MRR) during the last 28 days of the maintenance period between
November 2004 and September 2008. Mean (straight line) and mean + 1 standard deviation
(dotted line) of 33 and 14 maintenance period in the pre-crisis and crisis period, respectively,
are plotted.
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Figure 8: Usage of standing facilities (deposit facility (DF) and marginal lending facility (MLF))
in multiples of the minimum reserve requirement (MRR) during the last 28 days of the mainte-
nance period between November 2004 and September 2008. Mean (straight line) and mean +
1 standard deviation (dotted line) of 33 and 14 maintenance period in the pre-crisis and crisis
period, respectively, are plotted.
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Figure 9: Fine Tuning Operation (FTO) on the last day of the maintenance period and accumu-

lated reserve surplus. The OLS regression gives a ¢ = —0.01741 and b = 1.05912 with t-values
equal to —4.679 and 14.229, respectively. R? is 0.8747.
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Table 1: Summary statistics cuac] between
March 2003 and July 2007
Mean Std.  Skew. Kurt. ACF(1)
all
Mean 100.52  52.96  2.03  21.36 0.37
Std. 2,10  25.63 264  52.61 0.16
Min. 95.11 0.96  -0.47 2.88 0.03
25% 100.00  36.62  0.77 4.83 0.26
50% 100.07 4877  1.20 6.95 0.38
75% 100.19 6575 196  12.34 0.48
Max. 113.58 153.98  17.29  407.10 0.86
large
Mean 99.96  51.81 1.37  11.09 0.35
Std. 0.79 1877 146  23.01 0.13
Min. 95.11  22.06  0.25 2.88 0.08
25% 99.99 4149  0.74 4.62 0.25
50% 100.02  44.79  1.02 5.84 0.35
75% 100.11  64.52 1.36 7.91 0.44
Max. 101.76  105.54  9.33  156.88 0.58
medium
Mean 100.68  61.81 262  23.62 0.33
Std. 1.26 2955  2.06  24.81 0.17
Min. 99.12  29.98  -0.47 3.98 0.03
25% 100.02  34.89  0.97 6.31 0.24
50% 100.10  57.79 1.85  11.87 0.33
75% 101.07 7742  3.50  26.34 0.45
Max. 103.56 131.71  6.94  81.87 0.67
small
Mean 102.52  46.42  3.89  B8.77 0.54
Std. 434 4019  5.09 115.70 0.18
Min. 99.65 0.96  -0.39 3.12 0.13
25% 100.04  17.83  0.54 8.75 0.45
50% 100.38 4819 202  11.70 0.53
75% 102.98  55.77 445  36.20 0.64
Max. 113.58 153.98  17.29  407.10 0.86

Estimates are based on individual bank data
covering the period March 2003 to July 2007.

Table 2: Kaplan-Meier estimate of survival function S(e);

e=0 = P(b] +al)
all large medium small all large medium small
t=T-4 72.2 (0.8) 81.8 (0.8) 46.0 (1.9) 67.5(2.0) 77.1(0.7) 855 (0.8) 56.2(1.9) 70.7(2.0)
t=T-3 65.5 (0.8) 74.3 (1.0) 40.9 (1.9) 61.8 (2.1) 70.9 (0.8) 78.7(0.9) 51.0 (1.9) 65.5(2.0)
t=T-2 58.2 (0.9) 64.6 (1.0) 37.6 (1.9) 58.7 (2.1) 63.9 (0.8) 70.3 (1.0) 46.9 (1.9) 60.5 (2.1)
weekend  46.8 (0.9) 50.0 (1.1) 30.0 (1.8) 55.2 (2.1) 52.9 (0.9) 57.1(1.1) 36.9 (1.9) 56.6(2.1)
weekend  26.8 (0.8) 24.5 (0.9) 14.5 (1.4) 51.1 (2.1) 30.6 (0.8) 28.6 (1.0) 19.9 (1.5) 51.5 (2.1)
t=T-1 9.2 (0.5) 5.0 (0.5) 2.1 (0.6) 34.5 (2.0) 11.2 (0.5) 6.2 (0.5) 7.8 (1.0)  34.5(2.0)
t=T 0.4 (0.1) 0.4 (0.1) 0.3 (0.2) 0.4 (0.3) 0.8 (0.2) 0.7 (0.2) 1.3 (0.4) 0.6 (0.3)

The survival function S(e); gives the probability that up to time t there is no lock-in. The Table plots
the last 4 busness days plus the last weekend of the maintenance period for period March 2003 to July
2007. Results are presented for ¢ = 0 and e equal to the probability of an overdraft

P(cuacl) = P(b] — a).

48



1.0

0.8

S
0.6

0.4

N
[}

= large size
= medium size
-+ smallsize

L U U O A B B |
THU SAT MON WED FRI

T

T T T T T T T i
SUN TUE THU SAT MON

t

(a)e=0

1.0

0.8

0]
0.6

0.4

N
=}

= large size
= medium size
small size

THU SAT MON WED FRI

T T T T 1T T 1T 1T T T T T T T T 11 I
SUN TUE THU SAT MON

t

(b) e = P(b] —af)

Figure 10: Survival function S(€); = Prob(1 — P(d} +b) — al) < ¢€) differentiated according to
bank size plotted over the last 20 days of the maintenance period. The survival function S(e),
gives the average fraction of banks which are not locked-in on day ¢. We consider two thresholds
for the regime switch: € = 0 and € equal to the probability of an overdraft P(b; —a;). Estimates
are based on individual banks’ current accounts cuac] = a; — by + \¢j covering the period March
2003 to July 2007.
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Table 3: Comparison of Euclidean Distance between simulated and observed average EONIA and
liquidity characteristics during the last 5 days in the maintenance period.

s=60 s=20
c=30 o0c=45 o=50 c=30 o0c=45 o=50
EONIA Spread
Pre-Crisis (Frontloading = 7.76) 12.10 2.85 4.18 7.46 8.86 9.62
Crisis (Frontloading = 7.5) 30.90 12.50 4.62 6.23 5.33 5.98
Crisis (Frontloading = 7.5) + Agg. Shock p = —0.5 18.43 3.30 5.81 4.79 6.68 9.22
Crisis (Frontloading = 7.5) + Lending constraint 1=0.97 24.41 4.11 6.32 5.11 3.15 7.21
Crisis (Frontloading = 7.5) + Lending constraint 1=0.99 29.11 9.80 3.22 6.49 3.14 3.95
EONIA MTM-Variation
Pre-Crisis (Frontloading = 7.76) 8.66 7.65 7.04 8.52 6.36 5.33
Crisis (Frontloading = 7.5) 11.60 10.01 9.74 5.34 2.88 2.48
Crisis (Frontloading = 7.5) + Agg. Shock u = —0.5 11.02 10.03 9.98 5.03 3.01 2.75
Crisis (Frontloading = 7.5) + Lending constraint 1=0.97 11.16 9.82 9.47 8.99 6.62 5.49
Crisis (Frontloading = 7.5) + Lending constraint 1=0.99 11.64 9.97 9.83 8.92 6.27 5.05
EONIA spread Shape
Pre-Crisis (Frontloading = 7.76) 2.24 2.00 2.24 3.61 3.46 2.83
Crisis (Frontloading = 7.5) 2.24 2.00 2.00 2.00 0.00 0.00
Crisis (Frontloading = 7.5) + Agg. Shock p = —0.5 2.83 2.00 2.00 2.00 0.00 0.00
Crisis (Frontloading = 7.5) + Lending constraint 1=0.97 1.00 0.00 0.00 2.00 0.00 0.00
Crisis (Frontloading = 7.5) + Lending constraint 1=0.99 1.00 0.00 0.00 2.00 0.00 0.00
Deficiency - FTO - Current Account
Pre-Crisis (Frontloading = 7.76) 4.92 4.39 6.18 4.63 4.83 7.38
Crisis (Frontloading = 7.5) 10.71 7.50 7.46 10.04 6.76 7.54
Crisis (Frontloading = 7.5) + Agg. Shock u = —0.5 5.07 4.07 6.14 4.58 4.66 7.60
Crisis (Frontloading = 7.5) + Lending constraint 1=0.97 8.71 5.63 6.64 8.19 5.43 7.51
Crisis (Frontloading = 7.5) 4+ Lending constraint 1=0.99 10.02 6.77 7.03 9.40 6.21 7.39

Comparison of observed and simulated EONIA spread, maintainance-period-to-maintenance-period (MTM)
variation, EONIA spread shape and liquidity situation for different idiosyncratic shock volatilities

o = {30,45,50} for different pre-crisis and crisis period scenarios. The pre-crisis period is modeled with
frontloading of FL = 7.8 and without market frictions (s = 60) and with market segmentation s = 20. The
crisis period is charactersized by frontloading of F'L = 7.5. The crisis period scenarios consist of combinations
of aggregate liquidity shock p = {—0.5,0}, lending constraint [ = {0.97,0.99, 1} and degree of market
segmentation s = {20,60}. For the EONIA spread shape the (unweighted) Euclidian distance of signs of
spread changes is calculated. For the other characteristics a weighted Euclidian distance is given which is
obtained such that the figures in regime 1 CWED’, "TUE’, 'FRI’) have in total a weight of 0.5 and the figures
in regime 2 ("MON’, '"TUE’) also have a weight of 0.5. The minimum value of a row is plotted in bold face
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Table 4: Summary statistics Acuac,

Mean Std. Skew. Kurt. JBp-val. ACF(1)
(%)
all
Mean -0.01  40.75 -0.02  -0.20 0.31 -0.32
Std. 1.67 18.81 0.11 0.42 0.27 0.08
Min. -3.77 6.38 -0.35  -0.81 0.00 -0.46
25% -0.81 29.64 -0.08 -0.42 0.08 -0.38
50% 0.11  38.79 -0.02 -0.32 0.24 -0.34
5% 0.80  50.67 0.05  -0.16 0.53 -0.29
Max. 6.42  96.08 0.27 1.69 0.95 -0.07
large
Mean 0.08 42.81 -0.01  -0.32 0.31 -0.34
Std. 1.61  16.65 0.09 0.23 0.26 0.06
Min. -3.04 12.85 -0.16  -0.81 0.02 -0.46
25% -0.81  31.28 -0.08  -0.44 0.10 -0.37
50% 0.19  41.98 -0.01  -0.35 0.24 -0.34
5% 0.86 51.71 0.05 -0.24 0.50 -0.30
Max. 6.42  96.08 0.27 0.58 0.95 -0.20
medium
Mean -0.21  39.95 -0.00  -0.03 0.26 -0.32
Std. 1.70  20.09 0.13 0.61 0.25 0.08
Min. -3.77 7.60 -0.34  -0.47 0.00 -0.44
25% -0.70  29.15 -0.07  -0.37 0.08 -0.39
50% 0.06  37.72 -0.01  -0.33 0.20 -0.31
5% 0.66  42.52 0.06 -0.06 0.32 -0.28
Max. 3.04 86.01 0.20 1.69 0.70 -0.16
small
Mean -0.12 29.71 -0.12 0.15 0.41 -0.25
Std. 2.11  26.54 0.13 0.60 0.37 0.12
Min. -2.57 6.38 -0.35 -0.57 0.00 -0.39
25% -1.45 8.65 -0.19  -0.15 0.03 -0.35
50% -0.14  18.41 -0.09  -0.09 0.44 -0.27
5% 0.72  46.02 -0.03 0.32 0.70 -0.17
Max. 3.92  70.70 0.04 1.31 0.90 -0.07

The residuals are obtained by the time-series regression
Acuact = o+ MO AMRO; + BLTEO ALT RO, + Acuac,
where AMRO;, ALTRO; and Acuaci are the daily absolute
changes of the MRO, LTRO and the i-th bank end-of-day

current account.

Table 5: GMM estimation results based on Acuacg

no market segmentation s=n

market segmentation s=0.1n

Estimate  Std.Error p value Estimate  Std.Error p value
(%)
Parameters
T large 41.9620 8.6418 0.0000 40.8371 7.9070  0.0000
O\, medium 38.3416 9.6320 0.0001 37.1130 8.8864 0.0000
O\, small 36.1516 10.4117 0.0005 34.8489 9.6815 0.0003
0.4813 0.1155 0.0000 0.5009 0.1160 0.0000
Oe 2.9855 90.3352 0.9736 7.1794 34.2771 0.8341
J-test
statistic 0.0011 0.0017
p value 0.9735 0.9676
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Figure 12: Comparison of different front-loading policies and end-of-maintenance period policies
(fine-tuning operation FTO, reserve band system RB) for a interest rate corridor of i' —i% = 2%.
Different scenarios for front-loading policy: high frontloading (D7_g=700), observed frontload-
ing (Dr_g=723.5), low front-loading (D7_g=750) and no front-loading (D7_g=807) are calcu-
lated for the crisis period where the starting current accounts were set to Ap_g = 96.5. The
lending constraints were assumed to be [ = 0.97 and market segmentation was set to s = 20.
Liquidity shocks were assume to have zero mean g = 0 and a standard deviation of o = 45.
The fine-tuning-operation (FTO) policy was assumed to target an aggregate surplus of S = 12
(f =S+ Dp — Ap) . The reserve band policy assume a reserve band of rb = 28.
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Table 6: Policy Comparison based on simulations of 1000 maintenance periods

i — MBR St.dev it Bid-ask Spread
Avg. Diff. Avg. Diff. Avg. Diff.
Obs. Frontloading and FTO 0.7 10.4%%* 2.7HH*
Obs. Frontloading and RB -1.7 -2 FKF 9. 4%KFF 1 gFFF 2.6%FF (1 FFF
No Frontloading and FTO 23.3%*x g yFEx 11.2%%* 0.8%* 3.3%%% 0.7%%*
No Frontloading and RB 38.7FF* 88 0F** 11.7%%* 1.8%%* 4.0%%* 1.2%%%

Tot. Liq. Prov.

Liq. Prov. t=T

Avg. Trading

Avg. Diff. Avg.  Diff. Avg.  Diff.
Obs. Frontloading and FTO 45.5%%* -3.0%** 113.2%**
Obs. Frontloading and RB 45.2%Fkx () gFFF -3 3K, gFF* 114.1%%%* 0.9%**
No Frontloading and FTO 61.0%** 15 4*** 61.0%**  64.0%** 109.1%%* 1 ***
No Frontloading and RB 61.0%** 15 7FF* 61.0%**  3.8%** 104.2%%* -9 g***

Simulation of 1000 maintenance periods for comparison of open market operation policies.
Quality criteria: average EONIA spread it — M BR, the bid-ask spreadr due to lending
constraints and the time-series standard deviation of the EONIA over the last 5 days is given in
bps; liquidity provision 'Tot.Liq.Prov’ is calculated as amount of front-loading plus liquidity
absorbtion or provision on ¢t = T' ("Liq.Prov t=T") as percentage of the minimum reserve
requirements (MRR); the average trading volume is calculated over the last two days in regime
IT (as the trading volume is the same for all policies in regime I) and also given in percent of the
MRR. Two different scenarios for the ECB’s frontloading policy are considered: observed
frontloading (Dr_s=723.5) and no front-loading (Dr_s=807)) are calculated for the crisis
period where the starting values for current accounts were set to Ar_g = 96.5. The lending
constraints were assumed to be [ = 0.97 and market segmentation was set to s = 20. Liquidity
shocks were assume to have zero mean y = 0 and a standard deviation of o = 45. The
fine-tuning-operation (FTO) policy was assumed to target an aggregate surplus of S =12 . The
reserve band policy (RB) assume a reserve band of rb = 28. For each quality measure the
average ("Avg.’) over 1000 simulation and the difference ("Diff.”) of each policy to the policy of
"Obs. Frontloading and FTO’ is reported. For each reported figure we test for significant

difference from zero: *** 1%, ** 5% significance level.
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