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Abstract

Recent quantitative easing (QE) policies implemented over the course of the Great Re-
cession by the major central banks have had a profound impact on the working of money
markets, giving rise to large excess reserves and pushing down key interbank rates against
their floor —the interest rate on reserves. With macroeconomic fundamentals improving, cen-
tral banks now face the dilemma as to whether to maintain this large balance sheet/floor
system, or else to reduce balance sheet size towards pre-crisis trends and operate traditional
corridor systems. We address this issue using a relatively simple New Keynesian model with
two distinct features: heterogeneous banks that trade funds in an interbank market, and
matching frictions in the latter market. We show that a large balance sheet allows for ampler
‘policy space’ by widening the average distance between the interest on reserves and its effec-
tive lower bound. Nonetheless, a lean-balance-sheet regime that resorts to temporary QFE in
response to recessions severe enough for the lower bound to bind achieves similar stabiliza-
tion and welfare outcomes as a large-balance-sheet regime in which interest-rate policy is the
primary adjustment margin thanks to the larger policy space. At the same time, the effec-
tiveness of QE through the channel we model is limited. In line with the empirical evidence,
the marginal effect vanishes as the balance sheet becomes very big.
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1 Introduction

The financial crisis and the ensuing Great Recession forced central banks across the industrialized
world to put in place quantitative easing (QE) policies that led to a massive increase in the size
of their balance sheets. On the liabilities side, balance sheet expansion has taken the form of an
unprecedented increase in aggregate excess reserves. In turn, such an increase in excess liquidity
has put downward pressure on overnight interbank market rates, to the point that they have been
pushed towards their floor — the interest paid on excess reserves by the respective central banks,
which has thus become basically the sole determinant of such interbank rates in recent years. This
‘large balance sheet regime’ or ‘floor system’ represents a change in paradigm as regards the conduct
of monetary policy vis-a-vis the one prevailing before the crisis, characterized by relatively small
central bank balance sheets, near-zero aggregate excess reserves, and interbank rates in between
the interest rates paid and charged by central banks on excess reserves and on their marginal
lending, respectively (‘lean balance sheet regime’; or ‘corridor system’).

Figure 1 illustrates these developments for the case of the euro area. Before the crisis, the
EONIA - the main index of interest rates on overnight loans in the euro area interbank market —
remained very close to the middle of the corridor formed by the interest rates of the ECB’s deposit
and marginal lending facilities. Also, reserves in excess of regulatory requirements were negligible.
Following the first large-scale liquidity injections put in place in the context of the recent crisis,
the EONIA shifted towards the lower bound of the interest rate corridor, i.e. the deposit facility
rate, as excess reserves scaled up to historical highs at that time. The launch of the large-scale
asset purchase program (APP) in February 2015 consolidated the new large-balance-sheet, floor
system regime.

As macroeconomic fundamentals slowly but steadily improve across many advanced economies,
monetary policy-makers now face the dilemma as to whether to reduce the size of their balance
sheets towards pre-crisis trends and return to the corridor system, or else whether to continue
operating under the current floor system. This issue has drawn much attention in recent times
both in academia and policy circles.! However, formal analyses in the context of well-suited
theoretical models are relatively scarce.?

In this paper, we propose a relatively simple general equilibrium model designed to compare
the stabilization and welfare properties of (a) the pre-crisis lean balance sheet regime and (b) the
post-crisis floor system with a large balance sheet. Our framework departs from the standard
New Keynesian DSGE model in two key dimensions. First, in order to motivate the existence
of an interbank market, we introduce banks that collect deposits from households and have the

possibility of lending to nonfinancial firms. Banks receive idiosyncratic shocks to the return that

'See e.g. Bernanke (2016) and Bullard (2017).
2See the related literature below.
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Figure 1: This figure shows the ECB interest rates and its balance sheet since the introduction of
the Euro. Excess reserves are both excess reserves in current accounts as well as deposits at the
deposit facility.

they can expect from the latter investment. As a result, some banks will endogenously choose to

borrow in the interbank market — subject to a leverage constraint — so as to finance lending to

firms, and some others will choose to lend in the same market or to hold government bonds.?
Second, following a recent literature, we capture the bilateral trading nature of the interbank

4 Every

market by assuming that the latter is characterized by search and matching frictions.
period, lending and borrowing banks search for each other and, upon matching, negotiate the
interbank loan rate, with the interest rates on the central bank’s deposit and lending facilities as the
outside option for the lending and borrowing bank, respectively. As a result, the agreed interbank
rate falls inside the interest rate corridor; its actual position within the latter is determined by
the effective bargaining power of borrowers and lenders, which in turn depends on the relative
tightness of the interbank market. In this setup, bank reserves are therefore the residual funds
that lending banks are not able to place in the interbank market.

In the model, the size of the central bank’s balance sheet plays a key role in determining

3In particular, our modelling of banks shares many features with Buera and Moll’s (2015) modelling of entrepre-
neurs in a real framework, where the latter receive iid idiosyncratic shocks to the future return on their investments
and can borrow from other entrepreneurs subject to an exogenous leverage constraint.

4See e.g. Afonso and Lagos (2015), Armenter and Lester (2017), Atkeson, Eisfeldt and Weill (2015), Bech and
Monnet (2016), and Bianchi and Bigio (2014). Our modelling of search frictions in the interbank market follows
Bianchi and Bigio (2014) closely.



outcomes in the interbank market. On the assets side, the central bank purchases long-term
government bonds and, through its lending facility, provides funding to borrowing banks that fail
to find lenders in the interbank market. Its liabilities are banks’ reserves at the deposit facility.
An expansion of the central bank balance sheet through bond purchases produces ceteris paribus
a symmetric fall in banks’ bond holdings and a corresponding increase of the amount of funds
available for lending to other banks. The resulting slackening in the interbank market improves
the bargaining position of borrowing banks and compresses the spread between the interbank rate
and the deposit facility rate. Moreover, the same slackening implies that lending banks find it
harder to find suitable trading partners and are thus forced to keep a larger proportion of their
excess funds at the deposit facility. In equilibrium, an expansion in the monetary authority’s asset
holdings translates basically one for one into an increase in reserves. After calibrating our model
to the euro area, we show that it replicates well the relationship between excess reserves and the
spread between the interbank and deposit facility rates since 1999, including both the pre-crisis
period —with basically zero excess reserves and a stable spread around 1%— and the recent period
characterized by large excess reserves and a near-zero spread.

As mentioned before, our main interest is to compare the equilibrium and welfare properties
of both monetary policy regimes. We first perform a comparative statics exercise in which we
vary the permanent size of the central bank’s balance sheet, and show that a larger balance sheet
reduces steady-state welfare monotonically. The reason is that, in our model, neither central bank
asset purchases per se, nor the reserves resulting from these purchases fulfill any socially useful
role. This is so because, on the one hand, assets purchases per se do not affect any frictions,
while, on the other hand, reserves are no more than the residual store of value of those banks that
do not have sufficiently profitable investment opportunities in the real economy and cannot find
suitable borrowers in the interbank market either. Moreover, because the central bank’s interest
rate corridor acts as a tax on the banking sector as a whole, larger bank reserves imply that the
same corridor is more costly from a welfare perspective.” Nonetheless, the welfare losses from
moving from a lean- to a large-balance-sheet steady state have a second-order magnitude.

The steady state analysis however does not inform on the usefulness of large central bank
balance sheets under severe recessions in which interest-rate policy is constrained effective lower
bound (ELB). To analyze this, we build a crisis scenario driven by an exogenous contraction in
banks’ leverage constraint, inspired by the financial origin of the Great Recession. The shock is

deflationary enough to drive the central bank’s deposit facility rate against its ELB, thus preventing

®Notice that this negative result contrasts the positive effects of a large central bank balance sheets found in
the literature: In Gertler and Karadi (2013) asset purchases help circumventing leverage constraints; Curdia and
Woodford (2011) assume that reserves provide payment services. While we do not wish to argue against the
plausibility of these assumptions, we want to highlight the effects of balance sheet policies considered here stem
from a different source.



further (standard) monetary accommodation for some time. We show that a temporary asset
purchase program can reduce the severity of the recession through essentially the same mechanism
explained above: by flushing the banking sector with a large amount of excess liquidity and thus
strengthening the bargaining position of borrowing banks, the central bank drives interbank rates
towards their floor — the deposit facility rate. Thus, ceteris paribus interbank rates fall and, since
the latter are a key determinant of effective lending and borrowing rates for the real economy, both
economic activity and welfare improve relative to the baseline scenario without QE. We refer to
this novel mechanism as the interbank transmission channel of temporary balance-sheet policies.

We furthermore uncover two interesting properties of the effect of balance sheet policies through
this channel. On the one hand, we show theoretically that the expansionary effect of balance sheet
policies through the interbank transmission channel does not depend on the type of assets bought
by the central bank. Whether the central bank provides liquidity by purchasing government bonds
(like the ECB’s public sector purchase program) or by providing loans to banks (as through the
ECB’s long term refinancing operations) is largely irrelevant. On the other hand, the model
explains how the effectiveness of such measures depends on the total scale of the balance sheet.
Starting off with a minimal balance sheet, a marginal balance sheet extension is very effective. As
the balance sheet becomes large, this effectiveness goes towards zero quickly. Hence, the model
explains the empirical finding in Reis (2016) that only the first QE measure in the US was effective
and formalizes the economic reasoning provided there.

Finally, we show that a large-balance-sheet where interest-rate policy is the prime policy instru-
ment to address the consequences of negative disturbances has very similar stabilization properties
to a lean-balance-sheet regime where temporary balance-sheet expansions substitute for conven-
tional policy when the latter is temporarily constrained by the ELB. As in standard DSGE models,
in the steady state of our model the interest rate that determines households’ consumption and
saving decisions — here, the interest earned on their deposits — equals their rate of time prefer-
ence, and is hence independent of monetary policy. Under a lean balance sheet, a steady-state
spread exists between such ‘natural’ interest rate and the central bank’s deposit facility rate, the
size of which depends essentially on the width of the corridor and the relative bargaining power
in the interbank market. By contrast, under a sufficiently large balance sheet, the steady-state
deposit facility rate is essentially equal to the ‘natural’ rate; therefore, it is higher than in the
lean-balance-sheet regime and further away from the ELB. In other words, a large balance sheet
allows the conventional interest-rate policy to operate with more ‘policy space’ in the face of un-
foreseen events and is thus less constrained by the ELB. Numerically, we show that the financial
crisis impacts similarly on activity and welfare whether the central bank operates a large balance
sheets or keeps instead a lean balance sheet and responds to the crisis through a transitory bond

purchase program.



Literature review [INCOMPLETE)]. Our paper contributes to several strands of literature within
the realm of DSGE models of monetary policy transmission. In analyzing the central bank’s
balance sheet as an instrument of monetary policy, we contribute to a by now large literature of
which Gertler and Karadi (2011, 2013), Gertler and Kiyotaki (2010), and Ciirdia and Woodford
(2011) are some prominent examples. We depart from these important contributions both in
terms of modelling and in focus. As regards modelling, we depart from the above papers in
several dimensions. Unlike in Gertler and Karadi (2011, 2013) or Curdia and Woodford (2011),
we explicitly model the interbank market. Unlike in Gertler and Kiyotaki (2010), the interbank
market in our framework emerges endogenously as a result of idiosyncratic shocks to the prospective
return on banks’ investments projects. This has the important implication that the fraction of
borrowing and lending banks, and the relative amounts of interbank borrowing and lending orders,
is endogenous to monetary policy, with the above-explained consequences for the position of the
interbank rate within the central bank’s corridor. In terms of focus, none of the above papers
compares the pre-crisis corridor system with the current floor system in a macroeconomic model
with both deposit and lending central bank facilities. Furthermore, the mechanism through which
balance sheet policies have effects is fundamentally different. In the above contributions, such
policies are effective either because they allow circumventing frictions in the financial system (direct
lending), or due to portfolio preferences and by relaxing banks’ leverage constraint (purchase of
sovereign bonds). In our setup such policies are effective because, by increasing the supply of
liquidity, they shift the equilibrium in the interbank market. Our welfare analysis of lean vs. large
central bank balance sheets bears some resemblance with that in Cirdia and Woodford (2011). In
their model, it is optimal for the central bank to satiate the market for reserves by increasing their
supply to a sufficiently high level. Key to their result is the fact that in their model reserves play a
socially useful role by reducing banks’ costs of providing loans.® By contrast, in our model reserves
are the residual asset for those banks that face relatively unprofitable investment opportunities
and also fail to find suitable borrowers in the interbank market. As explained before, welfare in
the deterministic steady state decreases monotonically with the volume of excess reserves — though
by a second order magnitude —, by increasing the implicit tax paid by the banking system as a
whole associated to the central bank’s corridor system.

In analyzing the transmission of interest-rate and balance-sheet policies in a dynamic model
with an endogenous market for interbank loans characterized by matching frictions, our analysis
is closely related to Bianchi and Bigio (2014). An important difference is how we motivate the
existence of the interbank market. As mentioned before, the interbank market emerges in our

framework as a result of heterogeneous investment opportunities across banks. In their model,

6Treland (2014) proposes a New Keynesian model where banks’ demand for reserves arises due to their role as
an input in the production of banking services.



banks instead receive idiosyncratic withdrawal shocks which, coupled with mandatory reserve
requirements, leads those banks with excess reserves to lend federal funds to those other banks with
liquidity shortages. Also, we place our interbank market substructure into an otherwise standard
New Keynesian DSGE model, which allows us to analyze the extent to which balance sheet policies
complement conventional interest-rate policies. Finally, our papers largely differ in focus. Bianchi
and Bigio (2014) use their framework to study quantitatively why banks have recently increased
their reserve holdings but have not expanded lending despite policy efforts. By contrast, we focus
on the comparison of the pre-crisis lean-balance-sheet, corridor-system regime with the current

large-balance-sheet, floor-system regime (still) prevailing in the largest industrialized economies.

2 Model

Time is discrete. The economy is composed by 8 types of agents: intermediate-good firms, in-
vestment banks, retail banks, final-good producers, retailers, households, the central bank and the

government. There is no aggregate uncertainty.

2.1 Households

The representative household’s utility is

E025 (Cy) —v(Ly)],

where C; is consumption and L, is labor supply. In addition to consuming and supplying labor,
households save in the form of deposits, the real value of which is denoted by D;. They also build
new capital goods K, using the technology

K, = {1 - S ( L )} L+ (1=0)Q 1K1,
I

where I; are final goods used for investment purposes, and (1 — §) ;1 K;_; is depreciated effective

capital repurchased from firms after production in period ¢; in the latter term, ¢ is the depreciation

rate and €2;_; is an effective capital index, to be defined below, which the household takes as given.

The function S satisfies S(1) = 5'(1) = 0 and S”(1) = ¢ > 0. The budget constraint is

D
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where P, is the aggregate price level, RP | is the riskless gross deposit rate, W; is the real wage, QX
is the real price of capital goods, II* are lump-sum real dividend payments from the household’s

ownership of retailers and T} are lump-sum taxes. The first order conditions are

RD
1 = Ajpoq—2— 1
t’t+11+77t+17 ( )
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We assume that household may save in a non-modelled technology (‘mattress’) at a rate —«,

where Ay 41 = 8 is the stochastic discount factor and 7y = P,/ P,_; — 1 is the inflation rate.
where & is a positive constant. Therefore there is an effective lower bound (ELB) on the nominal
interest rate on deposits:

RP >1—&.

2.2 Intermediate good firms

As in Kiyotaki and Moore (2008), we assume that firms are segmented across a continuum of ’is-
lands’, indexed by j € [0, 1]. The representative firm in island j produces units of the intermediate

good, Y;j , according to a Cobb-Douglas technology,
Ytj = Zt(“i;thjq)a(L{)l_aa (3)

where 7, is an exogenous aggregate total factor productivity (TFP) process, Lg is labor, Ktj_1 is the
pre-determined stock of installed capital, and w{_l is an island-specific shock to effective capital.
These island-specific shocks are iid over time and across islands and their cumulative distribution
function is denoted by F' (w). The mean of the distribution is assumed to be time-invariant and is
normalized to one: [wdF (w) = 1. The shock affecting capital efficiency at time ¢, wg_l, is known
one period in advance, at the end of period ¢ — 1. At this point each firm needs to install capital
on its island, which it buys from the household at price QX ,.” In order to finance this purchase,
the firm turns to the investment bank on its island, who provides the firm with QX ;K7 | funds

in return for A7, claims on the period-t cash flow, each of which has the price Q. The firm’s

"The assumption that firms purchase (or repurchase) their entire capital stock each period is standard in the
macro-finance literature (see e.g. Bernanke, Gertler and Gilchrist, 1999; Gertler and Karadi, 2011; Christiano,
Motto and Rostagno, 2014). As explained by Bernanke, Gertler and Gilchrist (1999), this modeling device ensures,
realistically, that leverage restrictions or other financial constraints apply to the constrained borrowers (in this case,
the banks) as a whole, not just to the marginal investment.



balance sheet constraint at the end of period ¢ — 1 is thus QX | K7 | = QF,AJ_,. In period t the
firm then hires labor and produces.

Each firm j chooses labor in order to maximize operating profits, PtYY;j — PtWtL{, subject to
(3), where PY is the price of the intermediate good. The first order condition with respect to labor

implies that the effective capital-labor ratio is equalized across islands,

k(W)
Lg Mt (]_ — Oé) Zt ’

(4)

for all j, where M; = PY /P, is the inverse of the average gross markup of final goods prices over

the intermediate good price, as explained below. The firm’s nominal profits then equal
PYY] — PWLi = PRiw] K] ,,
where

Wi
is the common return on effective capital. After production, the firm sells the depreciated effective
capital (1 —0)w! K7 | to households at price QX. The total real cash flow from the firm’s

investment project equals the sum of operating profits and proceeds from the sale of depreciated

1—a) Mz,
Rf = OéMtZt l—( a) i t:|

capital,

wa{flKgfl + (1 - 5) QfW{flKijfl = [Rf + (1 - 5) Qﬂ w{flKgfl‘ (5)

Since the capital purchase is financed entirely by state-contingent debt, the cash flow in (5) is paid

off entirely to the lending banks.

2.3 Investment banks

In each island there exists a representative investment bank operated by a banker. Only the bank
on island j has the technology to obtain perfect information about firms on that island, monitor
them, and enforce their contractual obligations.® This effectively precludes firms from obtaining
funding from other sources, including households or retail banks. As indicated before, banks
finance firms investment in the form of perfectly state-contingent debt A7. After production in

period t 4 1, island j’s firm pays the bank the entire cash flow from the investment project,

Rf 4+ (1—6)QK,
QF

8The costs of these activities for the bank are assumed to be negligible.

(R + (1= 0) Q] wiAl = wiQi Al




The gross return on the bank’s real assets QX A{ is thus the product of an aggregate component,

RE,+(1-6)QK,
QK ’

A —
Rt+1 =

and an island-specific component, wg. Besides investing into the local firm, the bank may borrow
or lend funds in the interbank market by means of one-period contracts. B/ denotes the amount
borrowed at t in real terms.’ For each unit lent at the interbank market at the end of period ¢ the
bank receives a noncontingent nominal return RF at period ¢ + 1, whereas each unit borrowed at ¢
costs the bank the noncontingent gross nominal rate RP at t + 1. The borrowing and lending rates
may differ and the bank takes these returns as given. We explain how they are determined below.
In addition, the investment bank can purchase a positive amount Bf ‘% > 0 of nominal long-term
treasury bonds. These bonds pay a coupon equal to a fraction ¢ of the nominal value each period
and decay at the same rate. They are traded at the nominal price QY. Hence, the nominal return

in t 4+ 1 of a bond purchased at ¢ is given by

C+(1-00%,
Qf '

G
Rt+1

For simplicity we assume that the the other private agents can not trade these bonds.! We
conjecture that in equilibrium RP > R} = R{ | and we verify this conjecture below.

Bank j’s pre-dividend equity is given by the sum of the return on its investment in firms and
government bonds minus the value of outstanding interbank debt. Denoting the banks pre dividend
equity in real terms by E/ and defining the real market value of debt &€ = Q9B /P! we can

write this as:

B,
1+ Tt

G
Rt G

El = Rlwl QA - (1Bg’71>oR£1 + 13571<0R{11> + ( b (6)

]."‘771;)

These funds can either be consumed as dividends (IT}) or retained as post-dividend equity (N7 ):

El = N/ +11. (7)

9 Anticipating the equilibrium condition that the borrowing rate can not be smaller than the lending rate, and
that it is hence not profitable to borrow and lend at the same time, we denote borrowing by B{_; and lending by
~B/_,.

10This assumption is innocous under certainty. If we were to allow both retail banks and households to also trade
government bonds, the individual portfolios would remain undetermined and the equilibrium would otherwise not
be affected. However, this assumtion does matter when we consider unanticipated shocks later, because such shocks
can lead to revaluation gains/losses. These effects disappear as the maturity of debt goes towards 1 period (¢ = 1).
Notice also, that this assumption places an upper bound on the exogenous amount of total sovereign debt, as we
shall see later. This bound does not bind in our calibration.

1'This definition allows us to write the model compactly and in terms of stationary variables.

10



The balance sheet constraint is thus
QFA + b1 =N} + B, (8)
Furthermore, investment banks face a capital constraint or equivalently a maximum leverage ratio
QF A} <oN], ¢>1, (9)
such that the maximum real debt is
B = QA — N} +/° < (¢ — 1) N} +b/°.

Notice that we are assuming that public debt is not capital constrained, and thus it does not
affect the maximum leverage ratio in (9). However, as we will see below, the leverage constraint
will in equilibrium be slack for those banks, who will choose to invest in sovereign debt. Therefore
this assumption is innocuous.

The bankers problem hence consists of choosing paths for his consumption H{ and his balance
sheet th , A{ , Bf , and b{’G subject to the evolution of pre-dividend equity and the balance sheet

and leverage constraints such as to maximize his lifetime utility function:
o] . '
o Y 3 log(IT)), (10)
t=0

where B is the banker’s subjective discount factor.
The solution of the dynamic programming problem of the investment bankers is given by the

following lemma, proved in the Appendix.

Lemma 1 (Banker’s problem) The solution to the banker’s problem is given by a dividend pol-
ey
= (1-3) H, (11)

a retained earnings policy
N} = BEJ, (12)

an asset demand

. ' .,
N} /QF,  ifwl >wf = %’
: / ‘ j . t4+1
1 L
0, if w <wk = %ﬁm)
t
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a public debt demand

| o 0, wai > thv
bi¢ = b (Vf,wl) = < 0, fwf <wl <wf (14)
v e [0,N/], ifw <wf,

and a demand for interbank loans

(6= 1) N7, ifwl > wf,
Bl =B, (N}, ) =1 0, if wf <wl <wp, (15)
(W= N7) e [-N7,0],  ifd <o

Thus, investment bankers pay a fixed share 1 — E of their net earnings as dividends and keep
the rest on their balance sheet as equity. Furthermore, according to the value of the island-specific
capital quality shock, they endogenously split into banks that borrow from the interbank market
up to the limit to invest in the real economy, banks that only invest their own funds and banks
that do not invest in real assets and only lend in the interbank market and to the government.!?
Notice finally that leveraged banks (those with w! > w?) do not purchase government bonds, which

verifies our earlier claim that including such bonds in the leverage constraint or not is irrelevant.

2.4 Retail banks

Retails banks collect deposits from the households and to lend these funds out through the inter-
bank market. Their real profits I[1%7 are given by

1
0P = — - (Rf Bl y — R Dy 1),
where Bl are the funds lent at the interbank market. The balance sheet constraint of retail banks
is

D, = BF.

Assuming free-entry into the retail banking sector, profits are zero I1? = 0 and, as long as it is
above the ELB, the deposit rate equals the interbank rates: RP = RL. If RF < 1 — k then the
retail banks stop accepting deposits: D, = 0.

12Notice that the amount of public debt is undetermined at the individual level, but it will be determined at the
aggregate levelo below.
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2.5 The interbank market

The interbank market is a directed over-the-counter (OTC) market similar lo the ones in Bianchi
and Bigio (2014) or Afonso and Lagos (2012). Banks (both investment and retail) who wish to lend
can place a lending order whereas (investment) banks who wish to borrow can place a borrowing
order. Orders are placed on a per-unit basis as in Atkeson et al. (2012). Orders are randomly
matched.

Let H;(N,w) be the endogenous cumulative distribution function of net worth and island-
specific shocks. Given (7), w] and Nj are distributed independently: H, (N,w) = Gy (N) F (w).
The probability that a lending or borrowing order finds a match depends on the relative mass on
each side of the market. We know from (15) that banks with w] > w? borrow in the amount
(¢ — 1) N/ and those with w] < w’ lend in the amount Nj. Therefore, the mass of borrowing and

lending orders are given respectively by

o) = —1)NdH, (N,w) = (¢ — 1)N, [1 — F (wP)] |
[ gy DN .0 = (0= DN 1 P ()]

@y

/ /( ) (N —b{ (N,w)) dH; (N,w) + B} = F (w/) N, = b + BF.  (16)
[0,00) J (w<wf

where NV; = fol N/dj is aggregate bank equity and b = fol b{’Gdj are aggregate purchases of public
debt by investment banks.

Matches in the interbank market are given by a matching function,

We assume that Y1, To > 0. Assuming constant returns to scale, the probability that a borrowing

order finds a lending order is given by

T (®F, ®F) o
——~ 0t (=L 1)=r8 17
o7 (1) =1 )
and the probability that a lending order finds a borrowing order is
T (<I>tL <I>tB) oB
vty (1, =t | =1L, 1
& ( ,¢5) t (18)

Banks use a multi-round Nash bargaining to split the surplus of the dollar transfer. Details are
provided in the Appendix. In the bargaining problem that emerges, the outside option for the
lending bank in the final round is to deposit the funds at the central bank, receiving the deposit

facility rate RPT' also known as the interest on reserves. For the borrowing bank, the final round

13



outside option is to borrow at the marginal lending facility rate REF.1* Banks bargain only about
the (gross) interbank rate, which we denote by RIB. If an order does not find a match, the bank
borrows from (lends to) the central bank at rate RF" (RPF). The effective borrowing rate for a
borrowing bank is thus

RP — PRI 4 (1 TP) RIF, (19)

and the effective lending rate for a lending bank is
Rf =T;R/”+ (1-TI7)R’". (20)

Let € € (0,1) denote the bargaining power of the borrowers during each negotiation of the multi-
round bargaining process. We assume that, if a matched pair of banks fail to agree on the interest
rate at a given round, then with probability ¢ € (0,1) both banks search for a new trading
partner, otherwise the lending bank deposits the dollar at the deposit facility and the borrowing
bank borrows it from the lending facility. The bargaining problem has the following solution (the
proof can be found in the Appendix):

Proposition 1 (Bargaining problem) The interbank rate is given by
RfB = %R?F + (1 —¢) RfFa (21)
where p, s

B ¢ (1—9rf)
18Tk — (1 - €& IrP’

@, (22)
The solution for the interbank rate, equation (21), allows us to write the effective borrowing
and lending rates as functions of the two policy rates (RPY, RFT) and the borrowers effective

bargaining power ¢,,

R} = @I R+ [1— @IV Ry (23)
Rf = (1—@)T/R" + (1 - (1—¢)y) RYT. (24)

Therefore, changes in the policy rates will affect borrowing and lending rates in the banking sector
both directly as well as indirectly through the endogenous interbank matching probabilities I'? and
I'E. Finally we assume that banks have access to the same storage technology as the household.

This constrains the rates RP", R, and R} to be larger than (1 — k).

13We use the language of the institutional setting of the Eurosystem. In the case of the Federal Reserve system
the lending facility rate would be the discount rate and the deposit facility rate would be the interest rate on excess
reserves.
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2.6 Final good producers

A competitive representative final good producer aggregates a continuum of differentiated retail

goods indexed by i € [0, 1] using a Dixit-Stiglitz technology,

1 e—1 E*Ll
v, = ( | v dz‘) , (25)
0

where € > 1 is the elasticity of substitution across retail goods. Cost minimization implies

1
PZ- —€ 1 1—¢
}/ti,t = ( P7t) }/; = thd (Piﬂf) 5 Where Pt - (/ Pl];t_edl) . (26)
0

t

Total spending in intermediate inputs then equals fol P, Y di = PY;. Free entry implies zero

profits, such that the equilibrium price of the final good is exactly F,.

2.7 Retail goods producers

We assume that the monopolistic competition occurs at the retail level. Retailers purchase units of
the intermediate good firms, transform them one-for-one into retail good varieties, and sell these
to final good producers. Each retailer 7 sets a price F;; as in the sticky price model of Calvo
(1983) taking as given the demand curve Y, (P;;) and the price of the intermediate good, P/ .
Specifically, during each period a fraction of firms (1 — 6) are allowed to change prices, whereas
the other fraction, ¢, do not change. Retailers that are able to change prices in period ¢ choose a

new optimal price in order to maximize its expected discounted stream of profits,

P P\ °
At itk <Pt 7; - Mt+k> <Pt:k) Yiir
+

The solution is the usual price condition,

(27)

(e.0)
maxg 0*E,
Py

" k=0

-~ Py €
DBk | 5 = ——= Mok ) PiyYin = 0.
=0 Py e—1

In the Calvo model, the price level evolves according to P1™¢ = 0P + (1 — 6) (P7)" . In terms

of stationary variables, the latter two equations can be written as

=1
—
=2

by =
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— - P, ‘ € € m
= = ZQ B Ay ir ( gk> 1 = e——lMtY; + OB Ay g1 (14 mp1) $t1+1

k=0

[e%¢) P . e—1
—_ t e—1 —
B = Z O Eel i ( P+ > Vier =Y+ 0B Ay (1+m50) " E2.1

k=0 t

1=0(1+m) " +(1-0)(p) ", (28)

where p; = P}/ P,.

2.8 Central Bank

The central bank sets the stance of monetary policy by controlling two nominal policy rates, the
deposit facility rate RP" and the marginal lending facility rate R, and the real market value

bS“F . We assume that the policy rates are set such that (i)

of its government bond holdings,
a constant corridor of width y > 0 is maintained and that (ii) the interbank rate, which is the
central bank’s operational target, achieves a certain target level. This target level is described by

a conventional Taylor rule,
BRI = p(RI%) + (1= p) [R -+ (m = 7)] (29)

where R > 1/3 is the long-run nominal interbank rate, 7 is the inflation target, p € (0,1) is
the persistence parameter, and v > 1 is the inflation coefficient. However, the central bank is
constrained by the effective lower bound implied by the storage technology. Anticipating that in
equilibrium RP = RE > RPF | this implies that the central bank needs to ensure that RPY > 1— k.
In case this constraint binds, the central bank is forced to tolerate temporary deviations from the
target level R/P". Combining the relationship between the central bank’s policy rates and its
operational target in equation (21), the condition that the central bank ensures R!Z" = RIB
whenever possible and the definition of the target level (29), we obtain that the central bank sets

its policy rates according to the following rule:

RPF = max {p(R,P_PI + (1 - thfl) x)+ (1 —p) [R+U (m — ﬁ)} —(-e)x.1- R}  (30)
REF = RPF 4y (31)

Furthermore we assume that the central bank’s government bond holdings evolve according to the

following rule,

G,CB

BICE — (1= ()5ECP 1+ 5O Ly + C(6OCP — 5Py, (32)
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where np; and ri; are extraordinary real net purchases and extraordinary real reinvestment, which
are generally zero. This rule says that, in the absence of extraordinary measures, the central bank
keeps the real value of its bond portfolio fixed at 5", The real net purchases give the central
bank a tool to increase the balance sheet size in extraordinary times, while reinvestment allows
the central bank to keep the balanced sheet fixed for a while after net purchases have been phased
out.

The central bank’s assets are government bonds th’OB and loans to banks extended by its
lending facility, i.e. the mass of borrowing orders that did not find matches in the interbank
market,

B (1-T7).

The central bank’s liabilities are banks’ deposits at its deposit facility, i.e. the mass of lending

orders from both investment and retail banks that did not find matches in the interbank market,
B (1-T}).

We assume that the central bank has no equity and that it pays all its profits to —or eventually

collects all its losses from— the government. The balance sheet of the central bank is therefore
b+ o (1-T7) = & (1-TF). (33)

Its real profits or losses are

1
E% — o [RONSY 4 RERE, (1-T2,) - RPGeE, (1-TE,)]

Finally, we define the monetary base as the nominal amount of reserves at the central bank,

M, = PRo; (1-T}).

2.9 Government

The budget constraint of the government expressed in real terms is given by

G

R _
btill —i—t?Tt =b+Ti+ HtCBa
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reflecting how the debt is serviced with lump-sum taxes and profits from the central bank.!?
Without loss of generality, we assume the government keeps the real market value of outstanding

government debt constant at some level b,

(=]
o~

I
[l

2.10 Aggregation and market clearing

Before we close the model it is useful to use some simple no-arbitrage conditions to simplify the
notation. Zero profits at the retail bank, together with the ELB, implies that the deposit rate is
given by

RP =max{R/,1—k}.

Also, since government bonds and interbank lending are perfect substitutes for investment banks,

no arbitrage requires that the ez-ante yield on public debt equals the effective lending rate,'’
RtL = thj-l'

(Ex-post the above condition may fail to hold if the economy is hit by an unanticipated shock, and

only on the impact period). The difference between the effective borrowing and lending rates is

R =R = (R/"=RT)[(1-T7) +¢, (07 =T7)]
= X [1 - ((1 —©4) PF + SOth)} > 0.1

Aggregate net worth of investment banks after dividend payments in period ¢ is N; = fol Nldj =
[ NdH,; (N,w). Market clearing for capital requires that total demand by intermediate firms equals
total supply by households, K; ; = fol K] | dj = fol Al dj. Given the optimal demand for assets
Al | by investment banks (Lemma 1), and given that w] and Nj are independently distributed,

we have

K, = /Atl (N,cu) dH; (W;N)

= Do [1 - F (P )]+ [P (@F) < F ()]} (34)

t—1

!4This govenment’s real budget constraint can be derived, using the definitions of b¢ and RY, from the nominal
budget constraint: (By_; = E?WQ? + P (Tt + HtCB), where E?ew = By — (1—()B;_1 is gross new bond issuance.
Notice that if Rf > R$, | then lending investment banks would invest all their funds in the interbank market
an not in public debt. Then bond markets would not clear. Analogously, if RY < RSH then lending investment
banks would invest all their funds in public debt and nothing in the interbank market. We assume that the value

of public debt is to small to allow the bank to satisfy this demand. This restriction holds for our calibration.
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Total issuance of state-contingent claims by firms must equal total demand by banks, K; = A;.

Using (4) to solve for firm j’s labor demand L{, we have that aggregate labor demand equals

iy 1—a)Z,M\Y .
o= () [
0 t 0

It can be shown that
1 . .
/ wi K] dj = /WAt—l (N,w)dH;_1 (N,w)
0

_ ¢Nt71 / wdF (w) + g;{l /wtl wdF (w)
w t—1

Ql{(—l 2, Wiy
N;_
- nglill [1-F(w))]E(w|w>w,)
t_

N;_
+ ;{1 [F(wf_l)—F(wf_l)}E(w]wf_1§w<th_l),

t—1

where we have used the fact that w/ | and N/ | are distributed independently. Using (34), we can

express the above equation more compactly as

1 . .
/ Wi KD dj = Oy 1K (35)
0

where
Q = ¢[1—F(w£1)}E(w|watB_1) +[F(w£1)—F(th_l)]]E(w|th_1§w<wl{3_1)
Sll=F i)+ [F i) - Floi)]  o[1=Fwly)] + [F(wl) - F (Wfl)(] |
36
is an index of capital efficiency.!” Labor market clearing then requires, L; = fol Lg dj, or equiva-

lently,

1—a) Z M\

Lt - ((QT)ttt) Qt—th—l' (37)

Equations (34), (4) and (37) then imply that

i 77J
WKy K

L{ Ly

1"In the limiting case in which w? | = wl | = w1, Q4 collapses to B (w | w > wy_1).
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Using Y/ = Z,(L} /I K] )'"*w K/ | and equations (35, 38), aggregate supply of the intermediate

good equals

Lo L brapt o
/ Ytjd] =7 (#) / Wi—thj—ldJ = ZtLtl_a (Qt—th—1> )
0 t—14%¢—1 0

and aggregate demand of the intermediate good is'®

1 ) 1 P‘t —€
Praon [ (3) o
0 0 Pt

where A; = fol (P;+/P,) “dj is an index of relative price dispersion with law of motion

Ay=(1-0)p;) " +0(1+m) Ay

Market clearing for the intermediate good thus requires

The aggregate real profit from retailers is

L(P - LR P\
oy = / (P’t —Mt) Yy (B-,t)diz/ (p’t —Mt) (P> Yidi
0 t 0 t t

1 P 1—e 1 P —€
= Yt/ ot dz’—Mth/ L) di=Y, (1 - MA,).
0 Pt 0 Pt

Furthermore, total supply of the final good must equal consumption and investment demand by

households and investment bankers’ dividends/consumption

1-p
B

Y;f:Ct‘i‘It‘i‘ Nt

and bond markets must clear
by = bFOF 1

18See, for example, Yun (2005).
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Finally, we can aggregate (12) across banks (with E/ given by 6) to obtain

N~ pagr /1wj Al dj— iy /11  oBladi+ iy /11 B /1bj’Gdj
B t t—1 0 t—14t—1 1+7Tt 0 B§71>0 t—1 1+7Tt 0 3571<0 t—1 (1+7rt) 0 t—1
((;5 - 1) Rgl Rz{,:fl RG
= RAQK O 1Ki1— | —E1 11— F(wB )] N bG , — F (wk ) N e B
Q11K ( 1+ [ (wi'1)] Ne—1 + 1+, [0 (wi1) Ne—a] | + (14 m) 0

where we have used A{fl = Kgfl for all j, equation (35), and the fact that

/0 Ly soBiadi = /O 1p o ((¢ - 1)Ng_1) dj = [1—F (wfy)] (¢ — 1)Ni_y,

and . .
| , o o .
/0 Bl 1y _dj= /0 (615 = N ) 1y o = b1 = F (wfy) Nica.

The household’s budget constraint is redundant by Walras’ Law.

3 On the effects of the central bank’s balance sheet size

In this section we compare the properties of a “lean” central bank balance sheet regime with those of a
“large” balance sheet regime, in which the central bank has permanently expanded its balance sheet size
through an asset purchasing program.!? As will be clear below the properties of the interbank market,
as captured by the matching function T (<I>tL , @tB) , are key to understand the relative merits of both

scenarios.

Definition 1 (Match-efficient interbank market) The interbank market is match-efficient if T (1,1) =
1. Otherwise (Y (1,1) < 1) the interbank market is match-inefficient. A match-inefficient market is as-
ymptotically match-efficient if lim Y (z,1) = lim Y (1,z) = 1.

r—00 Tr—00

This definition states that the interbank market is match-efficient if all orders find a match, when
there is the same volume of lending and borrowing orders; it is match-inefficient if some orders do not find
a match, even when the volume of borrowing and lending orders is equal. Asymptotic match-efficiency
implies that, if the volume of orders on one of the two sides is very large, then the number of matches
equals the volume of orders on the short side.

Examples of commonly used match-efficient matching technologies include the Leontieff matching
function, T (<I>L,<I>B) = min (<I>L,<I>B); as well as the Cobb-Douglas matching function T (<I>L,<I>B) =
min{ g (<I>L))‘1 (@B)l_)‘l ,®P @} for the case with Ay > 1. For Ay < 1, this function is neither match-
efficient, nor asymptotically match-efficient. The functional form proposed by Den Haan et al. (2000),

9Notice that we take extreme interpretations of the words "lean" and "large", by which we mean 0 or infinity.
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T (®F, @) = QJLQ)B[(q)L)A + (@B)A]*l/)‘, is match-efficient only in the limit A — oo, where it becomes

equivalent to the Leontieff function.?’ However it is always asymptotically match-efficient.

3.1 The case of a match-efficient interbank market

It is instructive to start with the case of a match-efficient interbank market, in which the number of
matches always equals the ’short side’ of the market. We analyze both the case of a ’lean’ balance sheet,

and that of a ’large’ balance sheet.

3.1.1 Lean balance sheet

By ’lean’ balance sheet we refer to a scenario in which central bank asset holdings are arbitrarily small.
In particular, we consider for illustration the limiting case in which the central bank does not hold any
th ‘OB — 0. Its balance sheet (33) then results in

government bond:
of (1-1P) = af (1-1f),
which combined with the identity I'?®2 = '} ®} yields

oP = ol

That is, the volume of borrowing orders in the interbank market equals the volume of lending orders.

Under the assumption of match-efficiency, the above equation implies that matching probabilities are one,

rt T (1,07 /®F) =T (1,1) =1,
rf = r(of/e7,1)="_(1,1)=1

Substituting these values into the interest rate equations (19-21) we obtain the following proposition.
Proposition 2 (Lean balance sheet) If the interbank market is match-efficient and bf’CB =0, then
Ri =Ry = R{” =¢RP" + (1-¢) Ry,

and the amount of central bank reserves is zero,
M;/P,=®F (1-Tf) =0.

This proposition shows how, in the case of a match-efficient interbank market, all the relevant interest
rates coincide with the interbank rate, which in turn equals a weighted average of the deposit and lending

facility interest rate with the weight given by the Nash bargaining parameter £&. Under the assumption

20Tn our baseline calibration below we will consider the A — oo limit of the matching function in Den Haan et al.
(2000).
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of symmetric bargaining power (£ = 1/2), the interbank rate is in the middle of the corridor formed by
the deposit and lending facility rates. If £ # 1/2 the interbank rate will be closer to one of the two policy
rates. In any case, a given interbank market is consistent with multiple corridor widths, as shown by the

following corollary

Proposition 3 (Irrelevance of the corridor width) If the interbank market is match-efficient and
th’CB =0, and provided the ELB does not bind (RPT > 1 — k), then given an arbitrary corridor width x

the policy interest rates can be chosen as

RPY = RP-(1-9x, (39)

R = R{"+¢x,

and thus the equilibrium allocation is independent of the corridor width.

The equilibrium allocation is independent of the corridor width as it only depends on the borrowing
and lending interest rates RY = RP = RIP. Notice that the proposition only holds if the ELB is not
binding, i.e. RPF > 1 — k. In this sense, it is important to gauge the extent to which such ELB is likely
to constraint interest rate policy in this match-efficient, lean-balance-sheet scenario. The following result

obtains the steady-state distance between the floor of the interest rate corridor and the ELB.

Proposition 4 (Policy space - corridor system) If the interbank market is match-efficient and bf’CB =

0, the steady-state distance between the deposit facility rate and the ELB is
RPF—(1-r)=1/B-(1-&x~(1-r).

To obtain the above result, notice first that, in the zero inflation steady state (7 = 1), the value of
R" is pinned down by the household’s Euler equation, R” = 1/43, and by the retail banks’ zero profit
condition: R* = RP. From Proposition 2, the steady-state interbank rate is then R'? = 1/3,2! which
together with equation (39) implies a steady-state deposit facility rate RPF =1/ — (1 — &)x.

The last two propositions indicate that, even if the size of the corridor plays no role when the economy
is not constrained by the ELB, it plays a major role in determining how often the economy will hit the
lower bound when the dynamics are affected by aggregate shocks.??

Finally, in the match-efficient, lean-balance-sheet case, capital efficiency (equation 36) simplifies to
Qt—lZE(W|wa5_1) :E(W‘WZWtL—l)a

such that investment banks split either into fully leveraged banks investing in the real economy or banks

that use their equity to purchase public debt and lend in the interbank market. The segment of banks

21This implies in turn that the intercept in the Taylor rule (equation 29) consistent with a zero inflation steady
stateis (n1 =7 =1) is R=1/8.

22Notice that, up to a first-order approximation, the deterministic steady state coincides with the mean of the
stationary distribution of the dynamic states.
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that invest in the real economy without borrowing from the interbank market (those with w’ < w; < wP)

is of zero measure.

3.1.2 Large balance sheet

Consider now the case in which the size of the balance sheet is enlarged through an asset purchase
program: th “B 1 the case of a large balance sheet, the balance sheet equation (33) combined with the
identity TP ®P = I'F®F yields

L B _ ;G,CB
oF — P = p*F,

That is, the difference between lending and borrowing orders in the interbank market equals the value of
bonds held by the central bank. In this case, ®7/®F < 1, i.e. the interbank market is more slack that in
the case of a lean balance sheet. Under match-efficiency, the latter in turn implies I'? = T (<I>tL J®F, 1) =1
andI'L =7 (1, ®B/ (I’tL) < 1, that is, all borrowing orders are matched to lending orders, but some lending
orders fail to find a match. Given the interest rate equations (19, 20, 21), this introduces a wedge between

the interbank rate and the effective lending rate,
RPF < RF < RIP = RP < RIF.

From now onwards, we focus on the limiting case where the balance sheet size tends towards infinity

B
b?C 23

— 00. This limit is empirically relevant since, under the calibration considered below, the

economy converges to it very quickly (i.e. for realistic levels of the balance sheet size). The following

proposition characterizes the interest rates in this case.

Proposition 5 (Large balance sheet) If the interbank market is match-efficient and th OB, 0 such

that TF \, 0 and TB = 1, then interest rates converge to the following values,

RF N\, RPF,
RP \. RI",
RPN, o®RPT +(1— ™) REF,

where

o _ 3
L Y RS )

The real amount of central bank reserves converges to

M;/P, = ®F (1 -TE) 7 of =98 1 oF.

23Nzabttlrfxlly, the maximum size of the central bank balance sheet is limited by the total size of the bond market:
th’CB < b;. Hence, formally we need to consider the limit where both the banks holdings of bond and the total

stock of bonds go towards infinity: th OB _, 50 and b, — oo and th ‘OB < b, . To abreviate notation we will just

B
bee

write — 00.
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Notice that in this case (i) the effective lending rate R converges to the discount facility rate RPF
and (ii) there is a wedge between these two rates, on the one hand, and the interbank and effective
borrowing rates (R/”, RP) on the other, where the latter two rates coincide too in the limit. Notice that
the spread between the effective borrowing and lending rates R — R} distorts the intertemporal decision
of the private agents. It acts similarly to a tax on capital returns and as such it generates profits for the
central bank. It hence potentially affects welfare vis-a-vis the corridor system with a lean balance sheet.
The size of such spread is determined by ¢°°, that is, borrowers’ bargaining power in the limiting case
of an arbitrarily large central bank balance sheet. In particular, the spread RtB - R,{: disappears as 1
(the probability of enjoying further bargaining rounds in the interbank market upon failing to reach an

agreement) goes to 1.2 In particular:

Proposition 6 (Floor system) If the interbank market is match-efficient, bCB > 0, and ¥ = 1 then

the central bank operates a ’floor system’ with
Ry = R% = Ry = R,

and the marginal lending facility rate RFY and hence the corridor width x does not affect the equilibrium.

The preceding proposition states that if 19 = 1 then, given a positive balance sheet size, monetary
policy is conducted according to a floor system, in which the only relevant policy rate is the discount

facility rate.

Proposition 7 (Decreasing marginal effect) Under the conditions of proposition 6, any quantitative
easing intervention consisting of additional government bond purchases, bG’CB—l—Ath’CB, will have no effect
on interest rates. In the more general case that ¥ < 1 the marginal effect of any additional government
bond purchases on interest rates is decreasing, if the implicit function @f(th’CB) defined through the full

O°RiP x> 0 if |®F"| and |®F'| are small

equilibrium system s close enough enough to constant, i.e. W
t

enough.

The first part of this result can be derived directly from Proposition 6. As RP = RI? = Rl = RPF
any additional increase, be that temporary or permanent, will not affect interest rates. The result for
the more general case resonates proposition 5. It can be derived by implicit differentiation from the
equilibrium conditions of the interbank market(17), (18), (17), (22), the CB balance sheet (33) taking
as given the mapping from th OB o ®P. This mapping is determined by the full set of the equilibrium
conditions. Considering it an unknown function allows us to consider the 5 above equations in isolation,
i.e. to apply partial equilibrium logic. The restrictions on ®P(R?) ensure that the general equilibrium
effects do not overturn the partial equilibrium effects. They can be expected to be fulfilled for almost any
calibration of the model. Below we exemplify numerically that this is the case for our baseline calibration,

and relate this finding to the empirical finding in Reis (2016).

24 As we will see in the calibration section, a value of ¥ very close to 1 turns out to be indeed the empirically
relevant case for the euro area.
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Finally, Proposition 6 and the fact that R = 1/ in the zero-inflation steady state imply the following
key result.

Proposition 8 (Policy space - floor system) Under a floor system, the steady-state distance between
the deposit facility rate and the ELB is

RPE —(1-k)=1/8—-(1 - k).

Thus, under a floor system, the steady-state distance between the deposit facility rate and the ELB is
wider than in the case of a lean balance sheet, where such distance decreases with the corridor width (see
Proposition 4). In other words, a floor system allows the central bank to operate on average with more
'policy space’ in its conventional interest-rate policy. This result will play a key role in our numerical
results, when we compare crisis scenarios under both the lean-balance-sheet/corridor system and the
large-balance-sheet /floor system.

As a summary of our theoretical results thus far, the comparison between the case of a lean balance
sheet with that of an expanded balance sheet casts some light on the relative features of each system
when the interbank market is match-efficient. First, the two systems have different implications regarding
interest rate distortions. In the case of a lean balance sheet, all the relevant interest rates coincide with
the interbank market, so that no distortion due to spreads between borrowing and lending rates arises.
On the contrary, in the case of a large balance sheet there is a spread between the interbank rate, which
equals the effective borrowing rate, and the discount facility rate, which equals the effective lending rate.
This spread distorts the allocation of credit and may hence be a source of inefficiency; the size of such
potential welfare losses will be explored in the quantitative section below. Second, the two systems differ
with respect to the policy space for interest-rate policy vis-a-vis the ELB. A large balance sheet implies
operating a floor system, which implies that all interest rates coincide. A small balance sheet implies
operating a corridor system, where the deposit facility rate is lower then the interest rate that is relevant
for households’ consumption and saving decisions. Hence, a corridor system provides less policy space

then a floor system.

3.2 The case of a match-inefficient interbank market

Consider now the case with a match-inefficient interbank market. Importantly, we assume that the
interbank market remains asymptotically match-efficient, i.e. orders on the short side of the market

always find a match if orders on the other side are in large numbers.

3.2.1 Lean balance sheet

In the case of a lean balance sheet, now we have
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Y = Y(1,97/27) =7T(1,1) <1,
P = Y (oF/27,1)="T(1,1) < 1.

That is, both lending and borrowing orders fail to find matches in the interbank market. We obtain the

following proposition.

Proposition 9 (Lean balance sheet - match-inefficient IB market) If the interbank market is in-
efficient and th’CB =0 then

RE < RIP < RP,

where these interest rates are given by the equations (21-24). The amount of reserves at the central bank
18 positive,
M;/P, = ®F (1-TF) > 0.

The match-inefficiency in the interbank market thus generates a misallocation of liquidity due to the
spread between the borrowing and lending rates. In this case the size of the corridor matters and hence
the results of Proposition 3 do not hold. Moreover, the size of the policy space may be increased or
reduced with respect to the efficient case (Proposition 4), as the value of ¢, can be smaller or larger than

¢ depending on whether I'/ is now larger or smaller than I'?.

3.2.2 Large balance sheet

In the case of a large balance sheet, and particularly in the limit as b“P — oo, asymptotic match-
efficiency continues to implies that R/® = RP and RF' = RPT as in Proposition 5. Finally, in the
limiting case 9 — 1, the central bank continues to operates a floor system, as in Proposition 6. The latter
in turn implies that the steady-state distance of RPF to the ELB remains as in Proposition 8. Therefore,
the results in Propositions 5, 6 and 8 continue to hold despite the match-inefficiency of the interbank
market.

The conclusion is that whereas the match-inefficiency of the interbank market may play a role in the
case of a central bank with a lean balance sheet operating a corridor system, it is innocuous under a floor

system as long as the interbank market is still asymptotically match-efficient.

3.3 Central bank’s asset composition

In addition to the purchase of government bonds, central banks may also engage in lending programs
to commercial banks. Here we consider the case in which the central bank lends directly to investment
banks at the effective borrowing rate RP. Notice that this rate is lower than the marginal lending facility
rate RFF, so it is actually subsidized lending. We think of these loans as LTROs. It is trivial to check

27



that the demand for interbank loans in Lemma 1 is now

(6-1)N] - Bl e [0,0-1)N]], ifw]=wp,
Bl =B, (th,w{> =< 0, if wk < w! < WP,
(bﬁ’G - Ng) e [_Ng, o} , if wl < wh,

where Bf’CB is the amount of funds borrowed directly from the central bank through this program.

Defining BEP = fol Bg ’Cij, the total demand of funds in the interbank market is now
o = (¢ — )N, [1 - F (w?)] — BFP. (40)
The central bank’s balance sheet equation should now include the new asset class:
BEP 4 b7P @B (1 -1P) = oF (1-TF).

All other equilibrium conditions remain unchanged.

The main difference between bond purchases and central bank lending is that, ceteris paribus, the
former increases the supply of funds to the interbank market, ®}, whereas the latter reduces the demand of
funds, ®f. A second difference is that the maximum size of the lending program is (¢—1)N; [1 — F (wf)],
such that net borrowing is zero in (40), whereas the maximum total size of the bond purchase program
is the size of the bond market b;.

However, it can be shown that any equilibrium allocation that can be sustained with bond purchases

can also alternatively be sustained with loans to banks.

Proposition 10 (equivalence of loan and bond programs) Be X; the set of time t equilibrium vari-
ables (prices, quantities and exogenous processes). Consider a particular set of sequences of equilibrium

variables ranging from t = 0 until t = co denoted {{azf}xtext}zo and some particular initial conditions,

which satisfy the following conditions:

1. the sequences - together with the initial conditions - constitute an equilibrium

2. the central bank holds some government bonds (bf’CB* > 0 for some t)
3. the central bank never extends any loans to banks through direct lending programs (BEPB* = 0,
YVt >0).

Then there exists a second set of sequence of equilibrium variables ranging from t = 0 until t = oo

o0
denoted by {x+} , which - together with the same initial conditions - constitute an equilibrium
t JrieXy =0

and which satisfies:

1. The central bank purchases no bonds th70B+ =0Vt>0
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2. At each t at which the central bank holds bonds in the previous sequence, it extends a positive amount

of bank loans. In particular BEBT = bf’CB*FtL* < bf’CB*Vt >0

CB+ 1G,CB+ B+ 3G+
By 7T, by , D07, by

3. The sequences of all equilibrium variables besides and <I>tL+ are the same

as in the previous sequence

The proof can be found in Appendix A.3. This proposition says that it is essentially irrelevant which
of the two instruments the central bank uses to affect the liquidity in the interbank market. The intuition
is that by purchasing bonds the central bank increases the supply of funds on the interbank market, while
by providing loans it reduces the demand. Both interventions can equally increase the ratio of lending over
borrowing orders, which in turn affects the matching probabilities and the effective bargaining weight.
Notice that this statement holds without any requirements on the matching function. Hence all the
propositions in the previous two subsections have counterparts where the central bank lends to banks
instead of purchasing bonds.

In the numerical section below we investigate how the central bank’s asset composition matters for
the effect of temporary QE under a lean balance sheet, when the size of the balance sheet of the central
bank is fixed across the two policies; and by how much the balance sheet size differs, if the effect is kept

constant.

4 Quantitative analysis

4.1 Calibration

For our subsequent numerical analysis, we calibrate the model. We use a standard CRRA utility function

with additively separable labor,

1
w(Cy) = o(Le) = CF /(1 =) + L /(1 + ).
We also use a standard quadratic specification for investment adjustment costs,

S (@) =5 (@~ 17,

where ¢ is a scale parameter. Idiosyncratic shocks are assumed to be distributed according to a lognormal

distribution with parameters u and 0. The matching function is as in Den Haan et al. (2000)°

oloB
(@) + (7))

25Notice that this function converges to the Leontief matching function as A goes to infinity. For numerical
reasons we approximate this function by the Leontieff function for values of A > 1000.

T (2f, @F) =

/x
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The parameters of the production function («,d), the utility function (v,?) and the New Keynesian
elements (0,¢,¢,v, p) take standard values for quarterly models with zero steady-state inflation and no
growth; they are reported in Table 1 below.

Most of the remaining parameters are non-standard and relate to the banking sector. We set k
to -0.4%, which is the lowest value which the ECB’s deposit rate has taken to date. For the leverage
constraint we assume a maximum assets-to-equity ratio ¢ of 5. For the remaining parameters, we target
moments from Eurozone data for the period covering the 2 decades before the crisis, i.e. 1988-2007. The
households discount factor S is set in order to obtain a steady-state government bond yield of 2% per
annum. Banks’ discount factor B is chosen to match the historical average real return on Bank equity of
10% (9.6).

The matching function parameter A is set such as to target the steady state ratio between the volume
of central bank excess reserves and the volume of interbank claims in the EMU of 0.023%.

The parameter defining the maturity of government debt ( is set to 0.05, which yields an average
maturity of 5 years. The stock of government debt B is set to 60% (59.05) of steady-state GDP, while
the share of this debt held by the central bank B9 s set to 0, reflecting the absence of QE measures
or excess reserves prior to the crisis.

The parameter defining the corridor width y is set to 0.5% per quarter, which implies a corridor width
of 2% per annum, as used by the ECB before the crisis. The bargaining power of lenders ¢ is set to 0.5,
implying an interbank rate in the middle of the corridor.26

The mean of the iid shocks to island specific capital efficiency p is normalized such that the steady
state capital efficiency  is 1. The standard deviation of these shocks is chosen in order to set the steady
state ratio of redistributive (government debt and interbank loans) over productive assets (anything else)
on the investment bank’s balance sheet w to its empirical counterpart for the aggregate balance
sheet of monetary and financial institutions in the Eurozone of 0.6.

Finally, the parameter ¢ —the probability that another round of negotiations is reached after a failed
match— is set such that the model reproduces the empirical relationship between excess reserves over GDP
and the interbank-deposit facility rate spread during the entire euro period (1999-2017). In particular,
we choose ¥ to minimize the weighted mean absolute error between the data and the model prediction,
which yields ¥ = 0.998.27 As discussed in Section 3, a value of ¥ close to unity implies that a central

bank with a sufficiently large balance sheet essentially operates a floor system (RI? = RPT). As shown

26We calibrate the model in line with the european institutional set up. In the US the corridor system was only
implemented in 2008. At the same time the Fed flooded the market with liquidity, which drove the fed funds rate
close to the interest-on-excess-reserves floor.

2"We use weekly observations from 1999-2017. We weight the observations by the probability density function of
the data, which we approximate by a histogram of 30 equal spaced bins. This allows us to get a good overall fit of
the relationship despite having many more obseravtions close to zero than for higher values of excess reserves.

Furthermore notice that while we only consider the realtionship in steady state, the numerical experiments carried
out later show that the this realtionship has a very similar shape in the dynamics, which is to say that dynamic
general equilibrium effects are of less relevance.

Finally notice that in the data the corridor was changed over time while we abstract from this policy in the
model. Normalization by division through the corridor width yields similar results.
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Parameter Value Target

«a Capital share 0.33 Literature

1) Depreciation 0.025 Literature

vy Risk aversion 2 Literature

P Inverse Frisch elasticity 1.5 Literature

0 Calvo parameter 0.7 Literature

€ Markup ) Literature

L Investment adjustment 2.4 Literature

v Taylor rule inflation 1.5 Literature

0 Taylor rule persistence 0.8 Literature

K Effective lower bound -0.004 minimal ECB deposit rate

10) Leverage constraint ) Literature

I} Discount factor HH 0.995 Sovereign yield

¢ Bond maturity 0.05 Literature

B/Y Government debt 2.4 Debt to GDP

B /B Government debt held by CB 0 no QE

13 Bargaining power lenders 0.5 Symmetric corridor in the EMU

9 Probability of reaching next round 0.998 Relationship between spread and excess reserves
X Corridor width 0.5% Pre-crisis corridor width in the EMU
B Discount factor bank 0.975 RoE EMU banks

I Mean of idiosyncratic shocks -0.035 Normalize Q =1

o Std of idiosyncratic shocks 0.27 Ratio of redistr. to productive assets
A Matching function 3000 Ratio of interbank to CB lending

Table 1: Calibrated parameter values

in Figure 2, our calibrated model replicates fairly well the relationship between excess reserves and the
interbank-DFR spread, both for the pre-crisis corridor system in which such spread fluctuated around 1%
(i.e. one half of the corridor width) and for the current floor system in which such spread is essentially

zero.

4.2 Numerical experiments

In this section we use the calibrated model do illustrate the theoretical results in the previous section,
as well as to compare the stabilization properties of both regimes (corridor vs. floor system) in the face
of financially-driven recessions. We start by comparing the effect of the balance sheet size on the steady

state equilibrium, before considering the effect of unanticipated shocks.

4.2.1 Comparative statics: the role of the central bank balance-sheet size

As shown above, the balance sheet size of the central bank bCP has implications for the steady state
of the economy. Figure 3 illustrates such implications for the calibrated model. For each value of b&¢P
—starting from zero—, the endogenous ratio between excess reserves and GDP is computed; this is the
variable displayed in the x-axes. The bottom panels illustrate the response of interest rates to the balance

sheet size. As the level of excess reserves increases, both R¥ — RPF and RP — RPY = RIB — RPF converge
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Figure 2: This figure shows how the spread between the interbank rate (EONIA) and the deposit
facility rate is realted to the amount of excess reserves in the steady state of the model (black line)
and in weekly EMU data (coloured dots, colours indicate time ranging from 1999 in blue to 2017
in red).
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Figure 3: This figure illustrates the effect of the size of the central banks balance sheet size in
steady state. The upper panels are expressed in deviations from the steady state associated with
a balance sheet size of 0. The upper right panel furthermore expressed this difference in marginal
consumption units.

to a value very close to zero,?® because borrowers’ effective bargaining power ¢ converges towards a value

very close to 1 as the central bank floods the market with excess liquidity. However, RY — RPF

converges
faster than R? — RPF | because the latter depends only on ¢ while the former also depends on lenders’
matching probability I'V. Hence the spread between R and R increases. This spread is due to the fact

RPF paid by the central bank on excess reserves acts like a tax on capital returns.

that the penalty rate
As such, this spread distorts the savings decision by the household. This leads to lower levels of output
and welfare. However, as the upper two panels demonstrate, these effects are quantitatively rather small,
in fact second order.

In proposition 10 in the previous section we showed that the central bank can obtain the allocation
associated with a certain level of public bond purchases by alternatively issuing a smaller level of loans
to banks. Figure 4 shows this relationship in steady state. To obtain the same steady state allocation
as that associated to a balance sheet, which measures 15% of GDP and where the only assets are bonds,

the central bank would need to extend loans to banks in the amount of about 13% of GDP, which is 12%

28We have seen the relationship between R'? — RPF and excess reserves before in Figure 2.
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Figure 4: This figure shows by how much the central bank needs to expand its balance sheet by
issuing bonds in order to obtain the allocation associated with the amount of governemnet bond

purchases on the x axis. On both axis, the excess reserves are expressed as fraction of steady state
GDP. The dashed line is the 45 degree line.

less. As the figure shows, the larger the balance sheet is, the larger is the difference between the amounts

required in the two cases.

4.2.2 Balance sheet policies in financial crises

Next we consider the dynamic implications of different balance sheet policies when the economy is hit
by a financial crisis. We model the financial crisis as an unexpected, temporary reduction in the bank
leverage ratio, ¢. We consider three different scenarios, depending on the central bank balance sheet

configuration, in terms of initial size and response to the crisis:

(i) A lean initial balance sheet with no unconventional policy response to the crisis: th’CB = 0 for all ¢.

(ii) Starting from the same lean balance sheet as in scenario (i), the central bank implements a temporary

bond purchase program.

(iii) A large initial balance sheet but no unconventional policy response to the crisis.

In all three cases the interest rate policy follows the same Taylor rule, and the economy is assumed
to rest at the corresponding steady state before the shock (assumed to take place at time ¢t = 1). The
reduction in ¢ is assumed to last for 12 periods and is then fully reversed; once the shock arrives, the future
path of ¢ is perfectly foreseen thereafter.?? We choose the size of the shock —~common to all scenarios—

such that the ELB constraint binds for a number of periods under scenario (i). In scenario (ii), we assume

29We solve for the paths of the endogenous variables using the Newton-based perfect forsight solver for the non-
linear model implemented in DYNARE. Notice that the future path of the exogenous variables (bank leverage, and
the unconventional policy response, if any) is revealed on the impact period.

Computing the nonlinear solution has two advantages. As we will see the relationship between the central bank
balance sheet size and the real variables is highly nonlinear.
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the central bank purchases bonds for 2 periods at a speed of 2% of steady state GDP per quarter, which
is roughly in line with the ECB’s quarterly purchases the asset purchasing programme initiated in 2015.
After that period, we assume that reinvestment continues for one more period; following that, the central
bank stops reinvestment and the balance sheet size falls gradually as the government bonds mature.3"
This unconventional policy path is revealed at the same time as the deleveraging shock.?! Finally, in
scenario (iii) we consider an initial balance sheet size of 15% of GDP. This number corresponds roughly
to the amount of excess reserves that will be reached at the end of the ECB’s asset purchase programme
as it is currently announced.

The blue solid lines Figure 5 displays the economy’s response in scenario (i), i.e. starting from a lean
balance sheet and in the absence of balance sheet policies. For given aggregate bank equity, the shock
reduces banks’ investment capacity. This produces a fall in investment, aggregate demand, labor, and
inflation. Also, since more bank equity is necessary to sustain a similar level of investment, previously
active banks need to reduce their balance sheets, which crowds in some banks that were previously not
investing. Since these banks are less efficient, the average capital efficiency €); falls. Moreover, since
banks’ balance sheets feature a degree of maturity mismatch and exposure to surprise deflation —through
holdings of long-term nominal bonds and real capital, as well as short-term nominal liabilities— the direct
effects produce losses to bank equity N;, which reinforces the contractionary impact. The central bank
responds to the fall in inflation by lowering its two policy rates —holding the corridor width constant—, but
soon the deposit facility rate hits the ELB, preventing further (conventional) monetary accommodation
for some periods. With inflation falling far more than nominal rates, the real rate actually increases
initially, which reduces household consumption and worsens the contractionary effects of the shock.??

The dashed yellow lines in Figure 5 display responses in scenario (ii), where the economy starts from
the same lean balance sheet as in scenario (i) but the central bank engages in temporary asset purchases.
This scenario highlights how the matching friction in the interbank market gives rise to a new transmission
channel for temporary QE policies. By purchasing government bonds from investment banks, the central
bank liberates balance sheet capacity for those banks that choose not to invest in the real economy (b¢
falls in equation 16). This leads to an increase in lending orders in the interbank market (higher ®F), while
leaving borrowing orders largely unaffected. This reduces the tightness in the interbank market (lower
®B /®l), as more lenders face the same amount of borrowers. As a result, the matching probability for
lending banks I'}* falls, so these banks end up holding more excess reserves, which in turn finance the
central bank’s asset purchases. At the same time, the reduction in interbank market tightness increases

borrowers’ effective bargaining power ¢,. Ceteris paribus, this depresses the interbank rate R!? for given

30Tn terms of the rule in equation (32) for central bank’s bond holdings, we thus assume np; = 0.02 x Y *nual for
t=1,2and ri; =1 fort =1,2,3.

31The ECB purchased assets over a much longer horizon. However, the ECB also faced a much longer duration of
the ZLB. Unfortunatley, the nonlinear perfect foresight approximation we use does not allow us to consider shocks
strong enough to yield longer periods of binding ZLB, which is a wellknown limitiation of this approach. Hence, we
consider a shorter purchase program.

32In this scenario, the interbank rate RIZ stays in the middle of the corridor. However, given that the calibrated
matching technology is essentially match-efficient, the search friction in the interbank market has no effect.
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Figure 5: This figure shows the responses of key variables to the shock under the different assump-
tions about unconventional monetary policy. Interest rates and infaltion are expressed in annualized
percentage points. The size of the central banks balance sheet is expressed as ratio over steady state
GDP. Welfare is expressed in deviations from the steady state in units of consumption equivalent.
All other variables are expressed as deviations from the steady state. Note that as we saw in the
previous figure, the steady state of scenario (ii) is only marginally different from the steay state of
the other two scenarios.
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deposit facility rate (DFR). Hence the spread between the interbank rate and the DFR decreases, in line
with the empirical relationship between the latter spread and excess reserves documented in Figure 2. And
as the interbank-DFR spread narrows, so does the gap between the effective lending rate Rf —and hence
households’ deposit rate RtD —and the DFR. Thus, a temporary QE allows the central bank to add further
stimulus during a binding-ZLB episode by pushing interbank interest rates, and interest rates across the
economy in general, against the bottom of the interest rate corridor. This reduction in nominal rates has
the usual expansionary effect of interest rate policy in New Keynesian models, by encouraging households
consumption, etc. As a result, aggregate demand and inflation improve relative to the no-QE scenario.
Furthermore, in the context of our model with heterogenous banks, the stimulus also leads to a relaxation
of the leverage constraint by dampening the equity (N;) losses of banks associated with the deleveraging
shock, which in turn increases the average capital efficiency ;. For the calibration considered here, the
expansionary effect is so strong that, once all general equilibrium effects are considered, the DFR actually
fails to hit the ZLB in the first place.?

Finally, the red dashed-dotted lines in Figure 5 show responses in scenario (iii), where the central bank
permanently operates a large balance sheet but does not implement QE in response to the same financial
crisis. Notably, the responses are very similar to those of scenario (ii). This results from the fact that,
with a large balance sheet, the central bank has more policy space for conventional interest-rate policy,
since the associated steady-state level of the DFR is higher than under a lean balance sheet (Propositions
4 and 8). Even absent further stimulative unconventional measures, this enlarged policy space implies
that the ZLB is not reached and hence the negative effects associated with it do not materialize.?*

The last two scenarios highlight an important result in our model: temporary QE —i.e. temporary ex-
cess liquidity provision— and a permanently large balance sheet —i.e. permanent excess liquidity provision—
are close substitutes. Both are able to deliver the same relaxation of the ELB constraint vis-a-vis the

lean-balance-sheet /no-QE scenario, namely by compressing the interbank-DFR spread.®>

33Notice that QE is only really effective at the ELB, when conventional monetary policy looses control over the
interbank rate R!P. During normal times conventional monetary policy (as described by the taylor rule) undoes
the effect of quantitative measures.

34Notice that the fact that the cental bank keeps its balance sheets constant in real terms is similar to a small
temporary balance sheet extension, because the supply of excess reserves becomes relatively more important as the
economy, and in particular the capital stock, shrinks in real terms. This reduces the matching probability of lenders
'} and drives up the market power of the borrower ¢, a (hardly visible) bit. Ceteris paribus this would have effects
on R'B however the response of conventional monetary policy through the taylor rule undoes this effect, since the
ELB is avoided by a large margin.

35The reduction in the interbank-DFR spread however goes hand in hand with an increase in the R® — R” spread:
Whenever banks hold excess liquidity at the central bank they forgo the slightly higher rate paid on sovereign bonds
RY or interbank loans R*. The flipside of this is that the central bank pays R = R” on its assets while paying
RPF on its liabilities, and hence makes a profit. This is similar to a tax on capital and distorts the savings choice in
the economy. In scenario (ii) this distortion arises temporarily and is clearly overcompensated in terms of welfare.
In scenario (iii) this distortion arises permanently. However, quantitatively this effect is negligible.
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4.2.3 On the relative effectiveness of different balance sheet policies

So far we have shown that balance sheet policies can be effective through the interbank transmission
channel and can thus help to overcome the ELB. In this subsection we compare different implementations
of such policies. First, we compare the purchase of government bonds with the extension of loans to banks
through facilities such as the ECB’s long term refinancing operations (LTROs). Second, we analyze the
marginal effectiveness of balance sheet policies. To this end we compare the response of the economy to

a financial crisis in scenarios (ii) and (iii) from above with three further scenarios:

(iv) Starting from the same lean balance sheet as in scenario (ii), the central bank implements a tempo-
rary program though which it provides loans to banks (LTROs). The amount of loans is assumed

to be such that the balance sheet sizes in (ii) and (iv) are identical.

(v) As in scenario (ii) the central bank starts from a lean balance sheet and purchases bonds. However

it stops purchases one period earlier than in scenario (ii).

(vi) As in scenario (ii) the central bank starts from a lean balance sheet and purchases bonds. However

it stops purchases one period later than in scenario (ii).

Notice that this time we simulated a stronger crisis so that none of the policies is able to avoid hitting
the ELB. Figure 6 compares the responses of key variables. The variables in the first row are expressed
in % deviations from scenario (iii).

Comparing scenario (ii) and scenario (iv), we find that the effect of the LTRO program is almost
identical to that of an equally sized public bond purchase program, with the latter being marginally less
expansionary. This finding complements proposition 10. There we had shown theoretically that the same
effect can be obtained through both public bond purchases as well as through extension of loans to banks.
However the magnitude of the balance sheet expansions required to obtain the same effect varied across
the two instruments. Here we show numerically that even if the magnitude of the balance sheet extension

is kept fixed, the two instruments are almost perfect substitutes.

Alternatively one may ask how the central bank balance sheet would need to evolve, if the path of
the real variables in the bond purchase scenario (ii) was to be replicated by an LTRO program. From
proposition 10 we know that this would require loans to be equal to a the fraction FtL of the amount of
bonds purchased. While this alternative path for the balance sheet is not plotted, we can deduce it from
the panel in row 2, column 3 of figure 6 : The balance sheet would need to grow by slightly less, with the
peak being 4% lower.

Comparing scenarios (ii), (v) and (vi) we observe how the marginal effect of one more quarter of net
purchases declines. While extending purchases from two to three quarters increases GDP by 4% at the
peak, adding another quarter of purchases only results in an additional increase of roughly 1%. This result
complements proposition 7 and 5, which showed that the marginal effect of QE decreases and converges

towards 0 as the balance sheet size is expanded. The intuition is straightforward: As the central bank
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path associated with the large balance sheet scenario (iii) (blue). Welfare is expressed as deviations
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withdraws bonds from the market, lending banks invest more of their funds in the interbank market,
which increases the borrowers effective bargaining weight and depresses the spread between the DFR and
the interbank rate. However, the effective bargaining weight can not exceed one, hence the marginal effect
of bond purchases on the latter needs to diminish as the amount of bonds purchased increases.?¢

This feature of the model explains the empirical finding by Reis (2016) that only the first QE an-
nouncement in the US had a significant effect on inflation, while for later QE announcements no such
effect can be found in the data. According to the model, each round of QE at the ELB has a non-negative

effect, yet this effect diminishes rapidly, which is why it would soon be impossible to detect empirically.?”

5 Conclusion

TBC.
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Appendix: For online publication

A Proofs

A.1 Proof of Lemma 1 (Banker’s problem)

The bank’s maximization problem can be expressed conveniently as a 2 stage problem, where first the

banker decides how much dividends to consume and how much equity to keep on the balance sheet, before

subsequently choosing on his portfolio.

Vi (Eg,wg) = max log <Hi) +V; (th,wz)

I} N}
s.t.
N} +11I} = E}
and
Vi (th,w{) =B max B [VtH (Eg+1an+1)]

A>0,60°C>0,B] By
s.t.
QK Al < ¢N/
QF Al +4/° = Nj + B]

By

RS, ,
) B ) L t+1 7,G
T <1B§>0Rt n 1B§<0Rt) R

Bl — RA ijKAj _
t+1 t+1%t et 4 1+7Tt+1

To solve this problem we start by making the following guess (which we later verify)
Vi (Vf,wi) = s6log(NF) + Wiz,

where s is a constant and Wy ;1 is a function of time independent of state th .

The first order condition of problem (41) with respect to Hg yields
1TH = 5/N] = Tl = N} /5c= (1 + 1/x) EJ,
Plugging the solution for dividends back into (41) we get

Vi (Eg,w{) = —log(s) + (s + 1) log (Ng) + Uit
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Plugging this and the solution for dividends into the second stage problem (43) we obtain

PR )
%(M)—Bmmygggmﬂ[( 1)log (N, 1) = log() + Wiynpso] (47)
£ Al < oN} (48)
QA +0 = N] + B] (49)

B}

] RiL e
NYy (L4 50) /e = R w] QA — <1B§>0RtB + 1B{<0RtL> + b

1+ 7 L4 7

We can simplify rewrite this problem by eliminating N iy1 and B using the two equality constraints

to get

1

3 ) ) . KAj bj’G—Nj
V(N .wl) =B  max R
1+ 7

Rle tKAj
G
AI>0,67C>0

) o B .
N{<Q{<A{+bf’GRt +1Ngz<

(s+1)log <%/(1 + x)

QF A] < ¢N} (50)

The first order condition with respect to Ag is

P4 RwQ— , ..RilfL+1. "RitBQK—)\jQK—{—)\j—O
th+1 e NJZQ%KA'Hbf’Gl—I—mH Ni<Qf(A§+bi’G1+7rt+1 t ot %t At = Ys

where )\ét, and )‘ilt are the Lagrange multipliers associated to the maximum leverage condition and to
the non-negativity constraint on real assets, respectively.

The first order condition with respect to b{’G

G L
J J Js J J Js i -
NIy | T mepn \UVEZQEASRT T poy g T ONE<QEART T oy A

where )\Z ;. 1s the Lagrange multipliers associated to the non-negativity constraint on public debt.
t

Taking into account the positive spread between the borrowing and lending rates RP > R} = Rgrl,

we may separate three regions:

. B . .
1. If ‘Rfﬂw{ > HRT then 57 = 0,),, = 0 and banks lever up until they hit the constraint
B! = (¢ —1)N/ to finance as much investment as possible : QXA = ¢NJ. In this case next

periods pre-dividend equity is given by:

RP

E£+1 Rt+1wt¢Nj 14 s (¢—1) N,
L . . . .
2. If 1+]jr - < RA Wl < 1+Ijrt+1 then b"% = 0, X}, = Ny, = 0 and the maximum is given Qf* A] = N}.

43



In this case

E t+1 = Rt+1w¥Nj
3. If Rﬂrlw{ T +7r - then )\j )\ét = 0 the maximum is A7 = 0.In this case
2 RY i
177 + 1

and the optimal amount of public debt is undetermined in the range bg’G € [0, th } .

Plugging our conditional solution for N} +1 into (47) and rearranging we verify our initial guess
‘7;5 (Nt]) = /6 (%+ 1) IOg (Nt]) + v (RgrtaRtLvRtB7Ré~177Tt+l7wi> ’

Equating this expression with our initial guess we finally get

A.2 Proof of Proposition 1

Description of the bargaining problem The interbank market is modelled as an OTC market
with matching frictions. In particular, we assume that after making their investment choices, banks place
orders of size 1/A at the interbank market. We will consider the limit case of A — oo. Since all orders
will be carried out, the sum of the orders of each bank is determined by their shortfall/excess of funds
given a bank’s investment choice and equity. ® and ®% denote the total amounts of all banks’ lending
and borrowing orders.

After orders are placed, lenders and borrowers match. This happens in a multi-round system with
initially N = 2 rounds of infinitessimal duration (i.e. the interbank market closes within the same period
t). All orders outstanding in the final round are automatically redirected to the central bank, who
carries them out at the deposit and lending facility rates R,{j F and RtLF . In each of the previous round,
borrowers and lenders are randomly matched according to a matching function Y(®%, &), giving rise to
the matching probabilities I' and I'? for lenders and borrowers. If an order finds no match it directly
goes to the next round. If a borrowing and a lending order are matched, then the two parties engage
in a Nash bargain, in which they may agree upon a certain interest rate for this transaction. £ denotes
the bargaining power of the borrower in these negotiations. If no agreement is reached, this has two
consequences. First, the match is dissolved and the two orders go to the next round with probability
¥ and with probability 1 — ¢ they are redirected to the central bank. Second, if at any round at least
one match fails to reach an agreement, then an additional round of bargaining is added after the current
round (N = N + 1) and all orders, apart from the ones including the non-agreeing banks, proceed to
this "additional" next round, independently of whether they found a match and whether they reached an

agreement.
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The latter "veto power" assumption is assumed to maintain tractability. It allows us to focus on a
symmetric equilibrium, in which all matches reach the same agreement R'? in the first round.

To proof the proposition we proceed in 2 steps. First we characterize the Nash bargaining solution for
infinitesimal orders for round 1 assuming that no matches fail to reach an agreement in round 2 (if this

round is reached). Second we show that an equilibrium exists where all matches agree in the first round.

Nash bargaining round 1 conditional on universal agreement in round 2 Recall the
definitions of the value functions from the previous proof. Furthermore, consider two investment banks,
j and ), that are respectively a borrower and a lender in the interbank market trading round in period ¢
(ie. B/ <0< B). Let
a2
n(Bha)="5

denote the number of orders placed by bank j (similarly for bank 7).® Let Rg denote the gross interest

rate paid on the o-th order, for o = 1,2,...,n(B},A), such that total interest payments for bank j are

n(B],A) n(B],0)-1
A Zl R, =A Zl Ro+ AR, s ).

Assume without loss of generality that both banks bargaining over their respective last (n-th) order. Let
th(R, A, th) denote the value function for a generic bank j that bargains over the rate R = Rn(Bf,A)
of its last order (taking as given the outcome on all other orders) when orders are of size A. At this
point, the bank has already chosen its optimal investment policy; we denote by Az* = At(Ng ,wz ) and
Bg* = Bt(Ng,wg) and thJ* = bf(Ng,wz) such optimal choices, where A4(-), Bs(-) and b{(-) are the

corresponding policy functions. The function th (R, A, th ,w{) is given by

VI(RA N wl) = BEVier (Bfely) (51)
- - - 1 n(B]*,A)-1 RG .
J _ A GK ATx . t+1 1 G.j%

st Bl = RAwlQEA = g (A5 R AR |+ 70 52)

Furthermore assume that all matches agree no later than in the second round. We verify this as-
sumption below.?? Then the surplus for (borrowing) bank j from agreeing on a gross interest rate R, as

opposed to dissolving the match and returning to the matching stage is

V7 (RA,) = [0TF207 (RIP2, A, ) + (9 = 0TF2 +1 - 9) V7 (REF, A, )]

38We ignore for simplicity the issues raised in Appendix E in Bianchi & Bigio (2014) regarding the fact that
n (Bg , A) must be an integer number with 7 (Bg , A) A < |z|. This gives rise to residuals and discontinuities that

disappear as A goes to zero.
39There may be other equilibria, but we focus on equlibria where no more than one round of negotiations fails.
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Here I'P? is the probability that the order finds a match in the second round, conditional on not being
redirected to the central bank and R/P? is the corresponding interbank rate.

Similarly, the surplus for (lending) bank j from such an agreement is
VI (R, A) = [TV (<R A,) + (0 = 0T +1-9) V7 (~RPT, A, |

where I'/2 is the probability that the order finds a match in the second round, conditional on not being
redirected to the central bank.

Therefore, the Nash bargaining protocol solves
. . . ¢
max { V7 (R, A,) = [9DF2V7 (RIP2,A,) + (9 =002 +1-9) 7 (R, A, )| |
. . . 1—
AV (R A ) = [TV (<RI, A, ) + (9 - 90T 41— 9) V7 (-RPT, A, )] } .
The corresponding FOC is

VI (R A, = [9TF2V) (<RE2, A,) + (9 = 982 41 - 9) V] (-RPT, A, )|

- 53
: m] (A) A (53)
V(R A, = [o0P20) (RIP2 A, ) + (0 = 002 + 1-0) T (RFF, A,
= ]_ — g )
(1-9) TOL
where -
mi (A) = BE =~ (Et]+1>wi+1)

oF},,

is the marginal value of deposits for bank j = j, 7 when orders are of size A (with Eg 1 given by 52).
Now consider the limit case that the order size goes towards zero. Since the surplus of both firms is

differentiable in A and goes to zero as A — 0,0 we can apply L’Hopital’s rule to get

U (R.A) = [0TF2V7 (RIP2A,) + (0 — 0TF + 1 - 9) 17 (REF, A, )]

ilino A
; 9 (o 7] B i7J ( pLF
= Jim {0 (R4 = [0V (BRI A) + (900 1 - 0) V7 (RET.A )|}
, n(B].A)-1 n(B],A)-1 n(B].A)-1
= ml(A) ; R, +R | —orp? ; Ro+ R{P?| — (9 —9I7? +1-9) ; R, + RFF

= m (A) (R—9TP2RIP? — (9 —9TP? + 1 —v) REF),

10Notice that, from (51), th depends on A and R only through the dependence of V;;; on Eg 11, which in turn

is given by (52). Since lima_g E{ 1 is independent of whether an agreement is reached or not, we have that the
surplus from reaching an agreement converges to zero as A — 0.
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and similarly for bank j. We can thus take the limit as A — 0 in (53) to obtain

fmg (A) (OTF2RIP2 4+ (9 —9TE2 +1—9) RPF —R) a—g m] (A) (R —9TP2RIP? — (9 —9ITP% +1 - ) RH

mj (A) m; (A)

EWLPPR{PP + (0 — 0T +1-9) RPY —R) = (1-¢) (R—9IPR{P? — (9 — 90 +1-9) RfT).

Defining the expected interest rate conditional on reaching the matching stage of round 2 as RP? =
IF2R{P2 4+ (1 —T'F?) RFF this condition reads

EWRPP+(1—9)RPT —R) = (1-¢ (R—9R?—(1-9)R")

R = ¢(ORP*+ (1—0)RPT) + (1 —¢) (9RP? + (1 —9) RFT)

A corresponding logic applies to a match between a borrowing investment bank and a lending retail
bank.

Equilibrium We just saw that conditional on every match reaching an agreement in round 2, every
match reaches an agreement in round 1. Furthermore notice that round 2 after a veto in round 1 is identical
to round 1. Hence we focus on a symmetric equilibrium where all agents behave the same (across agents
and rounds).*! In such an equilibrium it must be that Rf?> = R}F and RP? = RP, where R} and RP
are the expected interest rates the banks will obtain at round 1. Considering this and substituting in the

expressions (19,20) we obtain
R = [0 [TFRIP + (1T RPP) (- ) PP} 40— ) {0 [0PRIP + (- T) B 5 0 0) ).

and

(1-¢) (1—vrp) RIF 4 ¢(1-9rf) RDF

IB __
& S [l-erf -1 -]t T 1-e9rf - (1-¢)wrp] "t

Defini
efining c (1 - 191*1{2)

AT T e — (1 - ) orP

we can express the interbank rate as

R{" = o R + (1— @) BY"

as in the proposition. Such an equilibrium exits as long as 1 — 9TF — (1 — &) 9I'P # 0.Given that
&TE TP € (0,1 and ¥ € (0,1) we have that 1 —&ITF — (1 — £€)9T'P > 0 such that existence is guaranteed.

4INote that we are not ruling out that other equilibria exist.
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5.0.4 A.3 Proof of Proposition 6

For ¥ = 1 and I’} = T'B = 1 the interbank rate is no more pinned down uniquely any more (see the last
part of the proof of proposition 1). Any interbank rate can be an equilibrium. We therefore focus on the
rate that arises in the limit as ¥ 7 1. .R{gil = limy ~ RIB. To determine this limit we need to determine
the limit limy_<1 ¢,, since BRI = o, RPF + (1 — ;) RFF.

. . ¢ (1-9r7)
lim ¢, = lim 7 B
91 9,11 — &0y — (1 — &) vTy

To evaluate this expression for I = I'P = 1, we need to apply L’Hopital’s rule. Hence

ifTf=TP =1

1%1}111 Pr = { ¢(1-1F)

et (TP else

Given match efficiency we know that T'Z = 1. Using this the above expression simplifies to

lim ¢, =

Lif Tk <1
9,1

EifTk =1

Since bf’CB > 0 < I'F < 1 this can be expressed as a non-continuous function of th OB

.» 1G,CB
i ,(49°P) {1 if 5P > 0
9,1 ¢if b =0
Hence
S {RtDF if 579F > 0
1im =
o1 ERPT + (1— & REF if b7°F = 0

(Alternatively we might focus on the limit TF /' 1. In that case any balance sheet size, including 0,

would imply a corridor system,)

5.0.5 A.4 Proof of Proposition 7

To proof this proposition we start by considering the set of equilibrium conditions defined in appendix B1,
but considering the path of the deposit facility rate as exogenous (instead of determined by the TR). Now
we use equations (91), (92), (98), (95), to solve for the variables T'?, T'F, ®L, ¢, in the order of mentioned
(notice that for the first 2 variables we used the match efficiency, and that I'Y and ®} need to be solved

for simultaneously)
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B
o= e (55)
by"" 7 + OB
of = b+ oy (56)
q)B
Yy = (57)

[1—@95539%—(1—5)"9}

Notice that this equation contains 2 endogenous variables (®£ and ¢,) and 1 exogenous policy variable
(th’CB). This equation is derived solely from the interbank market and the central bank’s balance sheet.
The rest of the equilbrium conditions from appendix Bl (after elimination of I'?, T'F, ®F) defines another
realtionship between these two variables. This relationship is much more complex as it depends on the
full set of dynamic equilibrium conditions. This relationship can be used to derive an implicit function
BB (b F).

If we plug this function into the above equation we get the following equation

B (RP)
: (1 - ﬁb?’Cng(RtB))

B ®B(RB
L &0t ey — (1= 6)9

Pt

which shows us the direct effect of bf “B on ¢, as well as the indirect general eequilibrium effect through

®B(RP). Deriving this expression we get

+
(L—0)o(1-¢(af — b ap)

Doy
oCG-CB -
t

2
(bf’CB (1—9) + b7 BYe + @B (1 ﬁ))

+

which is positive if ®F > th ’CB@tB’ ,-as we shall assume. Deriving again we get

N +

+

A\

(=09 (1—-) 2 [0(1-&) = oF (1 - 9) — 1] (0F — b7 Pof") — b7 Pop" (b7 (1 - ) + b

82% _

(v )’ (58 (1= ) + 05P i+ 0F (1 - 9))

-~
+

One can show that (alf)‘;’(g%) < 0, given that &9 € (0,1), x € (0,00) and th,CB > 0 this second

t
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derivative can be shown to be positive under the condition that

2[0(1—¢) — P (1-9)—1] (cst - th’CbetB’) < pGCB By (bf’CB (1—9) +b%CPye + B (1 - 19))

201 —¢) —d'(1-9) -1 @B G Bl

< ob”
bCB (1) 40P+ oB(1-v)  pPCP

— if ®P’ not too negative

It is not possible to prove this condition holds in general equilibrium. However, it does hold in partial
equilibrium (®7 = ®5” = 0), when the LHS is a strictly negative number and the RHS is 0. Hence it
must also hold and when the general equilirbium effects are not too big, i.e. when !@1{3” ‘ and ’fst’ ! small
enough.

Since R? = RI® = RPY +[1 — ;] x we have that Yo 5 < 0 implies Py > > 0, given we

0

G,CB G,CB
(CON) Clay
consider RP exogenously fixed.

5.0.6 A.5 Proof of Proposition 10

Consider a particular set of sequence of prices and quantities and exogenous processes, which - together

with some initial conditions, constitute an equilibrium. Denote this set of sequences by {{x’{}wt . Xt}jio’

where X is the vector of all the quantities and prices and exogenous processes. The sequences th ’CB*,
N, wP* TF*... are elements of this set. Similarly, denote the initial conditions by {x*_l}:p,le x_, -Assume

th,CB*

that in this particular equilibrium the central bank holds some government bonds > 0 for some t

but never holds any loans to banks through direct lending programs Btc Bx — 0, Vt > 0. Note that, for

later use, the ratio of lending and borrowing orders in this equilibrium is given by
b
—~
N (wft) - (B = 577) + BE

e 7 P2y o

(58)

oo
Now consider an alternative set of sequences denoted by {{332— }:ctth} , where all sequences are
t=0
the same as above with a few exceptions: Assume that in this set of sequences the central bank never

holds some government bonds, th OB+
direct lending programs BEP* > 0 for some ¢ . Also allow ®2F, ®FF and bCF to differ from their
x—counterparts. We will now show (by construction) that a path for BE? +,bf OB+ OB pEF and ®L

exists such that, given the same initial conditions X*;, {X;" };}io constitutes an equilibrium.

= 0 Vt > 0, but sometimes may extend loans to banks through

For {X;r }zo to be an equilibrium, the equilibrium conditions explicitly stated in appendix B1 (aug-
mented by BE?) must hold together with certain implicit non-negativity constraints on certain variables.
However, since most sequences in {XtJr }:io are equal to {X;}7°,, all those equilibrium conditions that

only include sequences that are equal for {X;r }zo and {X;};°, are obviously satisfied. There are only
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5 equilibrium conditions, where the non-identical sequences BCBJr bG CB+ <I>B+ bGJr and (I>L+ show
up. Replacing those +—sequences, which are identical to their *—counterparts, by the latter, these 5

conditions read:

PPt = N;[1-F (wP)](¢—1)— BFET (59)

LT = NiF (wF) - bt 4+ B (60)

ot (1-TF) = BIET 40Pt (1 -1 (61)

_ Bx*
Rf*QK* QF \Ki - S ) 127?*“1 [1 - F (Wt 1)] Ni g+
N = RE, . Gt Gt (62)
it (F (wbey) Npy = 005 + bl
BtG* _ th,CB+ + th-i— (63)

bG’CBJr = 0, equation (63) requires that th+ = BtG . Furthermore, notice that

Notice first that as
equation (62) is satisfied for all ¢ > 0 since in equilibrium R, = R{*, as explained in the model section.
For t = 0 equation (62) holds because RF*, = R, and b = b{™ (since we start from the same initial
conditions) and RS = RE* (by construction).

Next, we make the guess that ®L and ®P* are such that ®F*/®F* = &L /dB+ . Using equations

(59,60,63) to replace ®F* and ®7T and equation 58 to replace ®F*/®F* we get:

NEF (@f) = (87 =P ) + B Nep () 50 4 BE
Ny [1—-F (wP)] (¢ -1) Nf[1—F (wP)] (¢ —1) — BEBH

After rearranging terms, we obtain:

BOB+ _ 008 Ny [1 - ( 2] (0 —1) _ ,GOBs @tB*. (64)
NiF (wb) =B +0CP 4 gL ) 1 O

Plugging (59) and (60) into (61) we get
BEPS 4 [N [1= F (wf*)] (6= 1) = BEPH| (1= TF7) = [ N7 F (wf*) = of* + BF| (1-Tf),

and then taking into account the value of BYZT in (64)

QB * * * * * *
th’CB*(I.L*FtB + (V7 [L=F ()] (6= 1) (1 =TF) = (N7 F (wf) = b "+ BF) (1-TF)
Using the fact that by interbank market clearing I'}/* = qu* I'P* we can write:

BEOPTE (N (1= F (@) (0= 1) (1= T8 = (NP (wf) B+ B) (1=TF). - (69)
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Since the *—sequence constituted an equilibrium, the x—counterpart of equations (59-63) must hold.
If we again plug the values of ®/* and ®P* in (the x—counterpart of) equations (59-60) into (the

x—counterpart of) equation (61) we get

=0
—~
BEPT 16O @ (1= = eft (1-1]),
b (N L= F (W) (0= 1) (1 =TF") = (NJF (wf*) — b + B*) (1-177),

pGOBLE (N [1 - F (wP)] (6 — 1)) (1 - TP¥) (NJF (wf*) = b7* + Bf*) (1-T/*), (66)

where in the last equation we have applied the market clearing condition (63).

Since equations (65) and (66) are the same we have shown that all of the five equations above hold
for {{x;” }ztE X, }:0' Hence, under the condition that the paths @f + th * and @er are feasible, i.e. non-
negative, any equilibrium with bond purchases can be reproduced by an adequate path of lending to banks.
This path satisfies the condition that 6P+ = 0 if th’CB* =0 and th’CB* > pOBt = bf’CB*FtL* > 0 if
th’CB* > 0. That is a smaller total balance sheet is needed under the loan than under the bond purchases.

Feasibility requires that BtC Bt th ’CB+, th + @,{3 T and <I>tL+ are all non-negative. This condition holds
for the former three sequences as Btc Btisa exogenous positive variable, th OB+ — 0 and bf T = EtG* > 0,

which again is an exogenous process. For the latter two this means that the following must hold:

O = N/F (wf*) 0"+ B >0 (67)
oPt = Ny[1-F(wP*)](¢—1) - BB >0 (68)

Substituting for BB in (64), the latter condition (68) reduces to

. . Ny [1-F (wP)] (¢ —1
Nt [1 —F(th )} (QS_ 1) _th,CB* ( ' E fé*t )]GCB* ) I ) 05
NPF (wf*) — b, +b"7" + Bl
N} F (wf*) = b5 + B > 0, (69)

which is identical to (67).
Using the x—counterpart of equation (61)

bPOPt L @Pr (1 -TP) = of* (1 -TF)
and using the fact that by interbank market clearing <I>tB B = <I>tL+FtL* we obtain

Furthermore, using the *—counterpart of equation (60)
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OP* = N7 F (wl*) =By " + B

Since ®P* forms part of an equilibrium it must be that ®2* > 0. Hence feasibility is always guaranteed.

B. Complete set of equations

B.1 Transitional dynamics

e Households

RL
1 = t’t+11+7trt+1 (70)
v'(Lt)
_ 1
Wt u/(Ct), (7 )
' (C,
Apgpr = 51%:)1) (72)
I I I I AR
= QQFl1—-s5(+ ) -5 ()~ K o (L1 (L1
1 = @ [1 S<It—1> S (It—1> It—1:| + A t11Q5 1S < I, )( I, > , (73)
I
K, = [1S<Ittl>]lt+(15)Qt1Kt1. (74)
e Firms
Z
Yo = L (aKe)”, (75)
t
1= 0(1+m) "+ 1-0)@) ", (76)
—1
P = =% (77)
=t
—_ € € —
2l = 7671Mth+9EtAt,t+l(1+77t+l) ChIgY (78)
E? = Yt+9EtAt,t+l (1+ﬂ't+1)6713?+1, (79)
Ay = (1=0)(py)  +0(1+m) A, (80)
RF+(1-06)QK
R} = t(QK)t, (81)
t—1
. (1-a)/«
RF = aM,Z [(1 %Mtzt] : (82)
t
1—a)Z,M\ ">
L = <(W)ttt> Q1K1 (83)
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e Banks

N,
K = —z{o[1-F ()] +[F () -F(w)]},
t
S| pAnK (¢ —1)RE, B Rl L G Rf
Ny = BIRyQi 1% 1K1 — I [1—F(wq)] Neo1 + T (F (wi 1) Ne—1 — b7 1) + 1 +t7rt:
RpP
wt = A 3
R (14 1)
Lo R}
R (14 Te41)
RS, = RP.
e Interbank market
of = N[1-F(wP)](¢-1), (89)
o = NF (wf) -0 + Bf (90)
L
8 o= (‘I’ 1) | (91)
P
¢,B
rho= oy (1, @L> | (92)
RY = @IPRPT + [1— o P] RET, (93)
Rf = (1—¢)T{RM + (1—(1—@)If) RYT, (94)
; £ (1 — 191“%) (95)
" L-girf - (1- &) 7]
e Central bank
Rt = R+ (96)
RPY = max{p(RPE)+ (1 —p) [R+v(m—7)],1 -k}, (97)
bP 1P (1-TP) = of (1-T1F), (98)
-G,CB
I (99)
e Government
b= b9 4l (100)
1— G
RtG — M (101)
Q4
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e Aggregate constraint

Wy = O F(wi))]B(w|w>wl)) n [F (i) = F(wiy)]B(w|wpy Sw< w%m;
o[L-FE)]+ [F ) -F k)] o[- F@l)]+ [Fely) - F (@)
Y = 56 (103)

There are 34 equations and 34 endogenous variables: Y;, Q{{, I, Ct, Kty Ny Wiy Ly, Ay i1, My, 7y,

=1 =2 A pk pL pB pDF pLF pG 1B 1L &L ®B B ,,L 1GCB ;G pL G
p;fk7‘—‘t7‘—'t7AtaRt7Rt7Rt7Rt7Rt 7Rt 7Rt7rtart7¢)ta¢'t7§0t7wt7wt7bt 7btaBt7Qt7Qt'

B.2 Steady-state with zero inflation

e Households

ro_ 1
RL = 5
A = B,
)
Vo= ey
Q - 17
I = K[1—(1-6)]

e Firms

A = 1,
pt = 1,

= = oozt
=2 __ Y

= T 1oep

o o)

RY = RF4+(1-9),
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e Banks

K = N{o[L-F (WP )]+[F ") - F ]},
N = B(RAQK - N[(6-1)RP[1-F (&F)] - REF (&1)]),

RB
B _
w - ﬁv
1
L _
¥ T BRA
Interbank market
¥ = N(1-F (W) (0o-1),
ot = NF(wF) -b¢ 4+ BF
(pL
B _
F — T <CI)B7 1> )
q)B
L _
F == T <17 Q)L> )
B €(1—9rk)
T -t = (1-gors
RB - R - FB@X?
Rl = R-(1-(1-pTh)y,
_ € (1-9rt)
7 T L&t —(1-&)ore]
e Central bank
RLF — R
RDF _ p_ X,
e Government
o= 5007 14C,
a ¢
B
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e Aggregate constraint

0 ¢[1-F (wP)]E(w|w>wh) +[F(wB)—F(wL)]E(w|wL§w<wB)
G- F @I+ FP) - F@h] " 61— F @ +[F @)~ F W]
Y = C—i—I—i—l ﬁN
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