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Abstract
We augment a standard macroeconomic model to analyze
the effects and limitations of balance sheet policies. We
show that the central bank can stimulate real activity by
changing the size or the composition of its balance sheet,
when interest rate policy is ineffective. Specifically, the cen-
tral bank can stabilize the economy by increasing money
supply against eligible assets even when the policy rate is at
the zero lower bound. By changing the composition of its
balance sheet, it can affect interest rates and, for example,
neutralize increases in firms’ borrowing costs, which is not
possible under a single instrument regime. We further ana-
lyze the limitations of balance sheet policies and show that
they are particularly useful under liquidity demand shocks.

JEL classification: E32; E52; E5S8.
Keywords: Unconventional monetary policy, collateralized
lending, quantitative easing, liquidity premium, zero lower

bound.

'We are grateful to Klaus Adam, David Arsenau, Aleksander Berentsen, Christian Bayer, Jagjit Chadha, Hess
Chung, Marco Del Negro, Wouter den Haan, Gauti Eggertsson, Andrea Ferrero, Luca Guerrieri, Andy Levin,
David Lopez-Salido, James McAndrews, Enrique Mendoza, Argia Sbordone, Lars Svensson, Harald Uhlig and other
conference and seminar participants at the Banco Central de Chile (Santiago de Chile), at the Bundesbank/Banque
de France "Workshop on Monetary and Fiscal Policy" 2011 (Hamburg), at the European Central Bank (Frankfurt),
at the Federal Reserve Bank of New York (New York), at the Board of Governors of the Federal Reserve System
(Washington D.C.), the Econometric Society World Congress 2010 (Shanghai), the University of Amsterdam, the
University of Basel, and the University of Bonn for helpful comments. A previous version of the paper circulated
under the title "When is quantitative easing effective?".

?University of Cologne, Center for Macroeconomic Research, Albertus-Magnus-Platz, 50923 Cologne, Germany,
Phone: +49 221 470 2483, Email: schabert@wiso.uni-koeln.de.



1 Introduction

Central banks in industrialized countries have responded to the recent financial crisis with uncon-
ventional monetary policies. The Bank of England (BoE) and the US Federal Reserve (Fed), for
example, have set the policy rate at its zero lower bound (ZLB) and introduced various lending
facilities as well as direct asset purchases.> These policies, which have been summarized by the
term "balance sheet policy" (see Borio and Disyatat, 2009), were aimed at reducing spreads at-
tributable to illiquidity (see Kocherlakota, 2011), stabilizing stressed credit markets (see Yellen,
2009), and stimulating spending and real activity (see Bean, 2009). However, they have been im-
plemented with only little theoretical or empirical guidance available. In particular, conventional
macroeconomic models are unable to explain how liquidity providing operations can be effective
at the ZLB, where money demand is typically not well defined.

In this paper, we augment a standard macroeconomic model to be applicable for the analysis
of balance sheet policies in addition to pure interest rate policy, on which the New Keynesian
paradigm has focussed. Given that we aim at providing a basic framework that facilitates a
generic analysis of the effects and the limitations of balance sheet policies, we specify the model
in a sufficiently simple way to derive analytical results. We thereby focus on monetary policy
implementation and money supply by the central bank, while we disregard the possibility of central
banks to mitigate disruptions of private financial intermediation.* We show that changing the size
and the composition of the central bank balance sheet can be non-neutral, as long as money is
positively valued and assets eligible for central bank liquidity providing operations are scarce; the
latter property being reflected by the existence of a liquidity premium. We show that balance
sheet policies are particularly useful when the implementation of a stabilizing policy via policy
rate adjustments reaches its limits. This is demonstrated for exogenously driven shifts in firms’
borrowing costs that cannot be neutralized by policy rate adjustments alone and for the case where
the policy rate hits the ZLB. We further examine the scope of balance sheet policies and quantify
their maximum effects. The analysis, in particular, rationalizes the types of liquidity providing

facilities that were introduced by the BoE or the Fed in 2008-2009.

3Under the Asset Purchase Facility the Bank of England purchased commercial papers, corporate bonds, and
government bonds. The US Federal Reserve, for example, introduced the Term Auction Facility, which provided
short-term credit to depository institutions, the Commercial Paper Funding Facility, where three-month commercial
paper were purchased, and the Treasury Securities Lending Facility, which provided Treasury securities in exchange
for mortgage-backed securities and commercial paper.

“This has been analyzed in related studies, where central banks provide financial intermediation (e.g. direct
central bank lending) in situations where private financial intermediation is more costly due to severe financial
frictions (see Curdia and Woodford, 2011, Gertler and Karadi, 2011, and Gertler and Kiyotaki, 2011).



The term quantitative easing refers to an increase in the supply of reserves via purchases
of securities, such as government bonds (see Bernanke et al., 2004). Conducting such a policy
when the policy rate is at the ZLB should be ineffective according to conventional macroeconomic
models since money demand is not well defined or assumed to equal a satiation level at the ZLB
(see Krugman, 1998, Walsh, 2010). Specifically, quantitative easing in terms of treasury securities
should be irrelevant as long as they do not change expectations about the future conduct of
monetary and fiscal policy (see Eggertsson and Woodford, 2003, or Curdia and Woodford, 2011).
Moreover, a policy that exclusively changes the composition of the central bank’s balance sheet,
which will be labelled collateral policy in this paper,® is obviously neutral in single interest rate
models, where assets are perfect substitutes. Hence, standard macroeconomic models are hardly
able to account for broad empirical evidence, which suggests that the above mentioned lending
facilities of the BoE and the Fed have been effective, in particular, by easing money supply and
by reducing liquidity premia (see e.g. Joyce, 2010, and Fleming, 2012, for an overview).

We apply a macroeconomic model that mainly differs from a canonical New Keynesian model
by accounting for the scarcity of assets eligible in open market operations. We assume that
government bonds as well as corporate debt can serve as collateral for central bank operations,
whereas other assets (like debt issued by households) are not eligible. The central bank sets the
policy rate, i.e. the price of money in terms of eligible assets, and decides on the size and the
composition of its balance sheet. Private agents rely on money for goods market purchases, while
money is supplied only in exchange for eligible assets, which leads to a spread between the interest
rate on non-eligible and eligible assets, i.e. a liquidity premium. Thus, interest rates on non-eligible
assets can be positive, even if the policy rate is at the ZLB, which is consistent with the empirical
observation that interest rates on non-money market securities typically do not hit the ZLB. This
implies positive opportunity costs of money holdings, such that money demand is well defined and
expansionary balance sheet policies can be non-neutral.

Firms are assumed to demand loans for working capital and to issue debt subject to default
risk. An increase in default risk, which is induced by shocks to the distribution of idiosyncratic
productivity (like in Christiano et al., 2013), raises firms’ costs of borrowing and thereby exerts
a downward pressure on production. We further consider demand shocks, e.g. shocks to the rate

of time preference and liquidity demand shocks, which both can induce an endogenously adjusted

A credit easing policy has been defined in a broader way by Bernanke (2009) as: "the Federal Reserve’s credit
easing approach focuses on the mix of loans and securities that it holds and on how this composition of assets affects
credit conditions for households and businesses".



policy rate to hit the ZLB. In this framework, we examine quantitative easing (i.e. an increase
in the amount of eligible assets), which raises money supply like a conventional money injection,
and collateral policy (i.e. accepting loans as collateral while keeping the size of the balance sheet
constant), which can lower the firms’ cost of borrowing by reducing the (il-)liquidity premium on
loans. We show that both types of balance sheet policies affect the equilibrium allocation and prices
when eligible assets are scarce (or, phrased in technical terms, when the collateral constraint in
open market operations is binding), which is reflected by a liquidity premium on these assets.5 If,
however, an expansionary monetary policy is conducted in an excessive way, balance sheet policies
can become ineffective when the valuation of liquidity falls to zero, indicating that collateral is
abundant.

Our main results can be summarized as follows. Quantitative easing and collateral policy are in
general not equivalent to policy rate adjustments and can enhance the ability of the central bank
to stabilize inflation and output compared to a pure interest rate policy. We show that a collateral
policy, i.e. exchanging corporate debt against government bonds held by the central bank, directly
affects firms’ borrowing costs and therefore the marginal costs of production. In contrast to a
pure interest rate policy, a collateral policy can thus neutralize an increase in borrowing costs of
firms induced by adverse (default risk) shocks.” Quantitative easing can enable a central bank to
implement a stabilizing policy even when the policy rate is at the ZLB and the central bank cannot
commit to future policies. To explore the limits of balance sheet policies, which are reached when
a stimulating policy drives down the liquidity premium to zero, we present numerical results for an
augmented version of the model with capital accumulation. We find that the maximum effect of
an isolated quantitative easing policy on output is equivalent to the output effect of a 7 basis point
reduction in the policy rate. We further consider a shock to the liquidity demand for investment,
which has been suggested by Del Negro et al. (2013) as major factor in the crisis of 2008. This
shock drives downs the policy rate to the ZLB and leads to a pronounced output contraction as
well as a to strong increase in the liquidity premium. We find that even a maximum quantitative

easing policy cannot neutralize this shock, though, it can mitigate the output contraction by 50%.

% A liquidity premium exists when eligible assets can be exchanged against money at a price (i.e. the policy rate)
that is lower than the consumption Euler equation rate, which measures private agents’ marginal valuation of money.
Based on US data, Canzoneri et al. (2007) provide evidence in favor of a positive average spread between a standard
consumption Euler equation rate and the policy rate, which they identify with the Federal Funds rate.

"In a companion paper, Schabert (2012) applies a closely related model and shows that the additional monetary
policy instruments can help to overcome the well-known monetary policy trade-off between stabilizing prices and
closing output-gaps.



Thus, balance sheet policies are particularly powerful when the economy is hit by liquidity demand
shocks, which increase liquidity premia, as in the recent financial crisis.

The paper is related to a large literature on monetary policy options at the ZLB, which typically
advocates providing monetary stimulus by shaping expectations on future policies is (see e.g.
Krugman, 1998, Eggertsson and Woodford, 2003, and Adam and Billi, 2007). Motivated by central
bank responses to the recent financial crisis, a literature on non-standard policies under financial
market imperfections has recently developed (see Gertler and Karadi, 2011, Gertler and Kiyotaki,
2011, or Curdia and Woodford, 2011), where financial intermediation by the central bank is shown
to be beneficial under severe financial market disruptions. Applying a an overlapping generations
model where investment in assets are subject to margin requirements, Ashcraft et al. (2011) show
that the required return on an eligible asset falls when the central bank reduces the haircut applied
to this asset. Chen et al. (2012) examine output and inflation effects of large scale asset purchases
in an estimated model with segmented asset markets. Del Negro et al. (2013) consider a negative
shock to the resaleability of assets to match the U.S. economy in late 2008, and find that the Fed’s
policy interventions prevented a second Great Depression.

The paper is organized as follows. Section 2 presents the model. In Section 3, we describe the
conditions under which balance sheet policies are effective, and demonstrate that monetary policy
instruments are in general not equivalent. In Section 4, we show how balance sheet policies can
be applied in response to default risk shocks and in the case where the ZLB on the policy rate is

binding. In Section 5, we examine the limits to balance sheet policies. Section 6 concludes.

2 The model

In this Section, we present a sticky price model where money demand is induced by households
facing a cash-in-advance constraint and firms requiring working capital. To account for common
central bank practice, we assume that money is supplied by the central bank only in exchange
for eligible assets, which is modelled by a collateral constraint for open market operations.® The
central bank sets the policy rate and decides on the size (quantitative easing) and the composition
(collateral policy) of its balance sheet. In particular, it controls the fractions of assets that are
eligible in open market operations (which can alternatively be interpreted as haircuts on assets
under discount window lending). Households’ investment decisions take these policies into account,

which gives rise to interest rate spreads resulting from liquidity premia. Quantitative easing and

8 Although, the term collateral only applies to repurchase agreements and not to outright purchases, we follow
central banks’ practice and we use the term collateral constraint, for convenience.



collateral policy can lower these liquidity premia and can stimulate aggregate demand. To present
the problems of households and firms in a transparent way, we introduce indices for individual
households and firms.

For analytical convenience, we consider three types of firms.? Perfectly competitive interme-
diate goods producing firms face idiosyncratic productivity shocks, require working capital, and
issue intraperiod loans that are subject to default risk. Monopolistically competitive retailers buy
intermediate goods and sell a differentiated good at prices set in a staggered way. Competitive

bundlers buy the differentiated goods from the retailers and assemble the final good.
2.1 Timing of events

Households enter period ¢ with money, government bonds, and state contingent claims, M£—1 +
B;i—1+ D;;—1. They further dispose of a time-invariant time endowment. They supply labor to
intermediate goods producing firms, which do not hold any financial wealth. At the beginning of
the period, aggregate shocks (including default risk shocks) are realized. Then, the central bank
sets its instruments, i.e. it announces the fractions of government bonds and corporate loans that
are accepted as collateral in open market operations, k” € (0,1] and s; € [0, 1], and sets the policy

rate R;" > 1. The remainder of the period can be divided into four subperiods.

1. The labor market opens, where a perfectly competitive intermediate goods producing firm j
hires workers n;;. We assume that it has to pay workers their wages in cash before goods
are sold. Since the firm does not hold any financial wealth, it has to borrow cash, while it

does not commit to repay. Firm j thus faces the constraint
Lj,t/Rijt > Pywng, (1)

where w; denotes the real wage rate, P; denotes the final goods price and L;;/ Rﬁt the amount
received by the borrowing firm. Lenders sign standard debt contracts with ex-ante identical
firms at the same price 1/RF, taking into account that a fraction s of all loans can be used

as collateral for repurchase agreements (repos) and that a fraction 67 of firms default.

2. Open market operations are conducted, where the central bank sells or purchases assets
outright or supplies money via repos against collateral at the rate R}*. In contrast to debt

issued by households, corporate loans and government bonds can be eligible. In period %,

9This allows separating the intratemporal borrowing decision of intermediate goods producing firms from the
intertemporal pricing decision of retailers.



household 7 receives new money (injections) from the central bank I; ; in exchange for eligible
assets, where loans are only held under repos.'? Specifically, the central bank supplies money
against fractions of randomly selected bonds s and loan contracts ky, such that money

supply is rationed according to the following collateral constraint:
Lip < k¢ (Big—1/Ri") + ke (Lit/RY") - (2)

After receiving money I;; from the central bank, household i delivers the amount L;;/ RtL
to firms according to the debt contract. Its holdings of money, bonds, and loans then are
M+ Ly — (Lit/RP), Big1 — ABfy,

the central bank and Lft are loans under repos, such that I;; = (AB},/R]") + (Lf-?t/Rgn).

and L;; — Lf‘t, where ABf, are bonds received by

3. Wages are paid, idiosyncratic productivities are drawn, and intermediate as well as final goods
are produced. Then, the final goods market opens, where purchases of consumption goods
require cash holdings. Hence, household ¢ faces the following cash-in-advance constraint in
the goods market:

Piciy < Iiy + Mﬁ_l — (Li,t/RtL) + Pywn ;. (3)

Household #’s stock of money then equals ]\Ajzyt = M-Ii_l + 1t~ (Lit/RE)+ Paw;nit— Prciy >

)

0, while its stock of bonds amounts to Ei,t =DB;t-1— ABic,t > 0.

4. Before the asset market opens, household i receives government transfers P;7;; and dividends
of firms and retailers, which sum up to Psv;;. Repos are settled, i.e. household ¢ buys back
loans Lft = R?Mft and bonds Bﬁ = R;”Mﬁ from the central bank. In the asset market,
households receive payoffs from maturing assets and the government issues new bonds at the
price 1/R;. Household 7 issues (or invests in) state contingent debt and can buy bonds from

the government, while transactions in the asset market are constrained by

(Bit/Re) + Et[py 441 Dit] + Mﬁ, (4)

<Bi:+ Bft + J/\Zi,t - Ry" (Mft + MZLt) + (1 —=067)Liy+ Diy—1 + Py + Pitiy,

where ¢; ;1 denotes a stochastic discount factor (which will be defined in Section 2.3). The
central bank reinvests its payoffs from maturing bonds into new government bonds and leaves

money supply unchanged at this stage, fol Mﬁdz = fol(Mﬁ_l + Ly — Mﬁf — MZLt)dz

1Note that the central bank does not hold loans until maturity, which allows abstracting from central bank losses.



2.2 Firms

There is a continuum of intermediate goods producing firms indexed with j € [0,1]. They are
perfectly competitive, produce (identical) intermediate goods z;; with labor, and are owned by
the households. Production depends on random idiosyncratic productivity levels w;; > 0, which
materialize after the labor market closes. Firm j produces according to the production function
zjt = wjng,, where a € (0,1), and sells the intermediate good to retailers at the price P; ;. We
assume that wages have to be paid in advance, i.e. before intermediate goods are sold. For this,
firm j borrows cash L;; from households at the price 1/ Rjjjt and repays the loan at the end of the
period.

To account for credit default risk in a simple way, we assume that the realizations of the
idiosyncratic productivity levels can freely be observed by borrowers, while lenders can only observe
the realized idiosyncratic productivity level at proportional monitoring costs 0 > 0. We then
consider the following standard debt contract: Firm j offers a loan at the price 1/ Rﬁt that leads to
a pay-off of 1 when its productivity level is sufficiently high w;; > @, ;, where w;; is the minimum
productivity level that enables full repayment. Otherwise, if w;; < @;, firm j goes bankrupt and
the lender can seize total revenues. For simplicity, we consider the following maximization problem
of firm j

max Fy[P; jwjm$, — Pawnjy — Lis(RY, — 1) /R, st (1), (5)

where it disregards that loan repayments are contingent on idiosyncratic states.!! The expectations
operator F; is based upon the information at the beginning of the period after aggregate state
variables, but not productivity levels wj;, are realized. After wages are paid, these idiosyncratic
productivity levels are drawn from the same potentially time-varying distribution with density
function f; (w;;) and a mean of one, Fy (w;;) = 1. Since firms are ex-ante identical, loan contracts
for different firms are signed at the same rate Rﬁt = RtL and the same size L;; = L;. The first order
conditions to the problem (5) are therefore given by RF —1 = Wity (Pejt/Fr) oan};a = Wi + 1 4 W,
(1), and ;LN[(LJ-J/R{J) — Pawgnjy] = 0, where j1;, > 0 is the multiplier on (1). Hence, intermediate
goods producing firms do not borrow more than required to pay wages wn;; if RF >1= piy >0,

which will be satisfied throughout the analysis. Given that Hjt = Hes Mgt = N, and P, j; = P4,

YTf the firm internalized limited liability for its maximization problem, its credit demand would be larger. This
would slightly modify its first order conditions, but leaves the main results and the conclusions unchanged.



all firms behave in an identical way and the following conditions describe labor demand and loans:

(P.t/P;) and™' = w,RE, (6)

lt/RtL > Wi, (7)

where Iy = L;/P;. After idiosyncratic productivity shocks are realized, firm j fully repays loans
li = a(Py/P)ng if wjy > « or lenders receive (1 — o)w;s (Psi/Pr)nf' if wjy < a, where
owjt (P.+/P;)ny denotes monitoring costs. Hence, the expected pay-off for a lender is given
by [7°a(Pay/Py)nf fi (wie) dwje + (1 — 0) [o wjt (Pey/Py) nf fr (wje) dwj, and the expected rate

of repayment 1 — 07 € [0,1) on loans equals
1-0; =1=Fi(a)+ (1 - 0)a™ B [wjlwje < o], ®)

and is therefore exogenous. Firms drawing a productivity level that exceeds « transfer their
profits to households. Following Christiano et al. (2013), we assume that the distribution of
the idiosyncratic productivity shocks can vary stochastically over time in a mean preserving way.
Hence, these shocks to the distribution, which will be called default risk shocks, shift the mass of
defaulting firms over time (i.e. change the standard deviation o+ of idiosyncratic productivity)
without affecting the expected productivity. Realizations of default risk shocks, which will be
considered in Section 4.1, are revealed at the beginning of the period ¢, and therefore shift the
current period expected rate of repayment 1 — 65.

Monopolistically competitive retailers buy intermediate goods z; = fol zj+dj at the common
price P, ;. A retailer k € [0,1] relabels the intermediate good to y; ; and sells it at the price Py, to
perfectly competitive bundlers, who bundle the goods y ; to the final consumption good y; with

the technology, y:%l = fol y,:gldk, where € > 1. The cost minimizing demand for y ; is therefore
given by yi: = (Prxt/P:)” " yr. We assume that each period a measure 1 — ¢ of randomly selected
retailers may reset their prices independently of the time elapsed since the last price setting, while
a fraction ¢ € [0,1) of retailers do not adjust their prices. A fraction 1 — ¢ sets their price to
maximize the present value of profits. For ¢ > 0, the first order condition for their price ]5t is

e E Z?io (¢5)5 Qt,t+syt+spta+smct+s
e—1 B 2,(08)° Qt,t+syt+sPt‘T51

where mc; = P, /P, denotes retailers’ real marginal costs. With perfectly competitive bundlers,
the price index P; for the final good satisfies P}™° = fol Pklggdk:. Using that fol Pkl;Edk; =
(1—¢) 3%, ¢°PLF holds, and taking differences, leads to P}~ = (1 — ¢) P15 + ¢PL.

ﬁt: ) (9)



2.3 Households

There is a continuum of infinitely lived households indexed with i € [0, 1]. Households have identical
preferences and asset endowments. Household ¢ maximizes the expected sum of a discounted stream
of instantaneous utilities

oo

Bo Y- B'€ulcissmis), with u(eignig) = [(chr” = 1)/ (1= 0)| = [onlf™/ (1 +00)] . (10)

t=0
where § > 0,0 > 1,0, > 0 and Ej is the expectation operator conditional on the time 0 information
set, and B € (0, 1) is the subjective discount factor. The term &, is a stochastic preference parameter
with an autocorrelation coefficient p, € (0,1), which is typically used in the literature to drive the
policy rate down to the ZLB (see e.g. Eggertsson, 2012). We examine this shock in Section 4.2.

A household ¢ is initially endowed with money M{I_ 1, government bonds B; _i, and state
contingent claims D; _1. In each period, it supplies labor, lends funds to all intermediate goods
producing firms (such that the loan portfolio is perfectly diversified) and trades assets with the
central bank in open market operations. Before household ¢ enters the goods market, where it
needs money as the only accepted means of payment, it can get additional money in open market
operations. Loans to firms can be refinanced in case the central bank accepts these loans as
collateral in open market operations. Given that idiosyncratic productivity shocks are not realized
at this moment and that random draws of eligible loan contracts are made after loan contracts are
signed, the price of loans is 1/RF for all firms j.

We restrict our attention to the case where the central bank supplies a sufficiently large share
of money via repos, which implies that money will never be withdrawn from the private sector
I;; > 0. Hence, households rely on positive holdings of bonds and loans to satisfy the collateral
constraint (2). In the goods market, household i can use money holdings net of lending for its
consumption expenditures (see 3). Before the asset market opens, household ¢ buys back assets
under repos. In the asset market, it receives payoffs from maturing assets (including loans), buys
bonds from the government, borrows (and lends) using a full set of nominally state contingent
claims, and trades all assets with other households. Dividing the period ¢ price of one unit of
nominal wealth in a particular state of period ¢ + 1 by the period ¢ probability of that state gives
the stochastic discount factor ¢, ;.. The period ¢ price of a payoff D;; in period ¢ + 1 is then

given by Ei[¢, ;11 D;¢]. Substituting out the stock of bonds and money held before the asset market



opens, Ei,t and Z\Afi,t, in (4), the asset market constraint of household i can be rewritten as

0< M|\ — M+ Biy1— (Big/Re) + (1= 6¢) Liy — (Liz/RY) (11)

+ D1 — Ey [(pt,t+1Di7t] — (R = 1) Ly + Pawin y — Piciy + Py + Py,

where household i’s borrowing is restricted by Mﬁ >0, B; ¢ > 0, and the no-Ponzi game condition
limgs o0 Bty 44 5Dit+s > 0. The term (Ry* — 1) I;; in (11) measures the cost of money acquired
in open market operations, i.e. household 7 receives new cash I;; in exchange for R"I;; assets.
Maximizing the objective (10) subject to the collateral constraint (2), the goods market constraint
(3), the asset market constraint (11) and the borrowing constraints, for given initial values M; _i,
Bi,—1, and D; 1 leads to the following first order conditions for consumption, working time,

additional money, and loans

§iciy = Nig + iy, (
Qgtn‘;? = wy ()\m + wi7t) , (13
Vi = (R —1) it + RI”m,t, (

(

)

()\i,t + w’i,t) /RtL = (1—=6f) Nie + Nty

as well as for investment in government bonds, money, and contingent claims

B
i1+ KM 441

i = BRiE} — ) (16)
t+
by + .
Aiy = 5Etw’ (17)
Tt4+1
B Ait+1
— dany 18
Pt t+1 Ter1 it (18)

where \;; > 0 denotes the multiplier on (11), 7, > 0 the multiplier on /i?BLt_l +k¢Liy > R,
and v, ; > 0 the multiplier on (3). Further, (2), (3),

VY Lit + Mﬁ_l - (Li,t/RtL) + Pawngt — Pecig] >0, (19)
Mialkf Big—1 + weLig — R{"[i4] > 0, (20)
and (11) with equality hold as well as the transversality conditions. The risk free R;f , i.e. the
rate of return on a portfolio of contingent claims that guarantees a payoff of one unit for all

states, is defined as R:f = 1/Eyp; 441 Comparing the first order conditions with regard to

investment in bonds (16) and contingent claims (18) shows that the risk free rate can differ

10



from the bond rate R; by a liquidity premium, which relies on a binding collateral constraint,
Nit+1 > 0, and increases with the future fraction of eligible bonds 7, ;. Combining (14) and (15)
to RI™ (Ni¢ + mﬂf) = RF((1—6) Xix+ T]i7t/£t), shows that the loan rate compensates for default
risk and tends to decrease with the expected repayment rate 1 — 7 as well as with the fraction
of eligible loans ry, if n;; > 0. Notably, when loans are not fully eligible x; < 0, there will be a
spread between the policy rate and the loan rate due to a liquidity premium, even if there is no

default risk, 0§ = 0. Combining (14), (16), and (17), leads to

ReEy [(Nijar + 600 amig41) /mee1] = B[Ry (Nigs1 + 0ig1) /7] (21)

The no-arbitrage condition (21) shows that households are indifferent between investing in money
or investing in government bonds and converting these (partially) into cash in the next period
at the rate R}},. For HEH = 1, the interest rate on government bonds is closely linked to next
period’s expected policy rate, i.e. R; equals ExR}"}; up to first order. When not all bonds are

eligible, kP < 1, bonds are less liquid and become more akin to debt issued by households.

2.4 Public sector

The central bank transfers seigniorage revenues F;7;" to the government, which issues one-period
bonds. Government bonds grow at a constant rate, Bf = I'BL |, where I' > 1 and B}' summarizes
the total supply of government bonds, which are typically considered to be eligible for open market
operations in normal times. To abstract from fiscal policy effects via tax distortions, we assume
that the government has access to lump-sum transfers P;7;. Its budget constraint reads (B} /R;)+
Pt = BtT, 1 + P, where bonds BI" are either held by households, By, or the central bank,
B¢ : Bl'= B, + BE.

The central bank supplies money outright M/ = fol Mﬁdi, and under repos against bonds,
MtR = fol Mﬁdz’, and loans, MtL = fol Mzﬁdi. Given that corporate loans are not held by the
central bank until maturity, default on loans do not lead to central bank losses. Alternatively,
if it holds risky corporate loans until maturity, the central bank could impose haircuts equal to
the default probability in order to avoid losses. The central bank transfers its interest earnings to
the government, P,r" = BE — (BY /R,) + (R — 1) (M — M, + ME + MF), and reinvests its
wealth exclusively in new government bonds, which accords to common central bank practice. Its
budget constraint thus reads (BY /R;) —BZ 1+ P = R (M — MHE )+ (R — 1) (ME + ML).
Substituting out central bank transfers, its bond holdings evolve according to B — B¢ | = MH —

M}H . The central bank controls three main instruments. Like in standard models, it controls
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the policy rate R;* > 1. It can further adjust the fractions of randomly selected eligible loans
k¢ € [0,1] and eligible bonds kP € (0,1], which both affect the size and the composition of the
central bank balance sheet. We consider two particular balance sheet policies for the subsequent

analysis, i.e. quantitative easing and collateral policy, which are defined as follows.!?

e Quantitative easing increases money supply against eligible assets in open market operations.
Quantitative easing can be conducted in terms of government bonds or corporate loans and

is implemented by an increase in s; or k7, respectively.

e (ollateral policy changes the composition of the central bank’s balance sheet without affecting

its size. It is implemented by a change in x¢, accompanied by a neutralizing change in xJ.

The central bank further sets the inflation target 7 and controls how money is supplied in exchange
for bonds in repos or outright (while loans are only traded under repos). Specifically, it sets a
constant share of bond repos > 0, defined as Mt = QM. In the Sections 3.2 and 4.2, we

consider the limiting case {2 — oo in order to facilitate the derivation of analytical results.
3 Equilibrium properties

In this Section, we present some main properties of the rational expectations (RE) equilibrium
(see Definition 3 in Appendix A.1). In the first part of this Section, we explain when balance sheet
policies are effective. In the second part, we demonstrate that they are in general not equivalent

to changes in the policy rate.
3.1 When are balance sheet policies effective?
The goods market constraint, which reads Pyc; < M +M[ 4 M} in equilibrium, is relevant for the

non-neutrality of monetary policy. Changes in money supply can affect prices and the allocation

only if this constraint is binding. Further, the collateral constraint, which in equilibrium reads

M — M, + MF + M < kP (Bi1/R") + 5t (L /R (22)
is decisive for the effectiveness of quantitative easing and collateral policy. The instruments

and k¢ can affect the equilibrium allocation only by relaxing the collateral constraint (22) (see

"2 Among the liquidity facilities created by the BoE or the Fed during 2008-09, many had clements of both
quantitative easing and collateral policy, as defined above. Under the Asset Purchase Facility, the BoE purchased
commercial papers, corporate bonds, and government bonds, which corresponds to our definition of quantitative
easing. The Fed’s purchases of treasury securities and the extension of credit to depository institutions through the
Term Auction Facility come closest to quantitative easing by increasing k2, whereas programs such as the Term
Securities Lending Facility and the Commercial Paper Funding Facility relate to our definition of collateral policy.
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Definition 3 in Appendix A.1). Hence, if n, = 0, such that (22) is slack, balance sheet policies will
not affect the equilibrium allocation and the associated price system. To see when this is the case,
we first use the conditions (12) and (17), which in equilibrium imply &,¢; 7 = ﬁEtft;:% +1; and

that the multiplier on the goods market constraint i, satisfies

Ui(c7 &) =1~ (1/RF) > 0, (23)

where RF“l” denotes the Euler equation rate, which is defined as 1/ RtE“l” = BEtitﬂ,% (see
Canzoneri et al., 2007).'3 If RF"er > 1, households are willing to pay a positive price to transform
one unit of an illiquid asset into one unit of money. Then, 1, > 0 (see 23) and the goods market
constraint is binding (see 19), indicating that money is positively valued by households and they
will not hold more money than required for consumption expenditures. If, however, RF"er = 1,
then the marginal valuation of money equals zero and the goods market constraint is slack, 1, = 0,
such that changes in money supply are neutral.

The conditions (12), (14), and (17) further imply &,¢; 7 = R*(A: +n,) and Ay = BEt%.

Eliminating \;, shows that the multiplier for the collateral constraint 7, satisfies

n(c7 &) = (1/R") — (1/RF") > 0, (24)

in equilibrium. Condition (24) shows that when the policy rate is strictly smaller than the Euler
equation rate, Ry < RF™e" the multiplier 7, is positive and the collateral constraint is binding
(see 20). Then, the policy rate R" does not determine whether the goods market constraint is
binding or not, since it is not identical to RF*¢". When RJ® < RF"" the goods market constraint
is binding as well, 1, > 0 (see 23), given that R;” > 1. Households can then get money in exchange
for an eligible asset at a price, Rj"* —1, which is below their marginal valuation of money, RtE“leT —1.
Hence, they use eligible assets as much as possible to get money in open market operations, such
that (22) is binding. If, however, the policy rate equals the Euler equation rate, Rj® = RFuler,
households are indifferent between transforming eligible assets into money or holding them until

maturity and the collateral constraint is slack, 7, = 0 (see 24).!* These results are summarized in

the following proposition.

13The Euler equation rate differs from the risk free rate, which refers to an investment leading to a non-cash payoff.

"In this case, the model reduces to a standard model where the (real) policy rate governs the intertemporal rate
of substitution (see Definition 5 in Appendix A.1). Then, the policy instruments x; and xf do neither affect the
allocation nor the price system, such that quantitative easing and collateral policy are ineffective, which accords to
the conventional view on quantitative easing (see e.g. Eggertsson and Woodford, 2003).
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Proposition 1 For a given consumption sequence {ct}i2, the demand for real balances is uniquely
determined iff the Euler equation rate satisfies REUe™ > 1. Quantitative easing and collateral policy
then affect the equilibrium allocation and the associated price system iff the policy rate is smaller
than the Euler equation rate, RF"e" > R

Proof. In equilibrium, the cash constraint (3) implies ¢; < mff + me + th , which is binding iff
Y, > 0 (see 19). According to (23), this is the case iff RF“¢" > 1. Then, the demand for real
balances m{’ + mf + m} is determined for a given sequence {c;}3°,. The collateral constraint
(22) is further binding, iff 7, > 0 (see 20), which is the case iff RF“e" > R (see 24). Then,
[er — ke (Ie/ R me = kP (by—1/R™) + mi | holds and changes in x; and P affect consumption,

loans, and inflation for a given policy rate R}" and asset endowments, b;,_; > 0 and mf{ 1>0. =

Money demand can be uniquely determined, even if the policy rate is at the ZLB R;* = 1, as
long as the Euler equation rate is larger than one (see Proposition 1), which implies a positive
valuation of money. Both rates are in general not identical, since money supply is restricted by
the collateral constraint. However, an increase in money supply, which stimulates consumption,
tends to drive down the Euler equation rate, ultimately until it equals the policy rate and liquidity
premia disappear. Hence, non-neutrality of balance sheet policies depends on the state of the
economy and on monetary policy itself, which will be examined in Section 5. For Rj® = 1, both
multipliers 1, and 1), are identical (see 23 and 24), since eligible assets can costlessly be transformed
into money, while balance sheet policies can nevertheless affect aggregate demand and prices as
long as the FEuler equation rate exceeds one, RF“M > 1. This is not possible in standard models,
where money supply is not rationed, such that the price of money has to be equal to its marginal

valuation by households, i.e. R = RFU" (see Definition 5 in Appendix A.1).
3.2 Are balance sheet policies equivalent to interest rate policy?

We now demonstrate that balance sheet policies are in general not equivalent to policy rate ad-
justments. For this preliminary analysis, we apply a simplified version of the model, which allows
analyzing the model without relying on approximation methods: We disregard idiosyncratic pro-
ductivity shocks, w;; = 1, set preference parameters equal to o = 1 and 0, = 0, and assume that
prices are perfectly flexible, ¢ = 0, production is linear a = 1, and that money is only supplied
under repos,  — 00."> A RE equilibrium with a binding collateral constraint (n, > 0), which

requires the policy rate to be set below the Euler equation rate (see Proposition 1), can then be

15The central bank then holds eligible assets only under repos, such that the total stock of government bonds will
be held by households, B; = B
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summarized in the following way (see Appendix A.1).

Definition 1 Foro =1, 0, =0, a =1, wj; =1, ¢ =0, Q@ — 00, a RE equilibrium with a
binding collateral constraint is a set of sequences {y;, 7, RF, bi}2o and Py > 0 satisfying
ve = [(n/0) (1/RE)]" 7
1/R{ = ke(1/R) + (1 = 60) BE; [€pa9t/ (§yeramin)]
ye = [0/ (R]" = Rep)] be—1 /7,
by =Tb_1m; 'Vt >1 and TPyby = B_q,

where p = E;—la < 1, for a monetary policy setting 1 < R]* < 1/ [ﬁt_lthEt (§t+1y;r117r;11)] , Kt,
and kP for a given sequence {& 1220 and an initial stock of bonds B_; > 0.

Condition (25), which is based on labor market equilibrium (i.e. ny™ = ¢; ? and 6), aggregate
production, and goods market clearing, shows that the loan rate R} reduces aggregate output.
Condition (26), which is based on (12), (14), (15), and (17), shows that the loan price 1/R} is
a linear combination of the inverses of the policy rate, 1/R}", and of the Euler equation rate,
1/RPUer = BEYE, 1yt/ (Eyt+17e+1)], where the former is weighted with the fraction of eligible
loans #; and the latter with 1 — ;. Thus, if R}" is set below RF*¢", the central bank can lower the
loan rate by increasing the fraction of eligible loans ;. This exerts a positive effect on output (see
25) by reducing the firms’ marginal costs. If loans are fully eligible, x; = 1, the loan rate RF equals

RFPuer if they are not eligible, x; = 0. Combining the cash constraints (1)

7', whereas it equals
and (3) with the collateral constraint (22) leads to (27), which shows that aggregate demand tends
to increase when money supply is increased by raising the fractions of eligible bonds and loans or
by lowering the policy rate. The evolution of privately held bonds is further governed by the total
supply of bonds (see 28).16

The policy instruments R}, x¢, and x enter the equilibrium conditions (25)-(28) in different
ways. The effects of changes in these instruments are therefore in general not equivalent. To make
this property more transparent, we substitute out Rf in (25) with (26), and then y; with (27). We

further define a term Yy as Y (R, kP, k) = &P /(R — kyp), which depends only on monetary

policy instruments and measures the generosity of money supply. We then obtain the following

16Tt should be noted that long-run inflation 7 is affected by the availability of eligible assets, when the collateral
constraint is binding. As bonds grow with the rate I', the price level tends to grow with the same rate when bonds
are eligible. To control long-run money supply and thereby long-run inflation, the central bank can adjust the
fraction of accepted bonds kP in an appropriate way. Specifically, the central bank can implement an inflation
target independent of fiscal policy and can, for example, ensure long-run price stability by setting KF/HF_l =r!
(see Appendix B, which is made available online).
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representations, for inflation and output (see 27):

T = bt—l (M/e)il (bt_lv and Yt = T (R;n7 HF? ’%t) (,u/9) (I)ta (29)

where ®; = [k¢/ R T (R, 68, 5e) ' + (1= ko) (B/T) Bel (€ps1/€0) T (R y w21 ko).

The term ®; in (29) can be separately affected by T; and the instruments R}* and k;. When loans
are not eligible, x; = 0, the terms Y; = xP /R and &, = (8/T) Ey[(,11/&;) T;i] imply that
changes in the policy rate and inverse changes in the fraction of eligible bonds s affect output
and inflation in an identical way. Hence, both instrument can be used equivalently unless one of
them cannot be adjusted due to feasibility constraints, like the ZLB (see Section 4.2). If, however,
loans are eligible x; > 0, the conditions in (29) reveal that policy instruments are not equivalent.
In particular, changes in the policy rate R;" as well as in the fraction of eligible loans ; can alter
the term ®;, and therefore output and inflation, differently from T; via their direct effects on the

loan rate (see Section 4.1).
4 Limits to conventional monetary policy

In the previous Section, we have demonstrated that monetary policy instruments are in general not
equivalent. In this Section, we consider two particular scenarios, where this property is exploited
to use quantitative easing and collateral policy in order to implement equilibria that are preferable
to equilibria which are implementable when only conventional interest rate policy is available.
For the first scenario, we consider default risk shocks, i.e. shocks to the variance of idiosyncratic
productivity, and show that the central bank can fully neutralize these shocks with collateral
policy, which is not possible under a pure interest rate policy. For the second scenario, we consider
a contractionary preference shock and show that quantitative easing can serve as a substitute for
reductions in the policy rate, when the latter is at the ZLB. Throughout the analysis, we consider

the more realistic case of imperfectly flexible prices, ¢ > 0.
4.1 Collateral policy and default risk shocks

For the first scenario, we examine default risk shocks, i.e., mean preserving changes in the distrib-
ution of idiosyncratic productivity of borrowers (as in Christiano et al., 2013), while we disregard
preference shocks, & = 1, for convenience. Specifically, we consider an increase in the standard
deviation of idiosyncratic productivity o, ; that increases the probability of default, F;(«), and
reduces the expected repayment rate of loans (see 8), which induces lenders to demand a higher

loan rate. Since changes in the loan rate affect marginal costs of firms (see 6), the default risk
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shock has a cost push effect on the production sector, which tends to increase the price level, giving
rise to welfare losses due to imperfect price adjustments. Thus, default risk shocks exert purely
distortionary effects. Put differently, shocks to the distribution of idiosyncratic productivity would
not affect aggregate variables in a frictionless economy when firms have access to a complete asset
market, while they cause inflation and output responses in this model, which are entirely welfare
reducing. Hence, a central bank that aims at maximizing welfare should neutralize these shocks.
When the standard deviation of idiosyncratic productivity shocks is positive and a non-zero
fraction of intermediate goods producing firms default, Fi(«) > 0, lenders take the default proba-
bility into account (see 15). Combining (12), (14), (15), and (17), the loan rate then satisfies

1 Kt 1 Rt C;—fl
— S (L 7 M 25 30
(L—0p)Rf  1—6; Ry < 1—55>5 T (30)

instead of (26). Under a time varying distribution of idiosyncratic productivity, the expected
repayment rate 1 — 0§ also varies over time (see 8). According to the assumption that changes in
the distribution of idiosyncratic productivity shocks are revealed at the beginning of the period,
shocks to the expected default rate d7 affect the loan rate in the same period. In particular, the
loan rate then tends to increase with the expected default rate (see 30).17

The right hand side of (30) shows that the central bank can in principle offset default risk
shocks, i.e. changes in d7, by adjusting the instruments ¢ or R}*. Suppose that the central bank
only adjusts the policy rate R}* and keeps the fraction of eligible loans at a positive constant, x > 0.
It can then offset a decrease in the repayment rate by lowering the policy rate. Alternatively, the
central bank can lower the loan rate by accepting more loans as collateral in open market operations
(see 30), i.e. by raising x; when R® < RF“e . However, changes in the policy instruments
simultaneously affect aggregate demand under a binding collateral constraint (either by reducing
the price of money or by supplying more money against loans in open market operations), such
that default risk shocks are not completely neutralized.

If, however, the central bank simultaneously reduces the fraction of eligible bonds x7, it can
compensate for the change in x; or in Rj* in a way such that money supply and thus aggregate
demand are held constant. Given that the policy instruments R}, k¢, and H,tB affect the private
sector behavior only via the collateral constraint (22) and the pricing conditions for bonds (21)

and loans (30), the central bank can completely neutralize the effects of the default risk shocks

"Even when all loans are eligible, k; = 1, the default rate tends to increase the loan rate, 1/Rf = (1/R{™) —
5¢(1/RE™") (see 30), given that the central bank is not exposed to the risk of default.
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on the equilibrium allocation, since the latter is not affected by changes in the bond price (see
Definition 4 in Appendix A.1). This result for a collateral policy is summarized in the following

proposition.'®

Proposition 2 Under a binding collateral constraint, the central bank can fully neutralize default
risk shocks by collateral policy, but not by policy rate adjustments alone.

Proof. See Appendix A.2 m

It should be noted that the success of collateral policy in this scenario is limited to small default risk
shocks. Specifically, the maximum size of default risk changes that can completely be neutralized
by collateral policy is determined by the size of the liquidity premium (see proof of Proposition
2).19 The central bank can nevertheless mitigate the effects of larger default risk shocks through

collateral policy, i.e. by reducing the illiquidity premium on loans.?°

4.2 Quantitative easing at the zero lower bound

The second scenario refers to policy options at the ZLB. For this, we consider a shock to the pref-
erence parameter £, following other studies on public policy at the ZLB, like Eggertsson (2012),
while we disregard idiosyncratic productivity shocks, w;; = 1, for convenience. We further disre-
gard central bank lending against corporate debt, x; = 0, such that only government bonds are
eligible. Changes in the policy rate and in the fraction of eligible bonds then exert equivalent
effects on the equilibrium allocation (see 29). However, quantitative easing will be particularly
useful for the central bank when the policy rate cannot be adjusted in the desired way, i.e. when
reductions in the policy rate are not feasible due to the ZLB. Notably, a conventional macroeco-
nomic model would predict quantitative easing to be entirely ineffective in this case, given that
changes in money supply are neutral when all interest rates are at the ZLB.

To facilitate the derivation of analytical results, we apply a local analysis at a steady state with
a binding collateral constraint. In the steady state, which is described in Appendix A.2, all real
variables are constant and are denoted by small letters without a time index. The steady state

RFuler — /3 as usual, while the loan rate equals the Euler equation

Euler equation rate satisfies
rate, R = RFUe since k; = 0 (see 26). The central bank sets the policy rate below the Euler

equation rate in the steady state. Hence, there is a liquidity premium, as revealed by the steady

18Tn a similar way, the central bank can neutralize default risk shocks by simultaneous adjustments in the policy
rate and the fraction of eligible bonds.

9 According to Longstaff et al. (2005), this roughly equals 50 b.p. (see Section 5.1 for further details).

20 Arguably, borrowing by firms might be affected by this type of policy, e.g. through their willingness to take risk,
which is however beyond the scope of our analysis.
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state version of (24), n = ¢ 7[(1/R™)—(B/m)] > 0. We assume that government bonds are initially
not fully eligible, leaving room for maneuver for quantitative easing,?! and that the inflation target
is consistent with long-run price stability, 7 = 1.22 Given that 7 = 1 implies R¥*¢" > 1 and that
R™ < REWer the goods market constraint and the collateral constraint are binding in the steady
state (see Proposition 1). In a neighborhood of this steady state, the equilibrium sequences are
approximated by the solutions to the linearized equilibrium conditions (see Appendix A.2). A RE
equilibrium is then defined as follows, where a; denotes relative deviations of a generic variable a;

from its steady state value a : a; = log(a¢/a).

Definition 2 ForQ — oo, ' =7 = Wit = 1, R™ € [1,1/B), kP < 1, and k; = 0, a RE equilibrium
is a set of convergent sequences {yz, i, bt, Rt 1220 satisfying

/y\t:/gt—l_%t_j%\tm+//‘5t3, ( )

oG = 0 Efrs1 — RE + Bt + (1— pe) &, (32)

7o = BEie + X (w — 1) G + xRy, (33)

by = b1 — 7y, (34)

where x = (1 — ¢)(1 — Bo)/d and w = H'U” + o > 1, for monetary policy setting {Fct ,Rt }t 20
and preference shocks satisfying ft = pgft 1 +é&t, Bro1ee =0 and pe € [0,1), given b1 > 0.

The linear model summarized in Definition 2 is similar to a New Keynesian model with the "cost
channel" (see Ravenna and Walsh, 2007). In particular, the conditions (32) and (33) resemble
standard conditions for aggregate demand and for aggregate supply, where the latter is affected
by the cost of loans due to the working capital assumption. The crucial difference to the canonical
New Keynesian model is, however, that this is not a single interest rate framework. Specifically,
the policy rate, which is not identical to the loan rate (since x; # 1, see 26), neither enters (32) nor
(33). Nevertheless, the policy rate affects the equilibrium allocation via the (consolidated version
of the) money supply constraint (31). Thus, an increase in the policy rate tends — for a given
amount of eligible bonds — to reduce the amount of money and thereby aggregate demand.

For the central bank’s objective, we apply Ravenna and Walsh’s (2007) approximated household
welfare function of an isomorphic model.?> The efficient output level, which would be realized

under flexible prices (see 25 for the o = 1 case) and a policy rate pegged at one, is constant

2! Alternatively, we can set k2 equal to one and allow for long-term treasury securities to be accepted as collateral.

22Precisely, the central bank implements long-run price stability by long-run adjustments of k2 contingent on
the supply of government bonds. We can therefore disregard the case of a growing supply of bonds, which can be
neutralized by a shrinking fraction of eligible bonds, and we assume — without loss of generality — that I' = 1.

23 This presumes long-run price stability and fixed fiscal transfers that compensate for average price mark-ups and
the average loan rate, which are not modelled in this paper.
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y* = (a)0)*/ T to0149) and leads to output gaps y{ satisfying vy = y¢/y* and, thus, g7 = g;. We
assume that the central bank cannot fully commit to future policies. Taking expectations and fiscal
policy as given, it minimizes a loss function L, in a discretionary way, Ly = E > ., Bt%(ﬁ? + Ay?),
where E Y00, Bluy ~ [u/(1 — )] — QL, Q > 0, and A = (y/e) (w — 1) (see Ravenna and Walsh,
2007), subject to the private sector equilibrium conditions (32) and (33). By eliminating the
lending rate, (32) and (33) can be combined to a single constraint to the policy problem, 7; =
(B4 X) Ei®ee1 + xn9e + X0 Egerr + x (1 — pe) ¢,, where v = (14 0,) /a > 1. The central bank
then faces a trade-off between stabilizing the price level and output even if only preference shocks

are present.?* Minimizing L; with respect to 7; and 7 in a discretionary way, leads to

T = —[A/ ()] e (35)

The optimal discretionary plan of the central bank then is a set of sequences {]/%,{:, T, Ut 12 satisfy-
ing (32), (33), and (35). When preference shocks £, are small, such that R™ > 1, the central bank
can implement this optimal plan solely by adjusting the policy rate according to (31) and (34) for
a given fraction of eligible assets xZ. In particular, a decline in &,, which leads to a fall in inflation
under the optimal plan, calls for a reduction in the policy rate R}" (see 31). Hence, if the economy
is hit by a sufficiently large contractionary &,-shock, the ZLB can render the implementation of
the optimal plan by policy rate adjustments impossible. In this case, the central bank can still
implement the plan via quantitative easing, i.e. by increasing . This is shown for the parameter
restrictions ¢ < (1 +0y,) /a and € > 2, which ensure equilibrium uniqueness and unambiguous

responses under the optimal plan.?”

Proposition 3 Consider a RE equilibrium as given in Definition 2 for o < (14 o,,) /o and e > 2.
A central bank acting without commitment can implement its policy plan, even if the policy rate is
at the ZLB, by conducting quantitative easing.

Proof. See Appendix A.2. =

Proposition 3 implies that quantitative easing can increase the set of states, for which the central
bank can implement its optimal plan. Quantitative easing, however, also reaches its limits either
when ﬁtB approaches one or when the collateral constraint becomes slack. Easing money supply
tends to increase current aggregate demand, which implies a decreasing Fuler equation rate. When

the latter falls to a level that equals the policy rate, collateral is abundant and quantitative easing

24This effect of the "cost channel" for the central banks’ trade-off is stressed by Ravenna and Walsh (2007).
%5 An analysis of equilibrium determinacy under the optimal plan can be found in Appendix B, which is made
available online.
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becomes neutral. A condition for a positive multiplier on the collateral constraint at the ZLB
is given in the proof of Proposition 3.2 Notably, quantitative easing in terms of treasuries, i.e.
an exogenous and autocorrelated increase of xf, further leads to a decline in the bond rate as
well as in the loan rate, since it reduces the marginal valuation of liquid assets.?” This pattern is
consistent with the empirical evidence provided by Krishnamurthy and Vissing-Jorgensen (2011)

for the Fed’s asset purchases between 2008 and 2011.
5 Limits to balance sheet policies

It has been shown in the previous Section that quantitative easing and collateral policy can be useful
additional instruments for the central bank. Here, we explore how the effectiveness of balance sheet
policies is limited. We apply a numerical analysis, where we disregard preference and productivity
shocks (§; = wj; = 1), which have been examined before. To allow for a reasonable quantification
of the effects and to facilitate the calibration of the model, we introduce investment in physical
capital, which is described in the first part of this Section. In the second part, we analyze effects
of isolated balance sheet policies, for which we consider a policy experiment where quantitative
easing is exogenously conducted. In the third part, we examine responses of balance sheet policies
to a shock to the liquidity demand for investment. This shock has been described as a major
factor in the crisis of 2008 (as argued by Del Negro et al., 2013) and leads, in particular, to a large

liquidity premium between eligible and non-eligible assets, as observed during the crisis.
5.1 Extension and calibration

For a quantitative analysis, we extend the model presented in Section 2 by introducing capital
accumulation, while disregarding idiosyncratic productivity shocks and preference shocks, for con-
venience. Households own the stock of capital, ks = [k;di, and rent it to firms at the rate rF. The
capital stock of household i evolves according to k;¢ = (1 — 6x) kit—1 + i ¢S (i4/xi—1), where
0 € (0,1) denotes the depreciation rate and x; investment expenditures. Following large parts
of the literature on quantitative macroeconomic models (see e.g. Christiano et al., 2005), we in-
troduce investment adjustment costs to avoid extreme investment responses to aggregate shocks,

S(xefxi—1) =1 — g(:ct/xt_l — 1)2, where ¢ > 0. We assume that households rely on cash for

20gpecifically, this condition (see 68) is satisfied if the steady state spread between the Euler equation rate and
the policy rate, (w/8) — R™, is sufficiently large. For the parameter values applied in Definition 1 and 7 = 1, it
simplifies to R™ < Q with Q = 2X€+2(ff%t)2(_1;(ff)2)(1_5), where the threshold for the policy rate is strictly larger
than one, Q > 1, if the substitution elasticity ¢ lies between 2 and 1572.

2TThis is shown in Appendix B, which is made available online.
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purchases of investment goods up to a time-varying fraction v,; > 0. We further introduce a
parameter v, > 0, which determines the fraction of purchases of consumption goods that require

cash. Thus, the cash constraint (3) is replaced by
vePicip +ve i P < I + left_l — (Li,t/Rf> + Prwgn; ¢, (36)

such that money demand of households is increasing in v, and v, ;. These parameters allow relating
expenditures to the monetary base in accordance with empirical counterparts. Intermediate goods
producing firms rent capital from households. Firm j produces with technology z;; = n;?ftkjl-;f‘l
and pays the rents after their goods are sold, facing (1). Its first order conditions for R} > 1
are given by me; o (nj/kj1)* " = wRF, mejy (1 — @) (nj/kje—1)® = ¥, and (7). We further
introduce (exogenous) government spending, such that market clearing requires y; = ¢; + x4 + g;. 2

For the numerical analysis, we use standard parameter values as much as possible. The pa-
rameters of the utility function equal 0 = 2 and o, = 1, the labor share equals a = 0.66, the
steady state markup 1/mec = 11% (e = 10), steady state working time n = 1/3, the fraction of
non-optimally price adjusting firms ¢ = 0.75, the share of government spending g/y = 0.19, and
the adjustment cost parameter ¢ = 2.5 (see e.g. Christiano et al., 2005). The steady state values
of v, + and v, are calibrated to the observed ratios Pz/MO0 = 1.15 and Pc/MO0 = 2.71, and the
depreciation rate is set to §; = 0.023 to match the observed ratio of consumption to investment,
c/x = 2.36.22 The long-run policy rate is set at R™ = 1.0133 (or 5.41% in terms of annualized
rates), which equals the average of the federal funds rate, and the inflation target is set at its
average value 7 = 1.00647 (or 2.61% at an annual rate).?

The policy rate is either held at its long-run mean R™ (in Section 5.2) or set according to a
simple Taylor rule R = p_7; + pyYr with p. = 1.5 and p, = 0.5/ (in Section 5.3). We consider
the case where loans are not eligible in the steady state, i.e. £ = 0, which accords to the Fed’s pre-
crisis "Treasuries only" regime. In contrast, bonds are fully eligible, x® = 1, where we assume —
without explicitly specifying — that the supply of bonds is consistent with the steady state inflation

rate. We further set the repo share to {2 = 1.5 to match the observed ratio between total reserves

28 The full set of equilibrium conditions can be found in Appendix B that is made available online.

Data on consumption, investment, government spending and gdp are taken from NIPA Table 1.15, where durable
consumption goods are included into investment, and data on the monetary base are from the Federal Reserve
Board’s H3 Statistical Release. All data are seasonally adjusted and refer to averages for 25 years over the period
QI/1981-QIV /2006.

30The data are taken from the U.S. Bureau of Economic Analysis for the sampe peroid QIV/1982-QIII/2008 (to
exclude the pre-Volcker period).
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and reserves supplied under repurchase agreements, which was almost constant in the 2000s.3!
The spread between the policy rate and the loan rate, which equals the Euler equation rate
RF = REvWer — 7/3 in a steady state with x = 0, is crucial for the size of monetary policy
effects. According to the literature on the "corporate bond yield spread" (see Christensen, 2008),
the yield spread between treasury securities and corporate bonds can be attributed to a default
risk component and a liquidity component (see e.g. Longstaff et al., 2005). Since we disregard
default risk shocks in this Section, we focus on the liquidity component. Specifically, we refer to
Longstaff et al.’s (2005) estimate of the liquidity premium for the spread between corporate bonds
and treasury securities, who report that, for AAA rated corporate bonds, 51% of the credit spread
can be explained by default risk. Given that the average short-term spread for AAA corporate
bonds equals 104 basis points at annualized rates (see Longstaff et al., 2005), we apply a liquidity
premium of (1 + 49% - 0.0104)1/ 4 _1 = 13 basis points (in terms of quarterly rates), which implies
a discount factor of 5 = W = 0.992 and a (quarterly) loan rate of 1.0146. Since the central
bank then sets its targets according to 7 > 5 and 1 < R™ € [1,7/f3), the collateral constraint and

the cash constraint are binding in the steady state (see Proposition 1).

5.2 Maximum effects of quantitative easing

The calibrated model is solved by applying a first-order approximation at the deterministic steady
state. To examine the effects of an isolated balance sheet policy, we consider a policy experiment
with exogenous quantitative easing. Specifically, we compute impulse responses to an unexpected
shift in the fraction of eligible loans x;, which is assumed to follow an AR(1) process with mean
x and an autocorrelation p, > 0.32 Notably, a corresponding experiment with quantitative easing
in terms of treasuries (i.e. shocks to k) leads to virtually identical effects. Variables are either
given in terms of percentage deviations from steady state, e.g. y; = 100 - ¢, or in absolute terms.

The policy rate is held at its mean, Rj* = R™. Balance sheet policies are then effective as long
as the collateral constraint is binding, i.e. the Euler equation rate exceeds the mean policy rate.
Easing money supply will however increase consumption until Rfuler — R™, such that households’
and firms’ cash demand will be satiated and collateral becomes abundant. To see this, recall that

the multiplier on the collateral constraint 7, (see 24) has to satisfy

m = (¢ 7 /R") — BEc; Oy > 0, (37)

31Gee Federal Reserve Bank of New York, Domestic Open Market Operations, various issues, and FRED database.
32This experiment corresponds to the analysis of responses to innovations to policy rate rules, which is typically
conducted to isolate the effects of monetary policy actions.
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Figure 1: Maximum effects of quantitative easing

for balance sheet policies to be effective (see Proposition 1). Thus, (37) shows that the range over
which the collateral constraint is binding is particularly large at low policy rates, and that the
multiplier approaches zero if an increase in current consumption is sufficiently large and not too
persistent. Beyond this point, 1, = 0 and balance sheet policies are neutral.

We consider effects of an unexpected increase in k; with an autocorrelation of p,, = 0.75 (0.875),
which corresponds to an expected duration of the policy of one year (two years). Figure 1 shows
impulse responses to the maximum quantitative easing policy, which is defined as an increase in
k¢ that just lets the collateral constraint be binding on impact, n; — 0, which implies an increase
of Ary = 0.12% for p,, = 0.75 (see solid line). This policy induces the loan rate to fall close to the
policy rate and leads to a rise in output by 0.106% and in inflation by 3.2 basis points. When the
policy is more persistent, p,, = 0.875 (see starred line) a larger intervention is possible according to
(37). Quantitative easing can then be conducted at a larger scale (Ar¢ = 0.16%), such that output
rises by 0.13% and inflation by 5.2 basis points. Compared to conventional monetary policy, the
maximum output effect of quantitative easing (for p, = 0.875) is rather small and corresponds to

the output effect of a reduction in the policy rate of about 7 basis points.
5.3 Quantitative easing under liquidity demand shocks

We now consider a second scenario where the economy is hit by an increase in the fraction v, ; of
investment goods that have to be purchased with cash (see 36). This shock, which implies that

less investment can be financed on credit, can be interpreted as an increase in financial distress
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Figure 2: Liquidity demand shock with and without quantitative easing

that lowers the extent to which investment can be pledged as collateral, which — as argued by
Del Negro et al. (2013) — has been as a major factor in the crisis of 2008. We apply an AR(1)
process for v, ; with mean v, > 0 and an autocorrelation of 0.75. The policy rate is endogenously
adjusted according to the Taylor rule. We consider a shock that drives the policy rate to the ZLB
in the impact period, which requires U, ¢ = 12.78%. The solid line in Figure 2 shows the impulse
responses to this shock without quantitative easing. Investment and consumption fall, so that
output declines by 1.29% despite the endogenous reduction of the policy rate. Inflation falls, while
the spread between the policy rate and the loan rate increases in a substantial way, which increases
the scope for quantitative easing.

The starred line shows the responses for the case where the central bank applies a maximum
quantitative easing policy in terms of corporate debt at the ZLB, which is again identified by a
multiplier on the collateral constraint approaching zero on impact, n; — 0. Though, the central
bank can accommodate the increase in money demand by raising xy, it cannot completely neutralize
the liquidity demand shocks, even when the collateral constraint is binding. The reason is that an
increase in v, ; does not only affect money demand via (36), but also tends to raise the required
return on investment in physical capital, given that investment — as "cash goods" — become more

costly.3 Quantitative easing is only conducted in the first period, as the policy rate increases

33This can be seen from the first order condition for investments x¢, which for a simplified case with Sy = 1 and
S; = 0 can be written as A + Ve, = BE, [)\le,’f_‘_l + (1 —9x) (/\t+1 + vz,tﬂth)L where the RHS measures the
marginal costs of investment in physical capital.
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afterwards. This policy substantially mitigates the contractionary output effect of the shock, as
output falls on impact by only 0.65% (while it is virtually unaffected afterwards). Inflation falls
by slightly less (5 basis points) than in the case without intervention. Since the impact output
contraction is reduced by 50%, the analysis shows that quantitative easing can exert output effects
in response to liquidity demand shocks that are much larger than in the case where it is exogenously
conducted (see Section 5.2). The reason is that the liquidity premium, which determines the scope

of balance sheet policies, is here much larger than in the latter case.
6 Conclusion

Balance sheet policies have recently been introduced by several central banks, while policy rates
were set at the ZLB. At the same time, conventional macroeconomic analysis of monetary policy
predicts that balance sheet policies at the ZLB are irrelevant as long as they do not affect expecta-
tions about future polices. In this paper, we augment a standard monetary model to be applicable
for the analysis of the effects as well as the limitations of balance sheet policies. We show that they
can be non-neutral, even when the central bank cannot commit to future policies and financial
intermediation is not disrupted. As a main principle, we find that this relies on the scarcity of
eligible assets, which is reflected by a liquidity premium. We further show that quantitative easing
(i.e. increasing the balance sheet’s size) and collateral policy (i.e. changing the balance sheet’s
composition) are not equivalent to policy rate adjustments and are particularly useful when pure
interest rate policy reaches its limits: Collateral policy can neutralize shifts in firms’ borrowing
costs, while quantitative easing allows to implement a stabilizing policy even when the policy rate is
at the ZLB. A numerical analysis shows that quantitative easing is particularly helpful in response

to a surge in liquidity demand as in the crisis of 2008.
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A Appendix

A.1 Rational expectations equilibrium

In equilibrium, markets clear, fol njdj = fol ni ¢di, fol yidj = fol c;idi, fol Lidi = fol L;.dj,
Jo Digdi =0, [ MEdi = MJ, [ MEdi = ME, [ MEdi = M}, [} Biydi = By, [ Iiudi = I, =
M — M, + ME+ ME, and Bf = B+ BF, and (9) can be written as Z; = —%; 71,/ Za;, where
7y = ﬁt/Pt, Zyy = c; Tygmey +¢BEyTE  Z1 441 and Zpy = c;"yt+¢BEt7r§;11Z2,t+1. The price index
P, = (fol Pklgadk)l/(l_s) implies 1 = (1 — @) Z} 7 + ¢n5 ', Aggregate output satisfies z; = n,
where n; = fol njdj, since By (wjs) = 1, and z; = fol ykdk, implies ng = fol (Pet/Py) ° yedk <
Yt = n§' /sy, where s; = fol (Pet/Py) “dk and sy = (1 — ¢)Z; ° + ¢si_175 given s_;.

Definition 3 A RE equilibrium is given by a set of sequences {ci, yt, ng, A, mft, mi, m¥, by,
T - Eul L L
bt ) lt; W, MCt, Zt; St, T, Rt7 Rt uer: Rt }1?20 Satzsfymg

Ony™ = wey 7,

(
[(1=05) RE) ™ = e [(1 = 05) RITY + [1 = /(1 = 09 BBy [€1 6/ (Emenn)] . (
At = BEy (€160 /4] (40

(
(
(

&

M = BRE (A1 (1= K841) + Kia&eracn/Rit) moh),
/R = BE; [(§3100) / (€ecr Tmin)]
co=my' +mit+myp, i RPMT >,

or ¢ <mi +mlt+mkb, if REver =1,

kb1 ) (RY'me) = mil —mi oyt +mft, if REYe > Ry, (44)
or kPb_1/ (R"m) > mil —mf o7t +mbE, if REuler — pm.

keli/ R = mi if RPUS™ > R or kyly /R > mf if RFY" = R, (45)

be—bramy = (0= Dbyt = (my’ —milym ), (46)

meian$ ™t = wyRE, (47)

l;/RE = winy, (48)

Zi(e = 1) Je = Z14)Zay, (49)
where Z1; = ¢; yymer + QBETE 1 Z1 441 and Zay = c; Ty + ¢6Et77§;11Z2,t+17

L= (1- $)(Z) % + omi Y, (50)

mit = QmPF, (51)

bf =Tb_y/m, (52)

yr =i /st (53)

Yt = Ct, (54)

si=(1— @) 27 + psi175, (55)

the transversality conditions, a monetary policy setting {R* > 1, kP € (0,1], ry € [0,1]}22,,
Q>0 and ™ > B, and a fiscal policy setting I' > 1, for given sequences {&;,0%}i2, and initial
values m;, >0, b1 >0, b7, >0, and s_1 > 1.
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The price of government bonds enters the set of equilibrium conditions in Definition 3 only via
(41) and is irrelevant for the equilibrium allocation. We can therefore redefine the RE equilibrium
for the case where the cash and collateral constraints are binding, which requires that the Euler
equation rate RF“" exceeds the policy rate R™ > 1 (see 43, 44, and 45).

Definition 4 A RFE equilibrium with a binding cash constraint and a binding collateral constraint

is given by a set of sequences {ct, yi, Ny, mf, mf, mf, by, b%p, ly, we, mey, Zy, S, T, Rf}fio

¢t = k21 (RMm) "+ mil 77t 4 kely /R, (56)

the transversality conditions, a fiscal policy setting T' > 1, and a monetary policy setting { R, kP,

K}y, where Ry € [1, 1/ {BEt [§t+1ct_f1/ (gtc;"wm)] }), Q >0, and ™ > B, for given sequences
{&,,06}2,, initial values MY, >0, B_y >0, BY; >0, and s_1 > 1.

When money supply is not effectively rationed, i.e. when the collateral constraints (44) and (45)
are slack, and there are no idiosyncratic productivity shocks, the model reduces to a standard
sticky price model (with only one interest rate R = R® = RF"er), for which a RE equilibrium
can be defined as follows.

Definition 5 A RE equilibrium for n, = 0 and wj; = 1 is a set of sequences {ct, ye, ne, b, wy,
mey, Zy, Si, T, REY®2, satisfying p,0ny™ = wc; 7, &7 = BRQ"‘Et[ftHc;fﬁrt__&l], RF = R,

(47)-(50), (53)-(55), the transversality conditions, a monetary policy setting { R} > 1}7°, and the
inflation target m > f3, for a given sequence {&£,}5°, and s_1 > 1.

The policy instruments ; and x enter the set of equilibrium conditions listed in Definition 4 only

via (39) and (56), while they are apparently irrelevant for the equilibrium given in Definition 5.
Next, we consider the model given in Definition 4 for the simplifying case where w;; = 1, ¢ = 0,

oc=1,0,=0,a=1,and Q — oo, such that M — 0. Then, a RE equilibrium given in Definition

4 is a set of sequences {ci, Yi, N, by, lt, we, T, REY, satisfying (38), (48), (54), by = Fbt_lﬂ't_l,

B
§ Ct K. bt,1 Htlt e—1 _
ot e = 2w RE = an® Y ¢ =n? (57)
’ m m’ t t ) t
EiCri1Tig1 Ry R} €

]._K/t
RE R

+ (]. — Kt),BEt
and R" < 1/ [ft_lctBEt (§t+1c;+117r;+11)]. Eliminating ny, w, ¢; and l; in (57) gives the set of
equilibrium conditions listed in Definition 1.

A.2 Appendix to Section 4

Proof of proposition 2. Consider a RE equilibrium as given in Definition 4 for &, = 1, where
the monetary policy instruments R}", x; and /@tB affect the equilibrium allocation and price system

via (39) and (56). According to (39), changes in d7 tend to alter the loan rate and therefore labor
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demand (see 47). Define @; as the equilibrium value of a generic variable a; that prevails for w;; = 0
(such that df = 0). Then, (39) implies that EtL ={(1 = R) BE (¢4 /T, 7) ﬁl;ll] +%¢/R;"} ! holds

for some R, € [0, 1]. Let k; be a particular value for the fraction of eligible loans given by

~ —L ,FEuler —L —m —L ,—~FEuler

Fo= 1= (U= 0) (R /RN 1 |(RY R = (B R € 0,1, (58)
where Rfuler = (BE(cA/e7) ﬁ;_&ﬂ)il > R{J. By setting k; = K, the central bank thus
offsets the immediate impact of 67 on the loan rate. Further, x; affects money supply and thereby
consumption via (56). Setting x; = K is however consistent with the equilibrium allocation and
prices under 6¢ = 0if 7 is adjusted to neutralize the effect of %; on money supply and consumption,

i.e. if kP = &P where

—m__ = ey 5L sEuler
~B_Rt7rt - —H 7717l7t1—(1—(5t)(Rt/Rt )
Ky = —= Ct —My_ 1Ty =M —I —m —L —FEuler

b—1 Ry (R//R,") — (R, /R, ")

for which we eliminated #; with %; (see 58) in (56). Hence, if #; and k are set equal to & € [0, 1]
and Fcf € [0,1], default risk shocks are completely neutralized. If however only the policy rate
R} is adjusted to offset the impact of 67 on the loan rate, the RHS of (56) is altered such that

consumption cannot be held at ¢;. =

We now characterize the steady state. The central bank sets R™ > 1, x® € (0,1], x € [0,1]
and the long-run (target) value for the inflation rate 7 > . In a steady state, all endogenous
variables grow with a constant rate and time-invariant policy targets have to be consistent with
long-run equilibrium values. In what follows, we examine the properties of all other endogenous
variables in a steady state with 8 = 0. Given steady state inflation m, (50) implies that Z =
(1—gr 1)/ (1- (;5))1/(1_6), and (49) that Z;/Zs is constant. The price dispersion term s,

satisfying (55), thus converges in the long-run to s = 12:;6 Z*E, given that ¢7°* < 1 & 7 <
(1/ d))l/ ©. Since s is bounded from below and neither productivity nor labor supply exhibit trend
growth, real resources cannot permanently grow with a non-zero rate, y = ¢ = n®/s. Then, Zy;

converges to Z = yc 7/ (1—¢fr= ) if ¢pfr* ! <1 & 7 < [1/ (¢8)]Y . Given that Z1/Zs

as well as Z are constant and iy =2y = 31/2);7:?

and given by mc = Z(e —1)e (1 —9¢pr%)/ (1 — qb,@wa_l). Since steady state consumption is

holds, real marginal costs are also constant

constant, (42) determines the steady state Euler equation rate in the usual way, RE%e" = /3 (see

18). Condition (39) further implies for the steady state loan rate
(1/RY) =k (1/R™) + (1 — k) B/ (59)
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Given that the loan rate, marginal costs, and working time are constant in a steady state, (47)
implies a constant steady state wage rate, w = mcan® !/RF. Moreover, the steady state is
characterized by n" = we™?, ¢ = n®, and | = Rlwn = REGeoTA+on)/o — %ac (see 38, 53, 54,
and 48). We now consider the simplified case, where 2 — oo and I' = 7 = 1. Log-linearizing (38),

(47), (49), (50), (53), (54), and by = I'b;_y7; * at the steady state gives

~ ~ ~ o~ ~ SL ~ A ~ —~ —1~ ~
0C + oy = Wy, mey = Wy + Ry + (1 — ) Ny, T = BET1 + xMer, o G = Ny, (60)

Ct =, by =bp_1 — Ty, (61)

where x = (1 — ¢)(1 — B¢)/¢. Further, log-linearizing (39) for df = 0, using (59), and defining

o= ﬁ%, we get

0BG — 0+ (1= pe) & + Eifupr — (e — /(1 — k) Re + #R" = (1 + %) RE,  (62)

where we used that the preference shock is autocorrelated: Etgt 1= ngt- Combining (44) and

(45) with (48), to get kyRFwiny + kPbi_1 /7 = R (m + mfF), gives in linearized form
(sw—1)a+shi+RE+(1=)RP+0 =)t —(1—)F =R, (63)

where we eliminated wages (with 60), and ¢ = ﬂ%a/Rm > 1 and w = % +o0o>1+0
hold. Eliminating @, ni¢, and mc; in (60)-(63), we can summarize the RE equilibrium as a set of

sequences {P:tL, Cty Yt T, gt}fio that converge to the steady state and satisfy (61), (62), (63), and
= BEAe + X (@ — 1) & + xR, (64)

for {7, R, ﬁ{”};ﬁo set by the central bank, given {Et};ﬁo and b_; > 0. The conditions (61)-(64),
reduce to (31)-(34) for k =0=¢ =3 =0.

Proof of proposition 3. Consider a RE equilibrium as given in Definition 2. To establish
the claims made in the proposition, we first combine the constraint to the policy problem, 7; =

(B4 X) Bty 4+ x70c + x0 By + x (1 — pe) €,, with the targeting rule (35) to get

(B+x)e P (1 +0/7) = x0)Ges1 = (xv+ (L +0/7)) Tt + X, (65)

é"}yﬂ = xo, ie. 4 = {x/Ixy+

et (1 +o/y}u and 7 = —{e7 L (1 +a/7) x/[x7 + e (1 + o/7)]}us or, otherwise, if the eigen-

xy+e '(1+o/7v) -1 (oty
B )eT0to/7)—xo| LI (B+x)e ( v ) <

where u; = (1 — pé) Zt. There is a unique solution if (8 + x)

value of (65) lies outside the unit circle,
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xo, this requires x (y — o) + e 1 (1+0/9) (1 + B+ x) > 0, which is satisfied for v > o where
v =140, /a If (B+x)e ' (1+0/y) > xo, uniqueness requires ¢~ (1 +a/v) [x (ey — 1) +
(1—p)] > 0, which is always satisfied given that ¢ > 1 and 7 > 1. The unique solutions for
output and inflation take the form y; = d,u; and Ty = 6rus, where the coefficients d, and 6, can
be identified via the method of undetermined coefficients: For (3+ x)e~!(1+0/y) # xo, the
coefficients are

0y =—ex/O <0and d =(14+0/7)x/© >0, (66)

where © = (1-8p)(14+0/7) + x(p(evy—1)(1+0/y)+ey(1—p)) > 0. To implement this

solution, the central bank has to set its instruments R” and s according to

—~m o~ ~

Ry — /‘if =by_1 — [0x + 0] (1 - Pg) &ty (67)
where we used (31). For ¢ > (0/v) + 1, which is satisfied if ¢ > 2 for v > o, the term in the square
brackets in (67) is negative, such that a decline in Et requires the central bank either to lower R}"
or to raise k7 to implement its plan. The former is possible as long as R > 1 and thus for shocks
satisfying Et > £, where £ = 1-1/R" © < 0 (see 66 and 67). For Et < €, the policy plan

x[(o/v)+1—¢](1—p¢)
cannot be implemented by a policy rate reduction. The central bank can then implement its plan

by rasing E? , which requires that x® < 1 and that the collateral constraint is binding, i.e. that
n; > 0 implying RF“e" = RF > R™ = 1 (see 24). Using (32) and the solutions (see 66), it can
) T S _ (1-8/7)0 ‘
ea81/l\y be sh;wvn that n, f 0 holds if £, > &, where § o )ext(1—Bp) (1o /11 (1=pe) < 0. Thus,
for & € (£,€), where (£,§) # @ if
1-p/m _(c+v)ex+ (1 —=P5p)(1+0/7)
1—1/R™ xle=(1+0/7)] ’

the central bank can implement the policy plan at the ZLB with quantitative easing, but not with

(68)

policy rate adjustments. m
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B Additional Appendix (not intended for publication)

In this Appendix, we present two propositions on long-run inflation and interest rate effects of
quantitative easing, and a definition of the RE equilibrium of the extended version with capital
accumulation (where we disregard preference shocks and idiosyncratic productivity shocks).
Proposition 4 (Long-run inflation) Consider a steady state of the RE equilibrium given in
Definition 1. The central bank can control the steady state inflation rate via the growth rate
et = /1,{3//@51, and it can tmplement long-run price stability by setting g..+ equal to the inverse of
the growth rate of government bonds T'~1.

Proof. Consider the set of equilibrium conditions given in Definition 1 for £, = 1. Use (27) or
kPb 1 /7 = (R — kyp) y¢ as well as its time ¢ + 1 version and b; = I‘bt_17rt_1, to eliminate y; and
Ye41 in (26):

g

+ (1 — /{t)fEt

A R
RE Ry

(69)

Ry — ki1 HtB
)
Ry — kep kP

where 1 = £1a € (0,1). Then, divide both sides of kPb;_1/m = (R — jurs) ¢ by its period ¢t — 1

version I*itB_lbtfg/ﬂ'tfl = (Rfjl - ;mt,l) i1, and use by_1 = Fbt,QTr;_ll to express inflation as m; =

B moo_
5 S i T Replacing output with (27) in the latter and in R}* < 1/ [thEt (y;rllﬂ;rll)},

A A T

and real bonds with (28), leads to the following four equilibrium conditions for RF, y;, m and n,:

(69)7 Y = (’u/g)a/(l'ﬁ?’n) (1/RtL)a/(1+an) ’

140n
WP Ry — e (BT
7Tt:F B R™ _ Lk RL ) (70)
ki1 t T MRt t—1
B R’ITL — . . .
y?%l = ﬁ — %Et "’:B:»l % > 0, which can be solved sequentially. Now, consider a steady

state, where all variables grow with a constant rate (so that time indices are considered), and
suppose that the central bank holds Ry and k; constant in the long-run. Then, (69) and (70)
imply that steady state inflation depends only on the growth rate of x° and on I' : 7 = T G ts
where kP = g,{ythBi 1- The central bank can therefore control the steady state inflation rate by

setting g, contingent on I', while the steady state price level is stable, 7 = 1, iff g,, = It m

Proposition 5 (QE-effects on interest rates) Consider a RE equilibrium as given in Defin-
ition 2 for o < (1+0y,)/a. When the policy rate is at the ZLB, the equilibrium is uniquely
determined and an exogenous increase in kP leads to a decline in the bond rate as well as in the
loan rate.

Proof of proposition 5. To establish the claims made in the proposition, we consider the

effects of an exogenous and autocorrelated increase in x (where p is the coefficient of autocor-
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relation) when the policy rate is held at the ZLB, Rj® = 1. We start by examining the bond

rate. Using (14) and (18), we can rewrite (21) in equilibrium as R% = B [(1—6P1) 0rp1] +
A .

BERE, 1 s 5] Using (17) and By = 1/Eypy 41, we get (1/Ry) = (1= Ewnfy) (1/R7)+

AtTe41

Ewwf | Ey (1/R] ) 4+ O?, where O? summarizes terms of higher than first order. Since R:f > Ry
is initially satisfied in a steady state (where R:f — RPuler — 1/3) with a binding collateral con-
straint, the bond rate R; is, up to first order, decreasing in the expected fraction of eligible bonds
Eikp | for R = 1.

To examine the loan rate, we now consider the model given in definition 2 for Et = 0, which
can be further reduced to (34), 7y = (B4 x) Ex7ie+1 + x (w—1—0) 4 + xoEgi41 and g =
b1 — T + EgB. Substituting output, leads to (; Fyme+1 + Cz/b\t =T — §37<E;B, which together with

(34) can be written as

1 1
Er T — 10
tAHl _af A C1Co Cs 7B where A — C1Co
by bi_1 01 0 01 —-11

where (; = f+ x(1—0), (3 = x(w—1) >0, and (3 = x(w—1—0(1—p)) > 0. Given
that there exists exactly one predetermined variable, gt_l, local determinacy requires one stable
and one unstable eigenvalue. The characteristic polynomial of A is given by F(X) = X2 —
(1 + ¢t +C2Cf1) X +¢; Y where F(0) = 1/¢; and F(1) = —(5/¢; and signF(0) = —signF(1).
Hence, there exists at least one real stable eigenvalue between zero and one. Further, F(X) at
X =—lisgivenby F(—-1) ={—x (0 —[1 —a+o0,] /a)+2(1 + B+ x)} /{1, where the term in the
curly brackets is strictly positive, such that sign F'(0) =signF'(—1), if and only if% (1 +o0-— %) <
1+ %, which is ensured by ¢ < (1+ 0y,) /. Then, there exists exactly one stable eigenvalue,
between zero and one, and one unstable eigenvalue, indicating local determinacy.

Given that the stable eigenvalue is strictly positive, we know that the unique solution to the
system (31)-(34), is given by the generic form 7; = 851011 +0oR2, 5y = 53?5\,5_1—1—54%}3, ﬁf = Osby_1+
(567-55, and /b\t =(1- 51)315_1 — 62%2{3, where the stable eigenvalue is 1 — §; € (0,1). Applying the
method of undetermined coefficients, it can easily be shown that the coefficients satisfy 3 = 1—9; €
(0,1), 2 = (xy+o0xp) /E>0,and 64 =[(1—pp)+ 0618+ (0 —1)x03+ x (1 —p)] /Z > 0, where
E=(1-pp)+01(B+ x)+xy+(o — 1) xp+oxd3 > 0. Inserting these solutions in (32) and combin-
ing terms leads to the following coefficients for the loan rate solution: d5 = —d1 (1 —d1) (0 — 1) <0
and 6 = — [(o — 1) 0362 + (62 + 064) (1 — p)] < 0. Given that ORL/ORP = 66 < 0, an increase in

E,{B reduces the loan rate on impact. =
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Definition 6 A RE equilibrium with capital accumulation is given by a set of sequences {ct, yi, ki,
Te, ey A, Upy 0y g, m mE L ml b, O, 1, wy, rF, mey, Z, S¢, T, RtL}?io satisfying (44)-(46),
(48)-(52), (55), and
¢ 7 = At + vety, (71)
Ong" = (At + ) wy, (72)
Attty = R (A +my) s (73)
Mo+ Py = RE (N +y5e) (74)
A+ oty = Tqr [S (ze/xi1) + (T /2i-1) S (24 /T0-1)] (75)
— BEw; 1G4 {($t+1/ﬂft)2 s’ ($t+1/$t)} ;
¢ "q = BB Mt + (1= 6 anei ]
At = BEy [(Mg1 + 1) /7] s
w RF = meyar (ng [ lp—1)*
rf =me (1—a) (ne/ke1)”,
ke = (1 —0g) ke—1 + xS (x4 /24-1) s
yr =k st
ye (1 —g/y) = a +
Veet + Vpgre = mf' +mf +mf, if ¢, >0,

H L -
Or Vel + Vg Ty < My +mf+mt; if ¥, =0,

-3
=2

N 9 N
© 0 =

oo
—

A~ N N N N /S /S /S A/
o] 0]
N (=)

— — Y ~— Y— — Y ~— —

oo
=

Qo
w

(where q; denotes the value of installed capital relative to consumption goods and the adjustment
cost function is given by S (x¢/xi—1) = 1—% (z¢/z-1 — 1)?) as well as the transversality conditions,
a monetary policy setting {R™ > 1, kP, ky € [0,1]}2y, @ > 0, and © > B, and a fiscal policy
setting T > 1 and g/y > 0, for a given sequence {v;+}3°, and initial values m*, >0, b_; > 0,
bfl >0,k 1>0,2_1>0, and s_1 > 1.

Table 1 Parameter and steady state values
Subjective discount factor 5 =0.992 Working time n =0.33
Relative risk aversion o=2 Policy rate R™ =1.0133
Inverse of Frisch elasticity op =1 Government share g/y=10.19
Substitution elasticity e=10 Share of repos Q=15
Labor income share a = 0.66 Inflation rate m = 1.00647
Investment adjustment cost parameter | ¥ = 2.48 Fraction of eligible loans k=20
Rate of depreciation of capital stock 0r = 0.03 Fraction of eligible bonds kB =1
Growth rate of bonds I' = 1.00647 | Cash-share of consumption | v, = 0.7399
Fraction of non-price-adjusting firms ¢ =0.75 Cash-share of investment v, = 0.4292
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