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Abstract

This paper studies the macroeconomic effect of state dependency of central bank asset market
operations and their interactions with household heterogeneity. We build a New Keynesian
model with borrowers and savers in which quantitative easing and tightening operate through
portfolio rebalancing between short-term and long-term government bonds. We quantify the
aggregate impact of an occasionally binding zero lower bound in determining an asymmetry
between the effects of asset purchases and sales. When being close to the lower bound, raising
the nominal interest rate before unwinding quantitative easing minimizes the economic costs
of monetary policy normalization. Furthermore, our results imply that household heterogene-
ity in combination with state dependency amplifies the revealed asymmetry, while aggregate

effects remain unaffected with only heterogeneous agents.
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1 Introduction

In recent years, large-scale asset purchases have considerably increased the size of central banks’
balance sheets. At the same time, as interest rates can fall back to low levels, future crises might
once more call for similar unconventional policy tools to stabilize the economy. Central banks
are therefore inclined to reduce the quantity of long-term bonds in their books to have sufficient
leeway for monetary stimulus when the next negative shock happens.

Various studies have investigated the macroeconomic impact of quantitative easing (QE), gen-
erally finding evidence for meaningful effects on output and inflation (see, e.g., Baumeister &
Benati, 2013; Haldane, Roberts-Sklar, Wieladek, & Young, 2016; Joyce, Miles, Scott, & Vayanos,
2012; Kapetanios, Mumtaz, Stevens, & Theodoridis, 2012; Weale & Wieladek, 2016). In contrast,
evidence on unwinding asset purchases is scarce, mainly because there have to date only been a
few attempts to actively do it.

Nevertheless, it seems reasonable to assume that balance sheet reductions do not necessarily
have macroeconomic effects that are equal but opposite to expansions. For example, the Fed-
eral Reserve’s unwind experience in 2017-2019 revealed strong asymmetries in the form of larger
liquidity effects compared to periods of balance sheet expansion (Smith & Valcarcel, 2021). Fur-
thermore, the effectiveness of unwinding might be closely linked to the state of the economy and
financial markets — similar to QE itself having worked particularly well when frictions in finan-
cial markets were high (Bailey, Bridges, Harrison, Jones, & Mankodi, 2020; Haldane et al., 2016).
Finally, unwinding past asset purchases is most likely executed at a slower pace and more gradu-
ally and its impact would probably be different from entering QE because of the interaction with
policy rates (Vlieghe, 2018, 2021).

Understanding the implications of reducing the central bank’s balance sheet is key to damp-
ening the negative side effects on the economy and deciding when and how fast to take that step.
Given the lack of empirical evidence on the subject, this issue has to be studied theoretically.

In this paper, we therefore present a two-agent New Keynesian model with borrowers and
savers (TANK-BS) that we use to study: i) the asymmetric macroeconomic effects of QE and
quantitative tightening (QT) driven by state dependency in the form of a zero lower bound (ZLB)
on the nominal short-term interest rate; and ii) the interactions between QE/QT, the ZLB, and
household heterogeneity. We thereby define QT as an active reduction of a central bank’s balance
sheet in the form of a sale of assets back to the secondary market, aimed to decrease the amount
of liquidity within the economy. Our focus will be on long-term bonds from the government only.

Similar to QE, tightening works through different transmission mechanisms. This paper fo-
cuses on the portfolio balance channel.! Asset purchases or sales by a central bank change the

relative supply of assets the private sector holds, implying movements in relative asset prices and

IThere is a debate over the relative importance of different transmission channels of asset market operations.
Several papers have demonstrated the significance of the portfolio balance channel for the effectiveness of QE (see,
e.g., D’Amico & King, 2013; Joyce, Lasaosa, Stevens, & Tong, 2011). We deem it as equally important for large-scale
asset sales as those will also change the relative supply of assets in the economy and the portfolio composition of
households, hence implying potentially considerable real effects.



yields. Various studies show that QE programs have indeed raised financial asset prices and re-
duced longer-term interest rates, often substantially (Christensen & Rudebusch, 2012; Joyce et al.,
2011; Krishnamurthy & Vissing-Jorgensen, 2011).

In our model, the two types of agents can borrow and save in short-term and long-term gov-
ernment bonds. The key assumption for the portfolio balance channel of QE/QT to work is the
imperfect substitutability between assets, according to which investors value bonds along the yield
curve differently (Andrés, Lopez-Salido, & Nelson, 2004). Following Harrison (2017), we cap-
ture this idea using portfolio adjustment costs that investors have to pay whenever their preferred
relative portfolio composition changes. Since asset market operations alter the relative supply and
prices between short-term and long-term bonds, they incentivize asset holders to rebalance their
portfolios. This, in turn, directly affects their average returns, because any adjustment is costly,
and implies changes in their demand.

A large-scale asset sale in the model has an effect on bond returns which translates into an in-
crease in the long-term interest rate and a decrease in the short-term real rate. These effects propa-
gate to the real economy through changes in the portfolio allocation of all households and general-
equilibrium effects on real wages, driving down individual consumption. The direct effects of QT
through the bond market contribute thereby more persistently to the drop in consumption for both
agents compared to the indirect effect through net labor income changes, among others due to a
favorable tax cut. A major difference across the two household types is (countercyclical) profit
income. It has a strong positive impact on savers’ income such that their consumption drops by
much less in relative terms compared to the case of borrowers.

Assuming the presence of state dependency in the form of a (non-)binding ZLB, we are then
interested in how doing QE and unwinding it affects aggregate variables such as consumption and
real output. The role of the lower bound and whether the nominal interest rate is available as
an additional policy tool of the central bank will thereby be the main driver of the asymmetry we
focus on.” As previous research has found, asset purchases are most effective if the ZLB is binding
(Gertler & Karadi, 2013), but there also seems to be a role for asset market operations if policy
rates are unconstrained (Sims & Wu, 2021). By analyzing the impact of state dependency on
unwinding QE, we thus also address the question of when central banks should actually unwind.

In line with standard intuition, we find that a binding ZLB magnifies the macroeconomic
effects of asset market operations by central banks. The response of the short-term real interest
rate when the economy is in (or close to) a liquidity trap flips sign and is larger in magnitude.
After a QT shock, the short-term real rate decreases when away from the ZLLB, while it increases
when at the lower bound, generating a further decrease in aggregate demand. As a result, when
dealing with the risk of hitting the ZLB, our model implies that a central bank can minimize the
economic costs of monetary policy normalization by prioritizing a policy rate hike before starting
to sell assets. The likelihood of ending in a liquidity trap is thereby higher when the policy rate is
close to the lower bound and QT starts too early or if the tightening is done too fast relative to the

normalization of the short-term rate.

2 Away from the ZLB, the TANK-BS model is symmetric.



The second aim of the paper is to study the interaction between state dependency of QE/QT
and household heterogeneity. The empirical literature provides evidence of heterogeneous effects
of QE on households across the income distribution (Montecino & Epstein, 2015; Mumtaz &
Theophilopoulou, 2017; Saiki & Frost, 2014). On the other hand, quantitative models have re-
cently found strong distributional effects of QE (Cui & Sterk, 2021). Moreover, there is a large
literature showing how heterogeneity can amplify the real effects of conditional monetary policy
(see, among others, Auclert, 2019; Bilbiie, 2018, 2020; Bilbiie, Kinzig, & Surico, 2022; Debor-
toli & Gali, 2017). Against this backdrop, we want to study how the presence of heterogeneous
households affects the asymmetry between QE and QT.

We find that household heterogeneity alone does not amplify the aggregate effects of asset
market operations when the economy is off the ZLB. This result is in line with the one in the com-
plementary work of Sims, Wu, and Zhang (2022b). Differently from us, they use a heterogeneous-
agent New Keynesian (HANK) model with uninsurable income risk and QE introduced from the
firm’s side, as in Gertler and Karadi (2013). The lack of amplification for QE in their framework
arises because most agents of the economy react in the same way as in the representative-agent
New Keynesian (RANK) counterpart. Only very few households at the bottom of the wealth dis-
tribution behave differently and increase their consumption in response to a QE shock. Given that
those agents represent a very small share of the population in the economy, it only has a marginal
effect on aggregate consumption.

Our story here is different. We show that the lack of amplification via heterogeneity is due to a
composition effect of changes in the balance sheet of the two household types and those changes
almost entirely cancel out when moving from RANK to TANK-BS. Without borrowers in the
model, all the impact of a QT shock on aggregate demand comes from a combination of direct
effects (drop in bond demand and interest income) and indirect general-equilibrium effects (drop
in real wage due to lower aggregate demand) on the income of the representative agent buying
bonds from the central bank. When moving to TANK-BS, borrowers replace part of the savers in
the population. While the latter behave like the representative agent in RANK, their share and thus
their relative contribution to total spending are lower. The attenuated drop in aggregate demand
through savers is compensated by a decrease in labor income of borrowers who have a larger
marginal propensity to consume (MPC). The net effect of the lower cut in spending coming from
savers and the additional decrease through borrowers is almost neutral. In the background, profit
income is as before an essential element because the higher the proportion of savers the less each
agent benefits from the increased (countercyclical) earnings of firms.

Finally, we show that household heterogeneity, when combined with state dependency, ampli-
fies the aggregate effects of asset market operations. When asset sales are performed at the ZLB,
the direct and indirect effects on borrowers discussed above together generate a stronger decline
in labor income of high-MPC borrowers than the decline in spending contributed by savers.

Related literature. Our paper is related to several strands of the literature on asset market

3

operations which we summarize hereafter.” On the empirical side, the literature has identified

3 A thorough review of the literature is beyond the scope of this paper.



various channels through which QE affects the macroeconomy. See Bernanke (2020) and Bhattarai
and Neely (2022) for comprehensive reviews. As discussed in the motivation, we focus here on
the portfolio balance channel which is one of the key transmission mechanisms through which QE
worked in the past.*

From a theoretical perspective, QE has mainly been studied in RANK setups (see, among
others, Chen, Curdia, & Ferrero, 2012; Falagiarda, 2014; Gertler & Karadi, 2013; Harrison, 2012,
2017; Harrison, Seneca, & Waldron, 2021; Sims & Wu, 2021; Sims, Wu, & Zhang, 2022a). On the
other hand, the bulk of the literature on household heterogeneity and monetary policy (e.g. Auclert,
2019; Bilbiie, 2008, 2020; Kaplan, Moll, & Violante, 2018) has mostly focused on conventional
monetary policy. The only two papers we are aware of that merge these two pieces of literature
are Cui and Sterk (2021) and Sims et al. (2022b). As discussed in the motivation, while we find
a similar result as in the latter, our setup is different because we focus mainly on the effect of
asset market operations coming through the balance sheet of households. In Cui and Sterk (2021)
instead, the impact of QE on the macroeconomy emerges from the household side as well. They
use a model with liquid and illiquid wealth, in the HANK tradition, and focus on the different
MPCs out of the two types of wealth. Hence, in their model, household heterogeneity plays a
direct role in the transmission mechanism of QE, which they show to be significant on output
and inflation. Here we use a much simpler setup, allowing only for two types of agents as in
Eggertsson and Krugman (2012) or Bilbiie, Monacelli, and Perotti (2013) and abstracting from
liquid and illiquid wealth, while focusing on the impact of QE on households’ bonds positions at
different maturities. Furthermore, differently from Cui and Sterk (2021) and Sims et al. (2022b),
we are not just interested in the interaction of heterogeneity and QE but also on the effects of the
ZLB, which both papers abstract from.”

The works cited so far are primarily focused on QE. Empirically, this is obviously due to
the lack of enough episodes of large-scale asset sales or, more generally, central bank balance
sheet reductions. On the theoretical side, a few exceptions are Benigno and Benigno (2022), Cui
and Sterk (2021), Karadi and Nakov (2021), Sims et al. (2022a), Wei (2022), and Wen (2014).
To the best of our knowledge, Wen (2014) is the first theoretical attempt on QE exit strategies
and its impact on firms. We focus instead on households and the impact of unwinding QE on
their portfolios. Cui and Sterk (2021) analyze the impact of the speed of QE exit, captured by
the persistence of the policy in the model. They show that the quicker the exit, the lower the
real impact of the policy, which is driven by agents anticipating the dampening effects of exiting
QE. By keeping the nominal interest rate pegged, however, they do not look at the interaction
between conventional and unconventional monetary policy as we do in this paper. Karadi and

Nakov (2021) and Sims et al. (2022a) look at the optimal conditions to exit QE. The former present

4See Christensen and Rudebusch (2012), D’ Amico and King (2013), Froemel, Joyce, and Kaminska (2022), and
Joyce et al. (2011) for empirical evidence on the portfolio balance channel. Related to this, see Andrés et al. (2004)
and Vayanos and Vila (2009, 2021) for the theoretical foundation of imperfect substitutability between assets along the
yield curve and preferred-habitat theory, respectively.

3Cui and Sterk (2021) assume in their model simulations for QE that the interest rate is pegged at zero. However,
they do not compare simulations with and without the peg.



a model in which banks’ balance sheet constraints bind only occasionally, so that asset purchases
are not always effective. Unlike them, we are not conducting any normative analysis and focus on
the implications of asset market operations via portfolio rebalancing of households’ assets. Wei
(2022) uses the preferred-habitat model of Vayanos and Vila (2021) to quantify how many interest
rate hikes QT is equivalent to. Our focus is instead on the macroeconomic implications and we
study the interaction of asset market operations with conventional monetary policy rather than
treating the two as substitutes. A similar idea is advocated by Benigno and Benigno (2022) who
study optimal monetary policy normalization when exiting a liquidity trap. Besides the policy
rate, they view reserves as an additional tool of monetary authorities to influence macroeconomic
aggregates, while we disregard liquidity in order to keep the central bank balance sheet simple and
to stress the transmission through portfolio rebalancing. Somewhat contrary to our finding, their
analysis implies that efforts to reduce the size of the central bank balance sheet ideally start before
the policy rate is raised.

The last strand of the literature this paper addresses is related to state-dependent QE/QT and
possible asymmetries between the two. Policymakers have discussed at length the possible causes
and effects of state dependency, focusing mostly on different states of financial markets (Bailey et
al., 2020; Haldane et al., 2016; Vlieghe, 2021). To maintain tractability and because our focus is
on household portfolio compositions, we abstract in this paper from financial markets and focus
on state dependency driven by the ZLB. With respect to asymmetries, we directly address the idea
of policymakers that QT is likely to impact the economy by less than asset purchases. Potential
explanations for this view include a milder reaction of bond markets as visible during the Federal
Reserve’s 2017-2019 unwind (Neely, 2019), the vanishing of signaling effects of asset market
operations once policy rates are well above zero (Bullard, 2019), or differences in the nature
and scope of QE/QT episodes and the prevailing economic and financial conditions (Smith &
Valcarcel, 2021; Vlieghe, 2018, 2021)

Outline. The rest of the paper is organized as follows. Section 2 presents the TANK-BS model
economy and describes the calibration and the solution method. Section 3 discusses the simulation

results and section 4 concludes.

2 Asset market operations in a borrower-saver model

This section presents the main elements of the model used for our analysis. Further details on the
derivation, a thorough description of the steady state, and an overview of all model equations are
in Appendix A.

The model economy consists of four sectors: households, firms, a government and a central
bank. The household sector is populated by two different types, savers and borrowers, who differ
in their degree of patience, modeled as in Bilbiie et al. (2013) and Eggertsson and Krugman (2012).
Firms are modeled as in standard New Keynesian models, with nominal frictions that generate
sticky prices. The government finances public spending by issuing bonds and levying lump-sum

taxes. It also implements redistributive policies by taxing firms’ profits. Finally, the monetary



authority follows a Taylor rule to set the nominal interest rate and participates in the market for

long-term bonds. The design of asset market operations follows Harrison (2017).

2.1 Households

There is a continuum of households with a share A being borrowers (B) who are constrained in
terms of how much they can borrow. The remaining 1 — A are savers (S) with unconstrained
access to asset markets. Borrowers are assumed to be less patient than savers, such that 85 > B2.
As will become clear later, this difference in the discount factors will induce lending from S to B
in equilibrium.

The period utility function of household type j = {B, S} is given by

. . Cj l—é ) N] 1+
U(Ctjvlvlj)ZGI((ltzl _Cj(lt—g(p )
(e}

where ¢; is real consumption, N, are hours worked, 6; is a preference shock that follows an AR(1)
process, o is the elasticity of intertemporal substitution, % is the Frisch elasticity of labor supply,
and { indicates how leisure is valued relative to consumption.

Both household types have access to bonds issued by the government. Following Harrison

(2017), we differentiate between real short-term (b/) and long-term (b/) bonds. The former are

one-period assets: a bond purchased in period ¢t — 1 pays a real return r;_| = RI’I‘[I at time ¢, where

R is the gross nominal interest rate and I, = Pi 1 is the gross inflation rate. On the other hand, we

assume that longer-term government debt is captured by perpetuities with coupon payments that

decay exponentially over time as in Woodford (2001). Denoting by gtj ~ the nominal long-term
bond holdings of a saver and by V; the nominal price of each of these bonds, we can write the
value of long-term bond holdings as B,j L= Vtgtj L, By defining y as the long-term bond coupon

decay rate, Harrison (2017) then shows that the (ex-post) nominal return on long-term bonds is

L _ 1+xVi
Ry = Vo

terms of a single stock variable and a single (one-period) bond return instead of having to keep

This formulation allows us to express long-term bonds in the budget constraint in

track of issued bonds and their prices over time. In real terms, a long-term bond bt]fl therefore
L
pays 1t = %’t in interest one period later.
Households face portfolio adjustment costs whenever they change the allocation of their assets

between short-term and long-term bonds. In the style of Chen et al. (2012) and Harrison (2017),

\ b/ ’
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2 b+
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where §/ = =7 18 the steady-state ratio of long-term bonds to short-term bonds and v > 0 captures

this adjustment cost is specified as




how costly deviations from a household’s preferred steady-state portfolio mix are.’

Introducing adjustment costs implies a direct role for asset market operations to stimulate the
economy, namely through the portfolio balance channel. If the central bank purchases bonds of a
specific maturity, it thereby lowers the relative supply of those assets and so increases their price.
Investors will rebalance their portfolios, which is costly due to the presence of ¥ and affects their
average portfolio returns, thus implying a real impact through changes in individual and aggregate
demand.’” The adjustment cost captures in a parsimonious way the preferred-habitat theory which
assumes that investors have preferences for specific maturities (Vayanos & Vila, 2009, 2021).
In other words, these agents view different assets along the yield curve as imperfect substitutes
(Andrés et al., 2004).

2.1.1 Savers

Unconstrained agents can save and borrow in both short-term and long-term bonds and receive
dividends from their share holdings in monopolistically competitive firms. Besides these asset
returns, savers also earn labor income and pay taxes. They each maximize their lifetime utility
from consumption and leisure subject to their budget constraint in real terms, taking prices and

wages as given:

= (S)'7s g (NS)'Ho
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where b7 and bf  are real short-term and long-term government bonds held by a saver, respec-
tively, with corresponding interest rates r and r’ as described above. Furthermore, w; is the real
wage, d; are real dividends from firms’ profits equally distributed to savers, ¢, are real lump-sum
taxes levied by the government, W5 are portfolio adjustment costs described above, and tr are
steady-state transfers from savers to hand-to-mouth agents that ensure consumption equality be-
tween the two household types in steady state.® Profits of intermediate firms that are owned by
savers are taxed at a rate of 2. The government redistributes the tax revenues as a direct transfer
to constrained households.

Solving the decision problem (see Appendix A.1) results in the following consumption-leisure

6The proposed adjustment cost function only captures the impact of changes in the relative supply of an asset and
thus deviations from a household’s desired portfolio composition (so-called stock effects). Harrison (2017) or Harrison
et al. (2021) consider in addition the impact of fundamental changes in that portfolio mix (flow effects).

7 Asset market operations prove to be ineffective in baseline New Keynesian models. Changes in the portfolio allo-
cation of households have no impact on real economic variables as shown, among others, by Eggertsson and Woodford
(2003).

8We use a symmetric steady state with ¢® = ¢5 = ¢ as a benchmark, modeled similar to Bilbiie et al. (2022).



choice condition and Euler equations for short-term and long-term bonds:
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2.1.2 Borrowers

Constrained households have access to both types of government bonds as well and consume their
disposable income together with transfers (net of taxes) from the government. Different from
savers, they face a borrowing constraint such that the total amount borrowed in each period cannot
exceed a given limit.” Each borrower therefore solves the following problem:

Borrowers are assumed to be less patient than savers, such that 85 > BB, As will become clear

later, this difference in the discount factors will induce lending from S to B in equilibrium.

max ]Eti (ﬁB)t 6, LIB)]_é - 37(1\]13)1“!’
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SNPBESPE (D -3 I+e

TD

tr
ld,—t,—‘l’?—l-f,

4D +b < b A W NP+

_st _st7L S D )

where D > 0 is the exogenous borrowing limit. We assume that this constraint binds for all periods
and borrowers thus have a high MPC.
Besides the borrowing constraint, the optimality conditions are very similar to the one of the

savers, yielding:
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where w? > 0 is the Lagrangian multiplier on the borrowing constraint, with complementary

9In equilibrium, constrained agents will borrow in both short-term and long-term bonds. Although they are termed
government bonds, borrowers actually borrow from savers so that b? and bf’L can alternatively be interpreted as bonds
issued by B to S. Hence, the implicit assumption here is that public and private bonds are perfect substitutes.



slackness condition <bfg +bf’L+E> = 0. If the constraint is binding, y? > 0 so that the
marginal utility of consuming today is larger than the expected marginal utility of saving in any of

the two bonds.

2.2 Firms

The firm sector is standard and features two different types of agents: monopolistically competitive
intermediate goods producers and perfectly competitive final goods firms.
Final goods producers. The final goods sector aggregates differentiated intermediate goods

according to a CES production function:

Y
)’t:</o )’t(i)sdl) )

where € is the elasticity of substitution. Final goods producers maximize their profits, resulting in

a demand for each intermediate input of

yi(i) = <Bg))gyz ;

where P, (i) is the price of intermediate good i and P! € = fol P,(i)'~¢ di the aggregate price index.

Intermediate goods producers. Varieties of intermediate goods i are produced by a contin-
uum of monopolistically competitive firms with production function y;(i) = z, N; (i), where tech-
nology z; follows an AR(1) process. Cost minimization implies real marginal costs mc; = %

Intermediate goods firms set prices subject to a quadratic adjustment cost a la Rotemberg

(1982) with the degree of nominal price rigidity governed by ¢,:

-2 (Pif?z') - 1>2y"

Following Bilbiie (2020), we also assume that the government imposes an optimal subsidy on
sales, 75, to induce marginal cost pricing in steady state. This subsidy is financed by a lump-sum
tax on firms such that #/* = t5y,. Thus, real profits of each intermediate goods producer i are given
by

Fi(i)

di(i)= (1 "‘TS) T,yt(i) —wi Ny (i) =W — 1]

Appendix A.2 shows the solution to the price-setting problem which leads to the standard

Phillips curve:

1

6, S\ °
(1+7%) (1 =€)+ £me — 9, (I, — )L, + BSE, Hl(?) 0p (M1 — DTy 24| =0,
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Abstracting from price adjustment costs, the optimal subsidy that induces marginal cost pricing

turns out to be 5 = (& — 1)71. Finally, using the expression for the lump-sum tax and aggregating

10



over firms yields total real profits:
dt: l—mC,—?(Ht—lf Yt -

2.3 Government and Monetary Policy
Monetary and fiscal policy are combined in one entity. The government budget constraint is given
by

bt+b;L =r—1bi—1 +V;thLf1 +Qi+g —t,

where b, and b* are total real short-term and long-term bonds issued by the government, respec-
tively, Q; are net purchases of long-term bonds by the central bank, and g, is real government
spending which follows an AR(1) process. Note that subsidy expenses and tax revenues from
firms’ profits are balanced in every period and thus do not appear in the budget constraint above.

We assume that lump-sum taxes are set by the following rule:

T,b T,
b () () -
t t b+ bt g '

Moreover, total supply of long-term bonds follows an AR(1) process:

bt by
log <th> = ppr log < 2};) +€,1’L .

Turning to the central bank, net asset purchases of long-term bonds are defined as

Q= thB,L _ r,L pCBL

t—1 >

where b,CB’L denotes the value of long-term bonds purchased by the central bank. The inclusion
of central bank asset purchases in the consolidated budget constraint implies that asset market
operations are financed by the central government, which itself will pay for it with either tax
revenues from households or through the issuance of new short-term debt.

The central bank has two policy tools. First, it conducts QE/QT by deciding on which fraction

g, of the total market value of long-term bonds to buy/sell:
.
where we model ¢; as a AR(1) process:

log <qt> = p, log <Qtl> +g.
q q

Besides asset market operations, the monetary authority can implement conventional monetary

11



policy by setting the nominal short-term interest rate, R, according to a standard Taylor rule:

1og<';’> prlog<R”) (1- )[%log(n)]w;",

where g" is an i.i.d. policy shock.

2.4 Aggregation and market clearing

Aggregate consumption and aggregate hours are given by

=Al+(1-2),
N, =ANP+(1-2)N; .

Market clearing for short-term and long-term bonds, respectively, requires

bt b{_lv
bt = bt pBL

with households’ total demand for short-term bonds b = AbB + (1 — 1)b5 and for long-term
bonds b" = AbPL 4 (1 — 1) bt By using the equation for asset market operations, we can
write b/ = (1 — g,) bL. This condition shows the direct impact of asset purchases and sales on
long-term bond holdings and hence the portfolio mix of households. '’

Finally, the aggregate resource constraint is given by
Vi=C+ &+ ¢p ( - 1)2)7t

2.5 Steady state

We approximate our model around a deterministic steady state with zero net inflation and output
normalized to one. Our assumption 8% > B% implies that the borrowing constraint will always

bind in steady state:
B

l
B B
vi=(c")° [1—[35] >0.
As a result, patient (impatient) agents will be net lenders (borrowers) in steady state.
The Euler equations of the saver yield for the nominal rates that R = Rl = (BS ) ! and we have
r =R and r* = RE. The presence of the optimal subsidy to firms results in zero profits (d = 0).
Furthermore, we assume that labor supply is equalized across households (N2 = NS = N), which

S =0).

implies that they will consume the same amount in steady state (c® = ¢
Regarding the steady-state ratio of bond holdings, 5/, we impose the simplifying assumption

that they are equal across household types such that individual demand variables can be replaced

101y Appendix A.1, we derive a no-arbitrage condition between short-term and long-term bonds. It shows that
changes in households’ portfolio composition caused by central bank asset market operations directly affect the long-
term bond return, namely due to the presence of the portfolio adjustment cost.
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by their household-level counterparts:

N B bt
We further define & = % as the steady-state ratio between total long-term and short-term bonds.

Finally, note that portfolio and price adjustment costs will be zero at steady state.

2.6 Calibration and simulation setup

Our calibration is summarized in Table 1. We target the case of the U.S. economy.

The parameters from the household sector are mostly taken from Bilbiie et al. (2013) who
build a borrower-saver model similar to ours. In particular, we target a steady-state real interest
rate of 4% annually. The baseline value for the savers’ discount factor is therefore set to 0.99,
while we will increase it to 85 = 0.99955 for some simulations later on. Regarding the production
side, it is worth mentioning that we set taxes on profits to zero in order to rule out any impact from
redistribution on the income of borrowers.

For the bond-related parameters, we choose ¥ = 0.975 to match the average duration of ten-
year US Treasury bonds in the non-stochastic steady state, following Harrison (2017) and Harrison
et al. (2021) who draw on D’ Amico and King (2013). The same value is also used by Sims et al.
(2022b). The adjustment cost parameter Vv is chosen such that the model matches the empirical
evidence by Weale and Wieladek (2016) on the impact of a QE shock on real output, as discussed
hereafter. Finally, the value of central bank’s long-term bond holdings in steady state implies that
households hold a share of 0.75, namely three-quarters of the stock of long-term debt, which is
equivalent to the calibration in Gertler and Karadi (2013) and Karadi and Nakov (2021).

Output is normalized to one in steady state, while the target for net inflation is 0%, in line with
Cui and Sterk (2021). Moreover, the persistence of the preference shock is set to 0.8, a high value
as is common in the literature (see, e.g., Bianchi, Melosi, & Rottner, 2021). It allows to achieve a
lasting ZLB spell of several quarters in our simulations. Finally, the chosen QE smoothing reflects
the high persistence of asset market operations and is similar to the value of 0.8 in Sims and Wu
(2021) or Sims et al. (2022a).

In each simulation we run below, the shock size is such that the central bank buys or sells
long-term bonds worth 1% of annualized nominal GDP. We then match the output response to
empirical evidence from the United States. The simulation results used for the matching are the
impulse responses of the net effect of a QE shock that happens when the economy is in a liquidity
trap, a situation brought about by a negative preference shock. See section 3.2 for more details.
All the other simulations build on the parameterization from this exercise.

Weale and Wieladek (2016) show that the peak impact on U.S. real GDP of an asset purchase
in the size of 1% of annualized nominal GDP has been around 0.58%.'" We take this number as

our target for the average output response during the first four quarters subsequent to a QE shock

"This number reflects the average of median peak effects of four different identification schemes in Weale and
Wieladek (2016) that all leave the reaction of real GDP unrestricted.
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at the ZLB, following the approach used in Cui and Sterk (2021). More specifically, we set the
adjustment cost parameter v accordingly to approximate this target.

To solve our model with the occasionally binding lower bound constraint, we use the dynare-
OBC toolbox developed by Tom Holden.'” Given that we approximate the model at first order,

our simulation results will be perfect foresight transition paths in response to a QE or QT shock.

3 Results

In this section, we discuss the model simulations. We proceed in three steps. First, we study the
impact of asset market operations when the economy is either close to or well above the ZLB and
analyze the shock transmission to the real economy. Second, we examine the asymmetric macroe-
conomic effects of QE and QT due to state dependency. Finally, we compare our TANK-BS model

to its representative-agent counterpart to isolate the implications of household heterogeneity.

3.1 Asset market operations and unwinding QE close to the ZLB

We start by illustrating what the TANK-BS model implies about the potential impact on macroeco-
nomic aggregates of doing QE/QT and unwinding QE, conditional on an existing state dependency
in the form of a lower bound on the nominal short-term interest rate. Figure 1 shows selected im-
pulse responses to a QE and QT shock occurring when the economy is sufficiently far away from
the ZLB and a QT shock which hits an economy that is already close to the ZLB. See Appendix
B.1 for the entire set of impulse responses.

To explain how the model works, we begin by analyzing a standard QT shock, captured by
the solid red line in the figure. When the central bank sells long-term bonds, the amount of assets
available to other agents in the economy increases. The return of those bonds goes up and their
price decreases. Together with the lower short-term interest rate, both household types therefore
demand more long-term and less short-term bonds. Constrained agents borrow now more in the
short-term asset because it has become cheaper, while savers purchase the long-term asset sold by
the central bank. Overall, the lower demand for long-term bonds from the central bank is exactly
offset by the higher demand from households so that the supply of long-term bonds remains fixed.

To understand the transmission of the shock to the real economy, it is useful to study the
responses of the components of each agent’s budget constraint to an asset market operation. Figure
2 shows that individual consumption of both household types decreases in response to a QT shock
far enough off the ZLB, but that the underlying driving forces differ. We distinguish between direct
effects of the asset sales (changes in bond demand and returns) and indirect general-equilibrium

effects (changes in the real wage and profits).'”

128ee Holden (2016, 2022) for theory and computational details.
13The partition in Figure 2 can be captured by the budget constraints of the two household types: ¢/ =
=6/ = b+ rb) kb = |+ [weNY =]+ [a]] o0, for = {B,S} and with @ = Fd; and df =

D . . .
%dt. The square brackets represent the bond demand/interest, the net labor income, and the profit income compo-
nent, respectively.

14



Table 1: Parameter values

Parameter  Description Value Source / Target
A Proportion of borrowers 0.35 Bilbiie et al. (2013)
c Intertemporal elasticity of substitution 1 Conventional
1/ Frisch elasticity of labor supply 1 Conventional
ﬁS Discount factor, saver 0.99 Annual steady-state interest rate of 4%;
Bilbiie et al. (2013)
BB Discount factor, borrower 0.95 Bilbiie et al. (2013)
D Borrowing limit 0.5 Bilbiie et al. (2013)
£ Elasticity of substitution between goods 6 Price markup of 20%
P Tax on profits 0 No redistribution
0p Rotemberg price adjustment cost 42.68 3.5-quarters price duration
On Taylor rule coefficient on inflation 1.5 Conventional
X Long-term bond coupon decay rate 0.975 Average bond duration of 7-8 years
v Portfolio share adjustment cost 0.05 Empirical evidence on output response by
Weale and Wieladek (2016)
§=0nl /b Steady-state ratio of long-term to short- 0.3 Harrison (2017), Harrison et al. (2021)
term bonds
g =bBL /bt Steady-state CB long-term bond holdings 0.25 Households’ long-term bond holdings
g/y Steady-state  government-spending-to- 0.2 Gali et al. (2007)
GDP ratio
(b+bh)/y  Steady-state total-debt-to-GDP ratio 0.8 U.S. average since 2009
I1 Steady-state gross inflation rate 1 Inflation target
Y Steady-state output 1 Normalized
75 Production subsidy (e—1)""  Marginal cost pricing
Po Persistence of preference shock 0.8 Own choice
pY! Tax smoothing in fiscal rule 0.7 Own choice
pb Tax response to total debt 0.33 Gali et al. (2007)
pTs Tax response to government spending 0.1 Gali et al. (2007)
pr Interest rate smoothing 0.8 Sims and Wu (2019)
Py QE smoothing 0.9 Cui and Sterk (2021)

The first panel reveals that the change in savers’ labor income through general equilibrium has
a negative effect on consumption, but only on impact of the shock. After that, the cut in lump-sum
taxes and, in particular, the strong increase in countercyclical profits push savers’ income up and
leads to a quick recovery. Instead, the medium-term negative consumption response is mainly
driven by developments in their portfolio allocation. By buying long-term bonds from the central
bank, savers give up some of their income because changes in the bond portfolio are costly. This
drop in income is larger than their gains from selling short-term bonds together with the increase
in interest income coming from more long-term bonds in their portfolio and the higher real rate on
these assets.'* This effect depresses consumption of savers and thus aggregate demand.

The bottom panel of Figure 2 shows some commonalities for borrowers. Their bond demand

14Strictly speaking, the rise in savers’ long-term bond holdings is larger than the decrease in short-term bonds.
Similarly, their interest income from long-term bonds increases by more than the income from short-term bonds falls.
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Figure 1: Impulse responses to a QE/QT shock and a QT shock near the ZLLB
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Notes: This figure depicts the impulse responses of selected variables to a QE (dashed blue line) and a QT (solid
red line) shock occurring far enough above the ZLB, and a QT shock happening close to the ZLB (dotted green line,
simulated with B5 = 0.99955). The shock for each simulation is an asset purchase/sale of size 1% of annualized GDP.
Responses for individual consumption levels and hours are weighted by population shares of savers (S) and borrowers
(B), respectively, and thus represent total responses.

and interest payments react similarly to the one for savers. The other negative income effect comes
as before through net labor income. While borrowers do not change labor supply by a lot because
they cannot afford to work much less, the lower spending from savers hurts them through the drop
in the real wage."> This effect on labor income is again short-lived due to the cut in taxes that
causes a fast rebound.

Overall, the direct effects of QT and the ensuing changes in returns are considerable for all
households and the indirect effect through the labor market is counterbalanced by a cut in taxes.
The major difference that leads to a weaker drop in individual consumption of savers, however,
is the response of profits. They constitute a strong boost for them such that their individual con-
sumption drops by much less in relative terms.

A key point to mention here is that QT is modeled as the exact opposite of QE. Given the
linearity of the model, both policies have therefore the same impact in absolute terms — as long
as the economy is far enough away from the ZLB such that the QT shock cannot push it into a
liquidity trap. This is also visible from Figure 1. QE decreases the long-term rate and increases

the short-term rate. These effects then propagate to the real economy via households demanding

Combined, the former effect is larger and leads to a negative net effect out of the bond-related variables in the saver’s
budget constraint, as depicted in Figure 2.
15The weak reaction of borrowers’ labor supply is also visible in the full set of impulse responses in Appendix B.1.
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Figure 2: Households’ budget components to a QE/QT shock and a QT shock near the ZLB
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Notes: This figure shows grouped components of the budget constraints of savers (top) and borrowers (bottom) in
response to a QE (dashed blue line) and a QT (solid red line) shock occurring far enough above the ZLB, and a QT
shock happening close to the ZLB (dotted green line, simulated with 85 = 0.99955). The shock for each simulation
is an asset purchase/sale of size 1% of annualized GDP. Each panel consists of four columns, containing the responses
of individual consumption, bond-related variables (bond demand, interest payments/income, net of adjustment cost),
labor income net of taxes, and income from profits. All responses are shown in per-capita terms.

more short-term and less long-term bonds, which translates into a higher aggregate demand and
leads to a rise in all main aggregate variables.

Starting from a state of the world with symmetric effects of QE and QT makes it possible to
isolate the asymmetry emerging from the presence of a ZLB. By allowing for a binding lower
bound on the nominal short-term interest rate, we introduce state dependency that can generate
asymmetric effects of asset market operations, similar to the literature about fiscal policy and the
government-spending multiplier (see, e.g., Christiano, Eichenbaum, & Rebelo, 2011). This idea
is also motivated by previous research that confirmed a stronger effectiveness of asset purchases if
the ZLB was binding (see Gertler & Karadi, 2013).

Assuming that the economy is currently in a situation where the log interest rate is close to
(but not at) zero, even a mild QT shock can push it into a liquidity trap.'® We illustrate this case
by a simulation using our baseline calibration except that we set 5 = 0.99955. The implied lower
steady-state real rate (annual: 0.18%) ensures that the ZLB will bind right on impact of the QT
shock and for a total of eight quarters, given the same shock size as before.

This case is captured by the dotted green impulse responses in Figure 1. If the policy rate were
unconstrained, it would drop on impact of the shock and show a hump-shaped course, mitigating
the contractionary implications of the asset sales. However, with a binding ZLB, it cannot anymore

decrease by that much, while long-term rates are still at a higher level. As a consequence, the short-

16We do not discuss here the case of QE done near the ZLB. Due to its expansionary effects, such an asset market
operation would move the economy in any case away from the lower bound. Asset purchases can therefore even be an
effective policy tool if the policy rate is unconstrained.
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term real rate increases and both household types decrease their consumption by more compared
to the unconstrained case, leading to larger drops in all aggregate variables and a deeper recession.

We can deduce from Figure 2 that the stronger decrease in savers’ consumption right after
the shock is substantially triggered by a magnified fall in labor income, which is again partly
absorbed by positive profits. Borrowers are particularly hurt through the higher borrowing costs
and the larger drop in the real wage.'’

The above unveils a distinct asymmetry in the macroeconomic effects of QE and QT, precisely
arising from the different states of the world and the (non-)availability of the nominal short-term
interest rate to help to stabilize the economy. It also addresses the question of when central banks
should actually unwind. It is obvious to see that the central bank needs to be sure that any tight-
ening will not bring the policy rate back to zero. Otherwise, it risks strong adverse effects on
the aggregate economy. As a result, when dealing with the risk of hitting the ZLB, our model
implies that minimizing the economic costs of normalizing monetary policy requires the monetary
authority to first raise the policy rate before starting with active asset sales. Such an approach is
less harmful to the overall economy.

The likelihood of staying away from the ZLB depends on the optimal co-ordination between
interest rate increases and QT with respect to the order, timing, and pace of actions. Selling assets
before normalizing the policy rate increases the probability of ending in a liquidity trap and staying
there for an extended period of time. A similar outcome awaits if QT starts when the short-term
rate has not been raised enough or if the tightening is done too fast relative to the increases in the

policy rate.

3.2 State-dependent asset market operations and their asymmetric impact

We now run a counterfactual exercise to compare QE and QT programs of similar size across
different states of the economy. Based on the idea of state-dependent asset market operations, we
compare two types of shocks: a QE shock that happens when the economy is in a liquidity trap,
and a QT shock off the ZLB. Intuitively, central banks have heavily used large-scale asset purchase
programs to fight the detrimental consequences of historically low interest rates in the past, often
during times where the economy has been constrained at the ZLB. In contrast, we showed in
the previous section that unwinding QE before the policy rate has reached a certain level is not
advisable from our model’s point of view.'®

Figure 3 shows selected results of these simulations. Additional impulse responses are in
Appendix B.2. We model the net effect of the QE shock by first simulating an asset purchase
together with a negative preference shock and then deduct the impact of a mere preference shock.

The size of the latter shock is chosen such that the economy is brought to the ZLB on impact and

remains constrained for eight quarters. Generating a liquidity trap by a preference shock is a simple

7Overall, bond demand and supply variables respond similarly to QT, whether the economy is close to or away
from the lower bound. See Appendix B.1 for the respective impulse responses.

8 There is a huge debate on whether a CB should raise the policy rate first or should start with some tapering or
active asset sales. See Forbes (2021) for a recent consideration.
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Figure 3: Impulse responses to a QE shock at the ZLLB and a QT shock off the ZLLB

Output Consumption Inflation
1.5%
s \ 0.6/
g |\ i !
FEER \ 0411
Sosf \ (Y
b A 0.5F 02f \,
5 \ \, \
= ',
£ o— 0—== 0=
205 -0.2
5 10 15 20 5 10 15 20 5 10 15 20
Consumption S (total) Consumption B (total) Real Wage
0 h |
%) \ 1 21t
L \ |
go02ry, 051y, R
3 \ \ \
o N\, \ \,
o ., .,
=0 = o NN
5 10 15 20 5 10 15 20 5 10 15 20
Short Nominal Rate Short Real Rate Long Real Rate
. 1 N == DA
1S, N ~ S _ 0.5
0.02 A ON~7
2 o S T——
£ o1k —
£-0.02 017 | ——— =
= ] POt
2 -0.04 H -
s 02! -~
£.0.06 i 057
-0.08 osl s
5 10 15 20 5 10 15 20 5 10 15 20
Quarters Quarters Quarters
[=-==- QE, ZLB QT,no ZLB

Notes: This figure depicts the impulse responses of selected variables to a QE shock when the ZLB on the policy
rate is binding (dash-dotted gray line, showing the impact of QE net of a negative preference shock), and a QT shock
occurring far enough above the ZLB (solid red line). The shock for each simulation is an asset purchase/sale of size
1% of annualized GDP. For QE, the size of the preference shock is chosen such that the ZLB binds for eight quarters.
Responses for individual consumption levels and hours are weighted by population shares of savers (S) and borrowers
(B), respectively, and thus represent total responses.

and effective way for our purpose to isolate the effects of state dependency (see, e.g., Christiano
et al., 2011). Otherwise, the QT shock is equivalent to the shock in the previous section where we
discussed its effects on macroeconomic aggregates and the associated transmission mechanism.

The figure reveals clear differences in the macroeconomic implications of the two shocks. As
before, QE has a positive effect on aggregate demand while QT affects the economy negatively.
When QE is done at the ZLB, however, its positive effect is magnified compared to the findings
from the previous section without the lower bound. The resulting uneven responses of aggregate
variables emerge from the prevalent state dependency, best visible from the asymmetric behavior
of interest rates. The long-term rate response shows only minor (absolute) differences across
the two shocks. On the other hand, while the short-term real interest rate increases after a QE
shock when the economy is away from the ZLB, it flips sign when at the lower bound and falls
considerably due to the inability of the policy rate to react.'”

Our findings highlight the significance of the occasionally binding lower bound for the asym-
metric implications between QE and QT. If conventional monetary policy is constrained and the

economy is stuck in a liquidity trap, QE helps to stimulate aggregate demand and will have a larger

19This result resembles Gertler and Karadi (2013) who showed that central bank asset purchases lead to a larger
drop in long-term rates the longer short-term rates are constrained.
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effect than in normal times. With the nominal interest rate being at the ZLB, the rise in output and
prices following a QE shock decreases the real rate considerably and thus fosters spending by
households and boosts real wages.’” This, in turn, results in an even higher output and constitutes

an expansionary spiral.

3.3 Household heterogeneity and state dependency in interaction

As a final exercise, we study how household heterogeneity affects the asymmetry between QE
and QT. For this purpose, we compare the impulse responses resulting from our borrower-saver
model (named TANK-BS) with the ones from a standard representative-agent framework (named
RANK) without heterogeneity on the household side. See Appendices B.3 and B.4 for the entire
set of impulse responses. The shocks we focus on are the same as in the previous section, namely
an asset purchase at the ZLB and an asset sale away from it.

The motivation for such an exercise comes from the implications of heterogeneity in house-
holds’ income, wealth, or consumption and saving decisions found in the literature. Studies fo-
cusing on conventional monetary policy find substantial amplification (e.g. Auclert, 2019; Bilbiie,
2018, 2020; Bilbiie et al., 2022; Debortoli & Gali, 2017), driven by heterogeneity in MPCs out
of a transitory income shock. Sims et al. (2022b) instead focus on QE and find no amplification
coming from household heterogeneity. In our setup, borrowers have a higher MPC than savers.
Any policy measure that relaxes their borrowing constraint frees up some individual income which
is spent immediately and boosts aggregate demand and consumption. It appears therefore natural
to study if amplification also arises after asset market operations.

Figure 4 shows the results for a QT shock when the economy is far enough off the ZLB such
that the nominal short-term rate remains unconstrained. Adding household heterogeneity to a
RANK model seems to have only a minor impact on the aggregate effects of QT (and due to the
model linearity also of QE), which is in line with the finding in Sims et al. (2022b).

The reason for this lack of amplification via heterogeneity lies in a composition effect of
changes in households’ balance sheets that roughly cancel out when moving from RANK to
TANK-BS. Without borrowers in the model, the propagation of the shock works entirely through
the income of the saver. The representative agent purchases the bonds sold by the central bank,
which drives down their income and thus aggregate demand. Compared to TANK-BS, we ob-
serve a higher effect on the demands of short-term and long-term bonds of the total responses
across savers (as they are the only household type) and a larger effect on the long-term real rate.”!
Together with the lower increase in gains out of firms’ profits, this magnifies the income drop of
savers from buying long-term bonds from the central bank, therefore decreasing their consumption
more than in the TANK-BS case.

When moving to TANK-BS, savers behave like the representative agent in RANK. They affect,

20The boost originating from the drop in the short-term real rate is so large that it generates an increase in real wages
that induces borrowers to work less when QE is done at the ZLB. On the contrary, asset purchases away from the ZLB
would induce them to increase their labor supply. See Appendix B.2 with the full set of impulse responses.

21Bond demands of savers in the RANK model are only more sensitive in fofal terms. Once we look at per-capita
bond demands, the effect of a shock will be lower in RANK compared to TANK-BS due to the higher share of savers.
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Figure 4: Impulse responses to a QT shock off the ZLB: RANK vs. TANK-BS
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Notes: This figure depicts the impulse responses of selected variables to a QT shock occurring far enough above
the ZLB, for the borrower-saver model (TANK-BS, solid red line) and its representative-agent counterpart for A =
0 (RANK, dashed light red line). The shock for each simulation is an asset sale of size 1% of annualized GDP.
Responses for individual consumption levels and hours are weighted by population shares of savers (S) and borrowers
(B), respectively, and thus represent total responses.

however, aggregate demand by relatively less given their lower share in the population and hence
the higher profit income per agent. The reduced contribution to the fall in spending is compensated
by a decrease in labor income of borrowers who have a larger MPC.?” The net effect of the lower
drop in aggregate consumption coming from savers and the additional decrease through borrowers
is almost neutral. Even though this finding is consistent with the complementary work of Sims
et al. (2022b), the story is different. The lack of amplification in their model arises because only
very few households at the bottom of the wealth distribution respond other than the representative
agent to a QE shock and their impact on aggregate consumption is therefore marginal.

Unlike a state of the world without a binding ZLB, household heterogeneity starts to matter
more when combined with state dependency. Figure 5 shows that this case leads to amplified
aggregate effects of asset purchases in TANK-BS.

The reasoning combines what has been described so far. First, the presence of the ZLB gener-
ates an asymmetric behavior of the short-term real rate, pushing consumption of both household
types and hence aggregate demand upwards. Second, there is an extra boost from the presence
of constrained households with a high MPC, such that an increase in their labor income through

higher wages has a strong multiplier impact on aggregate demand. Together, these two elements

22See Figure 10 in Appendix B.3 for more details on each agent’s budget constraint components.
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Figure 5: Impulse responses to a QE shock at the ZLB: RANK vs. TANK-BS
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Notes: This figure depicts the impulse responses of selected variables to a QE shock net of a negative preference shock
when the ZLB on the policy rate is binding, for the borrower-saver model (TANK-BS, dash-dotted gray line) and its
representative-agent counterpart for A = 0 (RANK, dashed light gray line). The shock for each simulation is an asset
purchase of size 1% of annualized GDP. The size of the preference shock is chosen such that the ZLB binds for eight
quarters. Responses for individual consumption levels and hours are weighted by population shares of savers (S) and
borrowers (B), respectively, and thus represent total responses.

lead to a larger increase in aggregate variables in TANK-BS.

Compared to the case of an asset market operation done off the ZLB discussed before, the
direct and indirect effects of QE on borrowers together more than offset the reaction of savers in
TANK-BS and the changes in their balance sheets no longer cancel out.”> When an asset purchase
is done when the lower bound binds, the impact of the increased labor income of borrowers with
their high MPC exceeds the reduced contribution by savers in terms of spending, with a strong
reaction of profits per agent being crucial again.

In order to quantify the asymmetry arising from state dependency in this model, Table 2 lists
the responses of the main aggregate variables to the two shocks we have analyzed in this section,
on impact and cumulated over four periods, and for both the RANK and the TANK-BS model.

The impact multipliers reveal two results. First and as in the previous section, the impact of
QE on macroeconomic aggregates is larger than the absolute impact of QT. This holds for both
models and constitutes a within-model asymmetry. Doing QE at the ZLB instead of unwinding it
off the ZLB has a macroeconomic effect on impact that is more than two times stronger in RANK
and about three times stronger in TANK-BS.

Second, as discussed before, household heterogeneity amplifies the aggregate effects of asset

23See Figure 12 in Appendix B.4 for more details on each agent’s budget constraint components.
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Table 2: Multipliers on impact and cumulated (in %)

Output Inflation = Consumption
QE QT QE QT QE QT
RANK (impact) 1.05 -044 0.70 -0.32 132 -0.56
TANK-BS (impact) 129 -042 0.71 -024 1.61 -0.53

RANK (cumulative) 2.18 -0.86 132 -0.67 2.72 -1.08
TANK-BS (cumulative) 2.32 -0.71 1.14 -043 290 -0.89

Notes: This table summarizes the aggregate effects of a QE shock when the ZLB on
the policy rate is binding and a QT shock occurring far enough above the ZLB, for the
borrower-saver model (TANK-BS) and its representative-agent counterpart (RANK). The
shock for each simulation is an asset purchase/sale of size 1% of annualized GDP. The
table contains the multipliers both on impact of the shock and cumulated over the first four
periods after the shock.

market operations only when it appears in combination with state dependency. This across-model
asymmetry is therefore very weak in the case of our simulated QT shock, but sizable for QE
simulated at the ZLB.?* Moving from RANK to TANK-BS, the macroeconomic impact multiplier
of QE is around 20% higher for output and consumption, but about the same for inflation. This
result might arise because heterogeneity affects the slope of the aggregate demand curve but not the
one of the Phillips curve. As a direct consequence, introducing household heterogeneity amplifies

the within-model asymmetry.

4 Conclusion

In this paper, we present a two-agent New Keynesian model with borrowers and savers that is
used to study state dependency of asset market operations and their interactions with household
heterogeneity. Central bank asset purchases and sales operate via portfolio rebalancing between
short-term and long-term government bonds held by the two types of households in the economy.
These assets are imperfect substitutes due to portfolio adjustment costs in place. State dependency
arises through the presence of an occasionally binding ZLB on the nominal short-term interest
rate. Therefore, asymmetry between QE and QT in this context is driven by whether the nominal
rate is available as a policy tool or is constrained by the lower bound.

We find that a binding ZLLB magnifies the macroeconomic effects of asset market operations
by central banks. This is due to the behavior of the short-term real rate when the economy is
at (or close to) the lower bound. Consequently, when dealing with the risk of hitting the ZLB,
our simulations imply that a central bank can mitigate the adverse effects of monetary policy
normalization by prioritizing a policy rate hike over asset sales and thus by avoiding to tighten too
early or too fast.

Moreover, we find that the role of household heterogeneity in amplifying the effects of asset

Z4Whether the aggregate effects of QT are slightly stronger or weaker depends on the calibrated parameter values.
However, for a realistic calibration, QT has always around the same aggregate impact on output and total consumption
in both models.
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market operations also depends on the state of the economy. Away from the ZLB, household
heterogeneity does not imply amplification. On the contrary, when asset market operations occur
in a liquidity trap, we find substantial amplification for aggregate output and consumption.
Despite the lack of evidence, our model intends to contribute to a better understanding of the
potential effects of balance sheet reductions. Given the widespread belief that the effects of QE
and QT are not exactly of equal but opposite size, further work on the implications of monetary
policy normalization are indispensable. In particular, it would be essential to analyze transmission
channels other than portfolio rebalancing, to extend the heterogeneity dimension to a continuum

of households, or to additionally consider frictions on the firms’ side.
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A Borrower-saver model derivations
This part provides more details on the derivations of the model presented in section 2.

A.1 Household problem

Each household of type j = {B,S} faces the following optimization problem:
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with values IS = 0 and ]IB =1.

The resulting optimality conditions for each agent are:
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where y? > 0 is the Lagrangian multiplier on the borrowing constraint. It holds that y? > 0
whenever the constraint is binding.

From the expressions above, we can derive the following Euler equations for short-term and
long-term bonds, where we already imposed 85 = 8% = § as specified in the description of the

steady state (see section 2.5):
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Combining the two equations leads to an expression for the nominal return on long-term bonds

as a function of the nominal rate on short-term bonds and the bond holdings of households:

bfL
EthH 1 +( )

S W 1 yB

hfL 1PJ ]IleIB

where ‘I‘] =V (5 :,—L - 1) This equation is a no-arbitrage condition between the two types of
bonds and captures the key impact channel of asset market operations on bond returns. When the
central bank buys or sells long-term bonds, it changes the quantity of assets available to the rest
of the economy. Holding bond supply fixed, this implies that households’ portfolio mix is not at
its desired level and induces costly portfolio rebalancing. The impact of the adjustment cost and
of changes in bond demands is directly VISIble from the equation above. It can be shown that the
fraction is larger than one whenever 0 < b and smaller than one otherwise.

t

A.2 Intermediate goods producer problem

The price-setting problem of an intermediate goods firm is
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where A, 4x = (B5) <[]°’”‘> is the stochastic discount factor for payoffs in period ¢ + k. The
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Since all firms are identical and face the same demand from final goods producers, they will all

set the same price. This yields the following optimal price-setting condition:
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Yt

A.3 Steady state

For the approximation of the model around a deterministic steady state, we assume a long-run
inflation rate of unity (Il = 1), normalize output to one (by setting z=N=1)andset 6 = 1.

The Euler equations of the saver gives R = RF = (ﬁS ) Using this in the Euler equations
of the borrower implies that the borrowing constraint binds in steady state (y® > 0) because we

assumed 5 > BB. We further impose for labor supply that N = N5 = N. Together with the
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steady-state transfer on the part of households, this results in ¢ = ¢ = ¢. Finally, the optimal

subsidy to firms induces mc = 1 and thus zero profits (d = 0).
For the real returns, we get r = R and r“ = RL, which pins down the nominal bond price
Vv=1/ (RL — x) The weights on hours are found through the labor supply equations, {/ =
w(N7)"?(c/)® with j = {B,S} and where w = y from the expression for labor demand. Due
to equalized levels of labor supply and consumption across household types, ¢S = ¢B. Finally,
as portfolio adjustment costs are zero in steady state (¥/ = 0), the aggregate resource constraint
determines consumption through ¢ = (l — 5) y.

With respect to the bond-related variables, we impose 8% = 8% = § = . ThlS expression

6b

can be rewritten by using bond market clearing as b = , where we deﬁne 5 . Moreover,

we write the annual steady-state total government debt-to-GDP ratio (in quarterly terms) as b’.‘” =

btbl

e , where the denominator captures annualized output. In order to find an expression for short-

term government debt, we rewrite the last equation as b = 45 (1 ot 5) y, or b =4by" ( " 5) y.
Market clearing then gives b = b.

Regarding the central bank, bond holdings are b“BL = gbl. This pins down net asset pur-
chases Q = (1 — rL) bBL and households’ total demand for long-term bonds bl = bt — pCBL,
A borrower’s bond holdings are then determined through the (binding) borrowing constraint, with
b = (19 5) and bPL = D — bB. A saver’s holdings are pinned down by market clearing, with
b = le ﬁbg and b5L = %. Finally, lump-sum taxes are given by t = g+ Q —b(1 —r) —
b*(1 —rl) and the steady-state transfer by tr = A[cB + (1 —r)bB + (1 — rF)bBL —wNB — %Dd +1].

A.4 Model summary

Table 3 lists all equations of the TANK-BS model.

31



Table 3: Model overview of the TANK-BS model with asset market operations

Labor supply

Euler short-term bonds, S

Euler long-term bonds, S

Budget constraint, S

Euler short-term bonds, B

Euler long-term bonds, B

Budget constraint, B

Borrowing constraint
Portfolio adjustment cost

Labor demand
Production function

Profits, aggregate

Phillips curve

Government budget constraint
Real short-term interest rate
Nominal long-term bond return
Real long-term bond return

Net bond purchases, CB

Value bond purchases, CB

Taylor rule

QE shock rule

Fiscal rule

Aggregate consumption
Aggregate labor

Short-term bonds market clearing
Long-term bonds market clearing
Resource constraint

Other shock rules
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B Full sets of impulse responses

B.1 QE/QT and QT near the ZLB

Figure 6: Impulse responses to a QE/QT shock and a QT shock near the ZLB
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Notes: This figure depicts the impulse responses to a QE (dashed blue line) and a QT (solid red line) shock occurring
far enough above the ZLB, and a QT shock happening close to the ZLB (dotted green line, simulated with g5 =
0.99955). The shock for each simulation is an asset purchase/sale of size 1% of annualized GDP. Responses for
individual consumption levels and hours are weighted by population shares of savers (S) and borrowers (B), respectively,
and thus represent total responses.
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B.2 QE at the ZLB and QT off the ZLB

Figure 7: Impulse responses to a QE shock at the ZLB and a QT shock off the ZL.B
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Notes: This figure depicts the impulse responses to a QE shock when the ZLB on the policy rate is binding (dash-dotted
gray line, showing the impact of QE net of a preference shock), and a QT shock occurring far enough above the ZLB
(solid red line). The shock for each simulation is an asset purchase/sale of size 1% of annualized GDP. For QE, the size
of the preference shock is chosen such that the ZLB binds for eight quarters. Responses for individual consumption

levels and hours are weighted by population shares of savers (S) and borrowers (B), respectively, and thus represent
total responses.
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Figure 8: Households’ budget components to a QE shock at the ZLLB and a QT shock off the ZLB
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Notes: This figure shows grouped components of the budget constraints of savers (top) and borrowers (bottom) in
response to a QE shock when the ZLB on the policy rate is binding (dash-dotted gray line, showing the impact of QE
net of a negative preference shock), and a QT shock occurring far enough above the ZLB (solid red line). The shock
for each simulation is an asset purchase/sale of size 1% of annualized GDP. For QE, the size of the preference shock
is chosen such that the ZLB binds for eight quarters. Each panel consists of four columns, containing the responses
of individual consumption, bond-related variables (bond demand, interest payments/income, net of adjustment cost),
labor income net of taxes, and income from profits. All responses are shown in per-capita terms.
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B.3 QT off the ZLB: RANK vs. TANK-BS

Figure 9: Impulse responses to a QT shock off the ZLB: RANK vs. TANK-BS
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Notes: This figure depicts the impulse responses to a QT shock occurring far enough above the ZLB, for the borrower-
saver model (TANK-BS, solid red line) and its representative-agent counterpart for A = 0 (RANK, dashed light red line).
The shock for each simulation is an asset sale of size 1% of annualized GDP. Responses for individual consumption
levels and hours are weighted by population shares of savers (S) and borrowers (B), respectively, and thus represent
total responses.
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Figure 10: Households’ budget components to a QT shock off the ZLLB: RANK vs. TANK-BS
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Notes: This figure shows grouped components of the budget constraints of savers (top) and borrowers (bottom) in
response to a QT shock occurring far enough above the ZLB, for the borrower-saver model (TANK-BS, solid red line)
and its representative-agent counterpart for A = 0 (RANK, dashed light red line). The shock for each simulation is an
asset sale of size 1% of annualized GDP. Each panel consists of four columns, containing the responses of individual
consumption, bond-related variables (bond demand, interest payments/income, net of adjustment cost), labor income
net of taxes, and income from profits. All responses are shown in per-capita terms.
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B.4 QE at the ZLB: RANK vs. TANK-BS

Figure 11: Impulse responses to a QE shock at the ZLB: RANK vs. TANK-BS
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Notes: This figure depicts the impulse responses to a QE shock net of a negative preference shock when the ZLB
on the policy rate is binding, for the borrower-saver model (TANK-BS, dash-dotted gray line) and its representative-
agent counterpart for A = 0 (RANK, dashed light gray line). The shock for each simulation is an asset purchase of
size 1% of annualized GDP. The size of the preference shock is chosen such that the ZLB binds for eight quarters.

Responses for individual consumption levels and hours are weighted by population shares of savers (S) and borrowers
(B), respectively, and thus represent total responses.
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Figure 12: Households’ budget components to a QE shock at the ZLLB: RANK vs. TANK-BS
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Notes: This figure shows grouped components of the budget constraints of savers (top) and borrowers (bottom) in
response to a QE shock net of a negative preference shock when the ZLB on the policy rate is binding, for the borrower-
saver model (TANK-BS, dash-dotted gray line) and its representative-agent counterpart for A = 0 (RANK, dashed light
gray line). The shock for each simulation is an asset purchase of size 1% of annualized GDP. The size of the preference
shock is chosen such that the ZLB binds for eight quarters. Each panel consists of four columns, containing the re-
sponses of individual consumption, bond-related variables (bond demand, interest payments/income, net of adjustment
cost), labor income net of taxes, and income from profits. All responses are shown in per-capita terms.
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