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Abstract

We construct a model to evaluate the role that the risk of future ef-
fective lower bound (ELB) episodes plays as a factor behind the per-
sistently weak inflation witnessed in many advanced economies since
the Great Recession. In our model, a range of precautionary channels
cause ELB risk to affect inflation and other macroeconomic outcomes
even during “normal times” when nominal rates are far away from the
ELB. This behavior is enhanced through a growth channel that cap-
tures possible long-lasting output declines at the ELB. We show that
ELB risk substantially weighs on inflation even when the policy rate
is above the ELB. Our model also predicts substantially below-target
inflation expectations and negative inflation risk premia.
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1 Introduction

In recent years, inflation in the advanced world has been surprisingly sluggish.
Though weak inflation could initially be attributed to the global financial
crisis and ensuing recession, its persistence alongside a significant recovery in
the real economy has led many policymakers and academics to speculate that
longer-run forces may be at work. For example, toward the end of her tenure,
Federal Reserve Chair Janet Yellen, referring to weakness in U.S. inflation,
noted that “my colleagues and I are not certain that it is transitory...It may
be that there is something more endemic or long-lasting that we need to pay
attention to.”[

In this paper, we use a quantitative framework to argue that one of the
“long-lasting” forces driving weak inflation in the post-Great Recession era
may be the spectre of a return to the effective lower bound (ELB) on nom-
inal interest rates. Our model features occasional “crisis” episodes during
which the ELB constrains monetary policy for an extended period of time,
along with a strong growth channel linking these episodes with long-lasting
output declines such as the one witnessed during and after the Great Reces-
sion. We then highlight a range of precautionary channels via which agents’
forward-looking anticipation of future crisis episodes has a significant effect
on inflation and other macroeconomic outcomes even in “normal”, non-crisis
states of the world.

In particular, we highlight a novel “precautionary pricing” channel that
leads firms to set substantially lower prices in our framework, relative to
an otherwise comparable model that abstracts from the ELB. For example,
our benchmark model predicts that the average rate of inflation in “normal”
non-crisis states should only be about 1.7 percent, despite the central bank
pursuing a 2 percent inflation target. Most of this undershooting can specifi-

cally be attributed to the effects of ELB risk, since an otherwise comparable

L As quoted in the Wall Street Journal (Torry, 2017).



model that abstracts from the ELB predicts that average inflation should be
very close to target in normal times.

Since the mechanism driving these results is fundamentally precaution-
ary in nature, we take steps to ensure that the model exhibits a reasonable
amount of ELB risk and risk aversion. We specifically do so by augmenting
an otherwise typical New Keynesian framework to include three key ingredi-
ents: (i) high risk aversion via recursive preferences, (ii) a source of long-run
risk, and (iii) a demand-shock process admitting relatively deep, long-lived
ELB episodes. In particular, we parameterize these ingredients to place risk
aversion within the range considered in the macro-finance literature, while
also ensuring that the typical ELB episode is roughly in line with recent
experience in terms of duration and severity. The ELB also binds with a
frequency within the range of estimates suggested by a post-war sample of
developed countries.

In our framework, long-run risk arises from the interaction of the ELB
with investment due to the presence of an investment externality that leads
to endogenous growth. At the ELB, monetary policy is unable to provide
sufficient stimulus to return output to its potential level, resulting in below-
target inflation. This also results in long-run risk, as the lower associated
level of investment brings about a period of lower growth whose long-run
level effects are never fully reversed, even after the policy rate has escaped
the ELB. During periods when the ELB is lax, firms’ anticipation of these
episodes leads them to set lower prices, all else being equal, partly through
the above-noted precautionary pricing channel. In addition, this effect is
reinforced by the fact that households increase their precautionary savings
to buffer against future ELB episodes, leading to weaker aggregate demand
Importantly, we show that high risk aversion helps to amplify the overall
disinflationary effects of ELB risk.

2 Generally speaking, the negative effects of ELB risk share many similarities with

those induced by uncertainty shocks in the model of [Leduc and Liu/ (2016)).



Our framework is also useful for interpreting the weakness in rates of in-
flation compensation derived from financial instruments since the Great Re-
cession and determining whether this decline is due to lower inflation expec-
tations or a lower inflation risk premium. Understanding the role of each
component is important, particularly since central banks pay close atten-
tion to long-run inflation expectations to gauge their credibility and since
expectations partly impact current inflation. Inflation compensation rates
derived from nominal and inflation-protected securities have declined sub-
stantially since the financial crisis. For instance, the inflation compensation
rate on 10-year U.S. Treasury securities was 2.4 percent, on average, between
March 2004 and November 2007. Between 2012 and August 2019, inflation
compensation has declined by roughly 60 basis points.

Consistent with the post-crisis evidence, ELB risk lowers inflation compen-
sation by a similar magnitude. Importantly, this partly reflects expectations
of only 1.4 percent inflation in the medium run. In addition, the low inflation
compensation rate reflects a -0.25 inflation risk premium. This estimate is
broadly in line with (Chen et al. (2016) and (Grishchenko and Huang (2013),
who find that U.S. inflation risk premia were positive in the early 2000s but
have since turned negative, beginning around the time of the Great Reces-
sion. Similarly, (Camba-Mendez and Werner| (2017) provide evidence that
several measures of U.S. and euro-zone inflation risk premia turned negative
after 2008.

Our work complements a few papers in the literature that share our atten-
tion to the way that the risk of future ELB episodes influences economic out-
comes during times when the ELB is not binding (e.g., Adam and Billi, [2007}
Nakov, |2008). More closely related is the work of Hills et al.| (2016]), which
compares the deterministic and risky steady states of an ELB-constrained
New Keynesian model. However, they do so assuming standard non-recursive
preferences and thus largely abstract from the points raised above regard-

ing the importance of the precautionary forces at play in our analysis. In



related work, |Lansing (2018) studies a New Keynesian model in which the
ELB occasionally binds as a result of switching between the economy’s two
steady states. Applying the model to the data, he finds that agents place
a significant weight on the possibility of being in the deflationary equilib-
rium when making their forecasts, thus helping to account for the persistent
undershooting of the Federal Reserve’s inflation target since mid-2012.

Gourio and Ngo| (2017) and |[Nakata and Tanaka (2016]) also explore the
asset-pricing implications of the ELB in New Keynesian economies but focus
on periods when the ELB binds. For example, |Gourio and Ngo| (2017) high-
light a mechanism that causes the inflation risk premium to fall during these
periods due to the central bank’s inability to offset demand shocks. In con-
trast, we focus on a complementary mechanism that operates even when the
economy is far removed from the ELB. Camba-Mendez and Werner| (2017)
provide some empirical support for this mechanism. In particular, they pro-
vide evidence suggesting that the fall in the inflation risk premium in the
post-2008 period is not due to a decline in inflation uncertainty but, instead,
to a shift in the balance of macroeconomic risks towards future ELB episodes.
Mertens and Williams (2018) use options data to measure the impact of ELB
risk on the forecast densities for future U.S. interest rates and inflation. In
particular, they find that the forecast density for inflation has shifted to the
left since 2012, implying somewhat lower expected inflation.

Our paper also complements the work of Kung| (2015)), who examines the
behavior of the term structure of interest rates in a model of vertical inno-
vation with nominal rigidities. He shows that this framework can account
for the negative empirical relationship between growth and inflation, and
explores the implications for bond pricing. |Guerron-Quintana and Jinnai
(2015) embed financial frictions and liquidity shocks into a similar endoge-
nous growth framework to examine the impact of the Great Recession on
the trend level of output. These authors, however, abstract from the ELB

constraint on monetary policy.



Finally, our work also relates to the approach taken by |Anzoategui et al.
(2017) who examine the effect of the Great Recession on productivity in a
model of endogenous technology adoption, finding that lower research and
development investment played an important role in lowering the economy’s
growth trajectory and productivity. Similar to their approach, we empha-
size the importance of the endogenous response of investment and its impact
on growth following recessions and ELB episodes, albeit through the pres-
ence of a positive investment externality rather than the expanding-variety
mechanism. However, our focus is on the implications of the ELB when the
economy is operating away from the constraint.

The remainder of the paper is organized as follows. Section [2] describes
the model. We then calibrate the model in Section |3| and present our main

results in Section [l Section [l concludes.

2 Model

In this section, we augment an otherwise standard New Keynesian model to
include three key ingredients: (i) recursive preferences, (ii) a source of long-
run risk, and (iii) a demand shock process admitting deep, long-lived ELB
episodes broadly consistent with recent experience.

To maintain continuity with related literature, we have borrowed much of
the model’s basic structure from |Gourio and Ngo (2017)), which itself closely
follows Rudebusch and Swanson| (2012). Subsections 2.1]through[2.3|describe
the various agents populating the model economy, while subsections [2.4] [2.5]
and elaborate on long-run risk, shocks, and asset prices, respectively.



2.1 Households

A representative household has recursive preferences of the form

l1—0o 1—o pl+v
G _ XA

V. =
A 14+ v

— BEA(= Vi) TN, (1)

where ¢; and ¢; denote consumption and labor, respectively; o is the inverse
of the intertemporal elasticity of substitution; y is a parameter scaling the
disutility of labor; v is the inverse of the elasticity of labor supply; A; de-
notes trend productivity and has been included to ensure the existence of a
balanced-growth path; § is the discount factor; « is a parameter governing
the level of risk aversion; and E,(-) denotes an expectation conditional on
information available at time t¢.

In any given period, households face a budget constraint of the form

wt£t+rfkt—l+—+Dt:Ct+it+ + k1=

o\ 2
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where w; denotes the real wage rate; k;_; denotes capital acquired in the
previous period, which can be rented at rate r¥; B;_; denotes nominal bonds
acquired in the previous period, which pay nominal interest at gross rate
R;_1; P, denotes the price level; D; denotes dividends paid by the firms de-
scribed below, which households are assumed to own; 7; denotes investment;

and & is a shock which we describe in Subsection 2.5. Note that we assume
) ~\ 2 -
a convex investment-adjustment cost, % (ﬁ — %) , where ¢ denotes the

value that the ratio 7;/k,_; takes along the economy’s balanced-growth path,

while 1 is parameter scaling adjustment costs.

In addition, the law of motion for capital takes the form

by = (1= )k y + %, @)



where 0 is the depreciation rate and @ denotes the relative price of capital
along the economy’s balanced-growth path.
We relegate most of the household’s optimality conditions to the appendix

and focus here on the Euler equation associated with nominal bonds, which

is given by
M1 Ry )
1=F . , 3
t( & 1L ( )
where Il; 11 1= P,;1/P, denotes the gross rate of inflation, while m;,, rep-

resents the real stochastic discount factor and can be shown to take the

standard form

—0
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From these expressions, we see that low realizations of the shock & place

~Vin -
; : (4)
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upward pressure on households’ demand for government bonds. & is thus
meant to capture “flight-to-quality” effects that induce households to redirect
funds from consumption and investment to the relative safety of bonds which
offer a guaranteed nominal return. Going forward, we therefore refer to & as
a “demand shock”. Similar shocks figure prominently in, e.g., /Amano and

Shukayev| (2012) and (Coibion et al.| (2012)).

2.2 Firms

The final goods used for consumption and investment are produced by ag-

gregating a unit measure of intermediate goods. Specifically,

N
Yt = (/ yit9 dZ) ’
0

where 1; denotes the total quantity of final goods; y;; gives the quantity of

intermediate good 7; and # is the elasticity of substitution between these



intermediate goods. Assuming perfect competition and zero profits, demand

for intermediate good ¢ is then given by

AN
Yit = Ut f2) )

where P;; denotes the nominal price of the intermediate good in question,

1 e
o ([ )
0

Each intermediate good is supplied on a monopolistically competitive basis

while

using a technology of the form
Yit = kﬁf_l(At&t)aZ; (5)

where o € (0,1) is the capital share; ay :== 1 — ay, is the labor share; and
;-1 and ¢;; respectively denote firm-specific inputs of capital and labor.
Intermediate good producers are assumed to face Rotemberg-style nominal

frictions. More specifically, their real net profits in a given period read as
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where IT* is the central bank’s inflation target; the parameter ¢ scales the

cost of adjusting prices; and M} denotes real marginal costs — i.e.,

(673 (67
Standard arguments then yield a non-linear Phillips curve of the form

2 (Ht — H*) Ht = (1—Q)+QMOt+Et |:mt_|_1 - (Ht+1 - H*) Ht+1 . % s (6)
t



along with the following market-clearing condition:

-\ 2
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2.3 Central bank

A central bank sets the nominal interest rate according to a truncated Taylor

rule of the form

én ¢aDP
R, = max{ 1, R* (E) (%) ,
11 GDP/A

where ¢ governs the central bank’s response to deviations from the inflation
target 1I*, while ¢gpp governs its response to deviations of output from the

balanced-growth path. The parameter R* denotes the nominal rate consis-

tent with closure of the output and inflation gaps, while GDP/A represents
the value that the ratio GDPFP;/A; takes on the economy’s balanced-growth
path.

2.4 Long-run risk

We follow Guerron-Quintana and Jinnai (2015)), Kung (2015), Kung and
Schmid| (2015) and |Comin et al.| (2017) in introducing long-run risk through
an endogenous-growth mechanism. More specifically, we assume that a
learning-by-doing mechanism links investment with positive spillovers that
individual firms fail to internalize — formally, A; = k;_1.

As shown by |Guerron-Quintana and Jinnai (2015), one benefit of this
approach to modelling endogenous growth is that it removes the capital stock
as a potential state variable once the model has been detrended to account for

productivity growth.rf] For instance, after taking account of the externality,

3 The stationary system which arises after detrending is given in the appendix.
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the aggregate production function reads as
Yo = ki (Al = ke 0 (7)

and is thus linear in k;_; = A;. This simplifies our numerical analysis sub-

stantially given our use of a global solution method.

2.5 Shocks

To enable the model to admit ELB episodes of significant severity and du-
ration, we divide the demand shock & (introduced in Subsection 2.1) into
distinct short- and medium-run components: & = &REME The short-run
component follows an AR(1) process similar to that in, e.g., |Gourio and Ngo
(2017):

log & = plog & + e e X N(0,07). (8)

In contrast, we eschew an AR(1) specification for the medium-run com-
ponent, since it is well-known that this would result in unrealistically low
duration and/or severity for the typical in-model ELB episode, as argued
in Richter and Throckmorton| (2015)) and (Coibion et al. (2016), among oth-
ers. Instead, we adopt the regime-switching process proposed in (Coibion
et al.| (2016), which itself builds on earlier work by Eggertsson and Woodford
(2003)), Christiano et al.| (2011), Werning| (2011)), Carlstrom et al.| (2015)), and
several others. We illustrate this process in Figure [Il In any given period,
the medium-run component {M% can take one of two values, M = 1 or

MR — §M R < 1. These respectively correspond to “normal times” and an
extended “crisis” episode characterized by low aggregate demand. We as-
sume that the economy spends most of its time operating under the normal
regime. However, in any normal period, there remains a small probability
n of a crisis episode in the following period. In this case, the episode is as-
sumed to last some T periods, after which conditions revert back to normal.

Parameters 7, T, and §MR thus allow us to adjust the risk, duration, and

11



severity of low-demand spells, as shown in our next section.

2.6 Asset prices

We consider several asset prices in our analysis, including the equity and
inflation risk premia. We compute the former as the difference between the
expected return on capital and the real risk free rate, multiplied by a standard

leverage factor of three. That is,
3 x (Ry — R,

where

) . 2 .
1
k o = - (5 D) 4 Qun [(1-0) + S
Rt = Et 3

and

1 —F, (mgﬂ - R;’wl) .
t

As for the inflation risk premium, we follow the approach in |Gourio and
Ngo| (2017), which involves pricing two geometrically-declining consols. The
first is a nominal consol which, if purchased at time ¢, pays one dollar at t+1,
A dollars at ¢ + 2, A\? dollars at t + 3, etc. Its price P/*™ therefore satisfies

1+ APy
Ptnom — Et |:mt+1 ( = t+1 ):| :
t+1

while an otherwise comparable real consol admits price
et = Ry [mt+1 (1 + /\Ptyffl)} .

The implied break-even inflation rate (BEIR;) for these consols is thus given

12



by the difference between their log-yields,

1 1
BEIR; = log (W ‘I'/\) — log (W‘f‘)\) ,
t t

which can then be decomposed into expected log-inflation (F'LI;) and an

inflation risk premium (/RP;). In particular:

EL]t = (]. — )\)Et[log(ﬂt+1)] + )\Et (EL]t+1>

IRP, := BEIR, — ELI,.

Though we focus on the inflation risk premium, we also report results for the
inflation term premium, which we compute by first deriving the risk-neutral

prices

nom _ g, (m) E, (1+AQM).,

and
geal = E¢ (myg1) Ey (1 + )\Q:iall) ;

then taking the difference between the implied nominal and real term premia,

respectively, given by

1 1

log ( nom + )\) B log ( nom + )\) ’
P i
1 1

log (W + )\) — log ( — + )\> .
Pt t

3 Calibration and solution method

and

In this section, we discuss our calibration and global solution method. Ta-

ble [1| reports the parameter values used in our benchmark analysis. With

13



regard to household preferences, we set the elasticity of substitution and

Frisch elasticity of labor to 1/0 = 0.5 and 1/v = 2/3 respectively, consis-

tent with microevidence from, e.g., |Vissing-Jorgensen| (2002) and [Pistaferri

(2003)). We set households’ subjective discount factor to imply a 3 percent
real interest rate along the economy’s balanced-growth path, though pre-
cautionary savings lead to a significantly lower average real rate in the full
model.

As for the Epstein-Zin parameter -, we set it such that the implied co-
efficient of relative risk aversion, computed using the approach in
, is 50 — a figure in line with the range considered in much of the
macro-finance literature (e.g., [Campbell and Cochrane, 1999; Piassezi and|
‘Schneider;, 2006; Swanson, |2016} Tallarini, 2000; |Van Binsbergen et al., 2012).

Moreover, in subsequent sensitivity analysis, we further entertain coefficients

of relative risk aversion up to 110 — a level somewhat higher than that con-

sidered in |Gourio and Ngo (2017)) but in line with the estimates reported in
'Rudebusch and Swanson| (2012)).

Turning to the parameters governing the nominal side of the economy, we

set the elasticity of substitution to the relatively standard value 8 = 7.66.

This implies a markup of 15 percent along the balanced-growth path, con-

sistent with the range of estimates reported in Basu (1992) and Basu and|
m (1997). As for the parameter scaling the Rotemberg adjustment cost,
we follow (Gourio and Ngo| (2017) in setting ¢ = 238.11. The oft-cited map-

ping in|Ascari and Rossi (2012)) associates this choice with a Calvo parameter

around 0.85, toward the upper end of the range normally considered in the
New Keynesian literature and very close to the estimate recently reported
in Del Negro et al| (2015). We also adopt a relatively high value for the

Taylor coefficient, ¢; = 3.0, though we note that this value is still low in

comparison with the estimate reported in Gust et al| (2017, along with the

calibrations often assumed in other globally solved New Keynesian models
(e.g., Hills et al.; 2016, Nakata and Tanaka), 2016).
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Turning next to the model’s remaining technological parameters, we set
the capital share and depreciation rate to the standard values oy = 1/3
and ¢ = 0.02, respectively. We then calibrate the relative price of investment
along the balanced-growth path to place the economy’s balanced-growth rate
around 1.5 percent, broadly consistent with estimates on potential growth
for many developed countries. We also set the investment adjustment cost
parameter to ¢ = 5.6, consistent with Eberly| (1997) and [Erceg and Lindé
(2014]).

As mentioned earlier the parameters éMR, n and T influence the sever-
ity, probability and duration of the medium-run demand shock, respectively.
The first of these parameters has been calibrated so that the typical in-model
ELB episode is associated with a peak-to-trough reduction in real GDP of
about 5 percent, roughly in line with the 5.5 percent peak-to-trough drop
in real GDP per capita that the United States experienced during the ELB
episode associated with the Great Recession (see Figures [ and [3)). As for
the parameters governing the probability and duration of the medium-run de-
mand shock, these have been jointly calibrated to place the average in-model
ELB episode around 8 quarters in length and the unconditional probability
of a binding ELB around 7 percent. An 8-quarter average duration is a bit
less than the 10-15 quarter range within which (Coibion et al.| (2016) place
the average duration of post-war ELB episodes in a sample of industrialized
economies, while an unconditional probability of 7 percent is consistent with
the 6-11 percent range that they estimate from the same sample. However,
since there is a significant amount of uncertainty around these probabili-
ties, we report, in Subsection 4.5, some sensitivity analysis using alternative
probabilities.

Finally, we assume that the short-run demand shock follows a process that
is slightly less persistent and volatile than that in (Gourio and Ngo| (2017)),
which has the benefit of ensuring greater numerical stability. However, the

main results of the paper are not significantly impacted by these assumptions.
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As for our solution method, we rely on a global method very similar to that
in |Fernandez-Villaverde et al.| (2015)), thus preserving all of the model’s non-
linearities. More specifically, we first solve for macroeconomic outcomes while
ignoring asset prices, then solve for asset prices taking the macroeconomic

solution as given.

4 Results

In this section, we first provide some intuition for the model’s behavior by
examining its response to shocks (subsection . We then turn to the
impact of the ELB on the longer-run behavior of the economy (subsection 4.2)
before dissecting the underlying mechanism (subsection and exploring
its sensitivity to the level of risk aversion (subsection and other key
parameters (subsection [4.5)).

4.1 Model dynamics

Figure[dillustrates the economy’s response to a medium-run demand shock —
that is, an unexpected shift from &M% =1 to M7 = (M7 < 1 lasting T = 12
quarters. We compute this response by taking the differences between this
scenario and one where no such episode occurs, holding the short-run shock
SR constant at its steady-state value of one. Looking first at the baseline
model’s response, we see that the medium-run demand shock drives nominal
rates to the ELB for eight quarters, during which time the economy experi-
ences substantial deflation, along with significant declines in (productivity-
normalized) GDP and its components. The endogenous-growth mechanism
also links these episodes with slower growth and, by extension, permanent
level shifts in (unnormalized) GDP and the continuation value for households.

Figure {4| also reports responses to the medium-run demand shock in an
otherwise comparable model that abstracts from the ELB. In this case, the

central bank’s ability to provide greater monetary accommodation results in
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a lower real rate and substantially more muted impacts on economic activity,
growth, and household continuation values.

Turning to the effects of a negative short-run demand shock, Figure [p|shows
that the economy responds in a standard fashion, with output, consumption,
and inflation all declining, while monetary policy responds by lowering the
nominal interest rateE] Growth temporarily falls, in line with the decline in
investment, leading to relatively modest long-run effects via the endogenous-
growth channel. However, comparing the responses from the benchmark
model to those from the no-ELB version of our framework suggests that
the ELB plays a modest amplifying role, despite remaining lax for the full
duration of the shock.

Overall, these results suggest that the medium-run demand shock gener-
ates a significant amount of long-run risk, as it exerts a permanent effect on
the level of economic activity and household continuation values, especially
in the presence of the ELB. Agents’ forward-looking efforts to insure them-
selves against this risk—and the impact that those efforts leave on outcomes
during “normal times” when the medium-run shock remains dormant—are

the subject of our next subsection.

4.2 Long-run effects of ELB risk

To gauge the long-run macroeconomic effects of ELB risk, Table [2] reports
various moments for different versions of the model, all computed based on
1,000,000-quarter simulations. More specifically, the top panel in the table
reports unconditional averages, while the middle and bottom panels respec-
tively restrict attention to “normal times” during which the medium-run
shock remains high (i.e., EM% = 1) and “crisis” episodes during which the
medium-run shock exerts sustained downward pressure on aggregate demand
(ie., MR = ¢M™ < 1). The table reports results for the benchmark model

4 In this exercise, the medium-run shock ¢M% is held constant at its normal value of

one.
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and for otherwise comparable models under which we abstract from the ELB
and/or assume standard non-recursive preferences, thus lowering the coef-
ficient of relative risk aversion close to unity. In addition, we report the
steady-state values of all variables of interest. Note that we are particularly
interested in the results reported in the middle panel, since they allow us
to assess the extent to which ELB risk impacts the economy during normal
times.

Focusing first on the benchmark model, the table points to the presence
of a significant disinflationary bias. Compared to an inflation rate of 2 per-
cent in deterministic steady state, the unconditional average inflation rate
in the benchmark model is only 1.4 percent. This unconditional disinfla-
tionary bias is partly driven by the average deflation of roughly 0.9 percent
witnessed during crisis episodesﬂ However, even when we restrict attention
to normal times, inflation averages roughly 1.7 percent, substantially lower
than the central bank’s 2 percent target. Agents’ anticipation of future crises
thus has important macroeconomic repercussions even during normal times.
Moreover, the ELB plays a quantitatively important role in generating these
results, since average inflation in normal times comes in very close to target
when we abstract from this constraint. Risk aversion also plays an important
role, since the average margin by which the central bank undershoots its in-
flation target in normal times shrinks by about half when we shift attention
from the benchmark model to an otherwise comparable model under which
we assume low risk aversion.

In addition, the magnitude of households’ precautionary saving motives
can be seen by looking at the real interest rate outcomes reported in Ta-

ble 2] For instance, the average real rate observed in normal times is about

> Deflation of this magnitude did not occur during the Great Recession, in contrast to

our model’s predictions. As shown by [Del Negro et al.| (2015), introducing financial
frictions into a standard DSGE model can help reconcile this fact with the sharp
contraction in economic activity witnessed around the same time. Given the non-
linearities present in our framework, adding financial frictions would substantially
complicate the numerical analysis. We leave this issue to future work.
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40 basis points lower under the benchmark model, compared with an oth-
erwise comparable economy without an ELB. This occurs because the ELB
prevents monetary policy from fully offsetting the impact of the medium-run
shock on aggregate demand, thus creating consumption risk against which
households aim to protect themselves by saving more. That said, we also
note that the precautionary savings motive in our model gives rise to an off-
setting mechanism that tends to raise aggregate demand, all else equal. This
mechanism specifically arises because of the presence of capital accumulation
and endogenous growth: owing to their downward effect on the real interest
rate, precautionary-savings incentives also translate into a moderately higher
level of investment and, by extension, somewhat faster growth.

In Table [3, we turn our attention to financial variables and the impact
of ELB risk on inflation compensation, computed based on the difference
between nominal and real yields. Under our benchmark calibration, the
breakeven inflation rate is predicted to be low, even in normal times, when
the second panel of the table places the average breakeven rate around 1.2
percent. In terms of composition, the model predicts that this weakness
partly reflects a low expected rate of inflation of 1.4 percent, coupled with
a negative inflation risk premium of 0.25 percent, a figure in line with the
empirical evidence since 2008 (e.g., Camba-Mendez and Werner, [2017; Fleck-
enstein et al., 2017)E| In addition — and consistent with the precautionary
behavior emphasized above — the top panel of the table shows that the pres-
ence of ELB risk boosts the equity premium from an unconditional average
of 1.1 percent in the absence of the ELB to about 1.9 percent once the con-

straint on monetary policy is taken into account. As shown in the middle

Campbell et al.|(2017) provide evidence consistent with the notion that nominal bonds
have shifted from being “inflation bets” to “deflation hedges.” |Chen et al| (2016)
and |Grishchenko and Huang| (2013) find that the inflation risk premium implied by
nominal yields and a TIPS-based measure of inflation compensation switched signs
from positive to negative around the Great Recession. |[Fleckenstein et al.| (2017)) study
deflation risk based on data from inflation swaps and options markets and also find
evidence of a change in sign around 2009.
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panel of the table, this positive effect also occurs — albeit to a smaller degree
— if we shift attention from unconditional averages to averages conditional

on being in normal times.

4.3 Inspecting the mechanism: precautionary pricing

To get some sense for the channels underlying the results documented above,
it is useful to revisit the model’s Phillips curve, as given by equation @ It

we average across all “normal” states of the world, then this equation can be

written as

E[f(Ht)‘fin = 1] = (1 —0) + QJE(MCJQ* ) +]E[mt+1f(Ht+1)’£t = ]7
where f(II;) := ¢ (I, — IT*) I1; is an increasing function over the range of
inflation rates realized in our simulationsﬂ Mir1 = Myr1(Yer1/y:) denotes

the “effective” discount factor associated with firms’ pricing decisions; and
E(-|[¢M% = 1) denotes an average conditional on currently being in “normal

times.” Further noting that

E[mt+1f(nt+1)|§ivm = 1]

= E(m & = DE[f (W) 1€ = 1] + cov[imgyr, f(T) € = 1)

and

E[f(HtH)‘ftMR = 1]

= (1= mE[f(I)|E"" = 1] + nE[f (L) |67 = 1,647 = €1,

More specifically, we find that inflation is generally below target in our simulations,
but still consistently high enough that f'(II;) = ¢(2II; — IT*) > 0.
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we then reach the following expression for average inflation in normal times:

E[f(IL)|&"" = 1]

(1 —0) +0E(MCy|EME = 1)

HE (14 |67 = DE[f () |67 = 1, YT = ¢

+eov[mppr, f (M) |G = 1

- = (= ) Emn ™ = 1) - O

This expression identifies four distinct determinants of average inflation
outcomes in normal times, namely: (i) average marginal costs in normal
times, as measured by the term E(MC;|¢ME = 1); (ii) expectations about
the future behavior of inflation should the economy fall into a crisis episode,
as measured by the term E[f(IL,4q)|¢MF = 1,¢ME = ¢MF); (iii) the covari-
ance between future inflation outcomes and firms’ effective stochastic dis-
count factor, as measured by the term cov[m, 1, f(IT;11)|EME = 1]; and (iv)
the average rate at which firms discount the future when making pricing de-
cisions, as measured by the term E (1 |EM? = 1). While (i) is common to
all New Keynesian models, and (ii) has been studied by, e.g., Reifschneider
and Williams| (2000), Coenen et al. (2004), Adam and Billi (2007), Nakov,
(2008), and Hills et al. (2016), (iii) introduces a novel “precautionary pric-
ing” incentive into firms’ behavior — one from which most of the previous
literature has abstracted, partly due to reliance on linearized and/or per-
fect foresight solutions, coupled with the low risk aversion typically implied
by more standard, non-recursive preferences. Moreover, to the extent that
firms inherit their stochastic discount factor from households, (iv) represents
a novel channel via which households’ precautionary-savings behavior influ-

ences firms’ pricing decisions beyond its usual impact on aggregate activity

21



and marginal costs.

To gauge the relative importance of these channels in driving the strong
disinflationary bias from ELB risk, we calculate the change in the average
rate of inflation in normal times when a specific channel in equation @D is set
to its value implied by an otherwise comparable model without the ELBH
Using this approach, the middle column of Table {4] identifies precautionary
pricing as the strongest source of disinflationary pressure in our baseline
model. Expectations about future inflation should the economy fall into a
crisis also constitute a significant source of disinflationary pressure. On the
other hand, the marginal cost channel plays a key offsetting role because
ELB risk introduces a sizeable premium into the return on capital, making
marginal costs somewhat higher in the baseline model, relative to an other-
wise comparable model without an ELB. These results point to risk-related
considerations in general — and precautionary pricing in particular — as key
determinants of firms’ pricing behavior in the baseline model. In contrast,
the results reported in the right-hand column of Table {4 indicate that the
precautionary pricing channel plays a relatively minor role at the low levels

of risk aversion normally considered in the New Keynesian literature.

4.4 The role of risk aversion

Given the above-noted role played by risk-related factors in influencing firms’
pricing behavior, a natural question to ask is how different degrees of risk
aversion might impact our results. We explore this issue in Figures [6] and
[7, which were constructed by varying the coefficient of relative risk aversion

from the low value close to unity that would be implied by non-recursive

8 To express results in units of inflation, we wuse equation @ to compute

400 [f~H{E [f (1) [¢M 7 = 1]} — 1] . We first calculate this moment using our model.
We then repeat this calculation setting the term capturing a specific channel in equa-
tion @D to its value implied by an otherwise comparable model without the ELB. All
other terms are kept to their values under our model with the ELB. Table [9] reports
the difference between these two numbers. Positive (negative) values thus indicate
sources of (dis)inflationary pressure.
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preferences all the way up to a maximum of 110 — a figure more than double
that assumed under our baseline calibration and in line with the estimates
reported in [Rudebusch and Swanson| (2012). More specifically, Figure @
reports averages for the real rate, inflation, and various asset-pricing premia,
all conditional on the economy being in “normal times”. Figure[7] then shifts
attention to averages conditional on the economy being in a “crisis” episode.
Both figures report results for versions of the model with and without an
ELB, while Figure [6] also includes values for the precautionary pricing term
derived in our previous subsection — i.e., cov[my, 1, f(Il;41)[EME = 1].

Figure [6] points to a strong downward effect of the ELB on inflation and
the real rate in normal times, even for relatively low levels of risk aversion.
For example, with minimal risk aversion, inflation and the real rate both
average roughly twenty basis points lower in normal times when we take
account of the effects of the ELB, relative to an otherwise comparable version
of the model under which abstracts from the ELB. Moreover, the results
reported earlier in Table [3| suggest that minimal risk aversion still places the
average break-even rate in normal times around 1.5 percent in a version of the
model with an ELB. Even though the lower panels of Figure [f] indicate that
relatively high degrees of risk aversion are needed to achieve a quantitatively
meaningful impact on some of the asset-pricing premia under consideration,
these results suggest that the macroeconomic effects of ELB risk can be
significant even at relatively low levels of risk aversion.

In addition, the downward pressures that the ELB tends to place on in-
flation and the real rate both grow significantly as we increase risk aversion
and thus make firms and households more concerned about the possibility
of future ELB episodes, increasing precautionary-saving and -pricing incen-
tives in turn. For example, with maximal risk aversion, average inflation in
normal times is nearly 60 basis points below target, as opposed to the av-
erage deviation of 35 basis points predicted by our benchmark calibration.

Similarly, the average real rate in normal times undershoots its value in de-
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terministic steady state by about twice the margin implied by our benchmark
calibration, while the inflation risk premium roughly doubles on average.

It is also worthwhile to note that the model’s precautionary-saving mech-
anism has implications for the behavior of the inflation rate during crisis
episodes. In normal times, higher risk aversion generally leads to lower
inflation outcomes, largely due to the associated intensification of agents’
precautionary-saving and -pricing incentives. In contrast, Figure [7| suggests
that higher risk aversion has the opposite effect, leading higher inflation dur-
ing crises. This reflects the fact that the ELB tends to bind during crisis
episodes: to the extent that more-risk averse households engage in more pre-
cautionary savings, the Fisher equation then tends to translate the implied
downward pressure on real rates into higher inflation outcomes. |Mertens and
Williams (2018) and Lansing (2018) highlight a similar effect associated with

exogenous declines in the level of the equilibrium real interest rate.

4.5 Additional robustness

Finally, we assess the robustness of our results along several important di-
mensions and report those results in Table f] In particular, we examine the
sensitivity of inflation, real interest rates and the inflation risk premium to
changes in the inflation coefficient in the Taylor rule, the inflation target, the
severity of crisis episodes, the degree of price rigidity, the risk of medium-run
demand shocks, and the level of the real interest rate in steady state.

Our benchmark calibration assumes that monetary policymakers place a
weight of 3 on inflation in the Taylor rule. In the column labeled “Higher
om,” we raise this coefficient to 4. This greater emphasis on reducing the de-
partures of inflation from target leads to higher average inflation outcomes,
along with a more stimulative monetary-policy response to medium-run de-
mand shocks, which in turn leads to less precautionary savings, a higher real
interest rate, and an inflation risk premium closer to zero. This is in line

with the analysis in Nakata and Schmidt| (2016) showing that appointing
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a conservative central banker, as in [Rogoff (1985)), reduces the deflationary
bias in economies with occasionally binding constraints.

We next consider raising the inflation target, as is sometimes proposed as
a way to reduce the probability of ELB episodes (see, e.g., Blanchard et al.
2010). Increasing the inflation target to 3 percent leads to outcomes similar
to those in the previous exercise, as seen in the column labeled “Higher I1*.”
Given that the rest of the calibration is unchanged relative to our benchmark
model, raising the inflation target also implies that the incidence, duration
and severity of ELB episodes all decline, weakening the ELB’s disinflation-
ary effects, along with households’ precautionary-saving incentives, and the
precautionary-pricing incentives facing firms.

In the column denoted “Higher £#.” we also examine the role played by
the magnitude of the medium-run demand shock. In this exercise, we adjust
§MR so that the medium-run demand shock scenario depicted in Figure
is now associated with a peak impact on real GDP of about 3 percent, as
opposed to the roughly 5 percent drop implied by our benchmark calibration.
Despite this more muted decline in economic activity, we see that ELB risk
continues to imply a sizeably negative inflation risk premium while exerting
significant downward pressure on inflation and the real rate.

In the next column, “Higher ¢,” we consider a higher degree of price rigid-
ity by increasing the coefficient scaling the cost of price adjustments by 10
percent. Since prices are now more rigid, ELB episodes entail a more muted
decline in inflation, implying a somewhat less negative inflation risk premium.
However, we see overall that our results are little changed by this alternative
calibration.

In the penultimate column “Lower n,” we report results for a case where
we reduce the probability of medium-run shocks. In particular, we halve
this probability from 0.9 percent under the benchmark parameterization to
0.45 percent. Since this reduction weakens households’ precautionary-savings

incentives while also weakening the precautionary pricing channel, the reduc-
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tion is associated with higher average outcomes for the real rate and inflation,
along with a less-negative inflation risk premium.

Finally, the last column of the table examines the effect of lowering the
steady-state value of the real interest rate to 2 percent. As a result of the
fact that this leaves significantly less room for monetary stimulus in response
to medium-run demand shocks, the precautionary-savings and -pricing in-
centives respectively facing households and firms both increase significantly,
placing greater downward pressure on inflation and real rates while making
the inflation risk premium more negative.

Overall, the results from this subsection suggest that our qualitative con-
clusions regarding the importance of ELB is generally robust to perturbations

of key model parameters.

5 Conclusion

Motivated by ongoing weakness in inflation in the aftermath of the global
financial crisis, we examined the role of ELB risk in the inflation process. To
do so, we augmented an otherwise standard New Keynesian model to include
three key features: high risk aversion (via recursive preferences), long-run
risk (via endogenous growth), and a demand-shock process admitting ELB
episodes broadly consistent with recent experience. Recursive preferences
and long-run risk are attractive features for our purposes since they allow
us to understand the role that ELB risk can play even in relatively normal
times when the nominal interest rate is away from its lower bound.

In the presence of high but plausible levels of risk aversion and long-run
risk, we found that the prospect of future ELB episodes leads to a substantial
disinflationary bias that should be expected even during normal times. Even
though the central bank has a formal inflation target, inflation expectations
in the presence of ELB risk fall significantly below target. In addition, the

inflation risk premium is notably negative, as has been observed during the
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years following the Great Recession, and real rates come under significant
downward pressure.

We emphasized several important channels contributing to these effects.
One channel involves an increase in precautionary saving as agents anticipate
the negative effects of future ELB episodes, depressing aggregate demand,
inflation and real rates even in normal periods. At the same time, firms face
precautionary-pricing incentives associated with the strongly negative covari-
ance between the stochastic discount factor and future inflation outcomes.
More specifically, firms anticipate that ELB episodes are characterized by
declines in inflation and large increases in the stochastic discount factor,
leaving them with strong incentives to pursue relatively conservative pricing
strategies during normal times.

Despite its simplicity, our model also embeds a mechanism that mitigates
the decline in aggregate demand in response to ELB risk. This effect arises
because the decline in the real interest rate triggered by precautionary saving
also raises investment and thus boosts productivity growth.

Looking ahead, our results also lead to important questions for monetary
policy. Should central banks adjust their policy rules to account for the effects
of ELB risk on inflation? Is there some simple way for monetary authorities
to divorce their implicit targets from their formal objectives? What are
the implications for optimal inflation? We plan to explore these and other

questions in future research.
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Table 1: Baseline calibration

Parameter | Value | Description and notes

o 2 Inverse IES, set to value in|Gourio and Ngo|(2017) and [Rudebusch and Swanson|(2012); see
also |Vissing-Jorgensen| (2002)

v 1.5 | Inverse Frisch elasticity of labor, set to value in |Gourio and Ngo|(2017) and Rudebusch and|
Swanson|(2012); see also Pistaferri| (2003)

X 33.4 | Multiplicative constant in the disutility of labor, chosen to set labor supply along BGP =
1/3, as in |Gourio and Ngo| (2017)

y -69 | Epstein-Zin parameter, set to imply a CRRA=50

6] 0.9999 | Discount factor; see main text for details

0 7.66 | Elasticity of substitution across intermediate goods, set to value in |Gourio and Ngo|(2017)
and [Fernandez-Villaverde et al.|(2015); see also Basu| (1992) and Basu and Fernald|(1997)

© 238.11 | Rotemberg parameter, set to value in |G0urio and Ngo| (]2017]), implies Calvo parameter
~ 0.85; see also Del Negro et al.| (2015)

on 3.00 | Taylor coefficient, set to value in |Gourio and Ngo| (2017); c.f. [Hills et al./(2016), Nakata and|
, and |Gust et al.| (2017

¢app 0.13 | Weight on the output gap in the Taylor rule, set to value in |Gourio and Ng0| (]2017])

Qg 1/3 | Capital share

0 0.02 | Depreciation rate

(0 5.6 Capital adjustment cost; c.f. and |Erceg and Lindé| (]2014])

@ 5.06 | Relative price of investment on the BGP, chosen to set balanced growth rate = 1.5%

p 0.725 | Persistence of short-run shocks; see main text for details

o 0.1% | Standard deviation of productivity shocks; see main text for details

§M R 0.99 | Size of the medium-run shock; see main text for details
n 0.9% | Risk of crisis episodes; see main text for details
T 12 Duration of crisis episodes; see main text for details




Table 2: Average macroeconomic outcomes

Baseline model

Low risk aversion

Without ELB | With ELB

Without ELB | With ELB

Deterministic
steady state

Unconditional averages

Inflation 1.8 1.4 1.8 1.52 2
Real rate 2.66 2.47 2.65 2.65 3.06
Nominal rate 4.47 3.81 4.47 4.17 5.12
Normalized investment 0.12 0.12 0.12 0.12 0.12
Expected return on capital 3.03 3.1 3.02 3.04 3.06
Rental rate on capital 0.14 0.14 0.14 0.14 0.14
Growth rate 1.49 1.52 1.49 1.49 1.5
Averages, conditional on “normal times”

Inflation 1.97 1.65 1.98 1.8 2
Real rate 3.05 2.62 3.04 2.81 3.06
Nominal rate 5.01 4.16 5.02 4.55 5.12
Normalized investment 0.12 0.12 0.12 0.12 0.12
Expected return on capital 3.05 2.91 3.05 2.83 3.06
Rental rate on capital 0.14 0.14 0.14 0.14 0.14
Growth rate 1.51 1.56 1.5 1.53 1.5
Averages, conditional on “crises”

Inflation 0.26 -0.88 0.26 -1.05 2
Real rate -0.88 1.05 -0.89 1.16 3.06
Nominal rate -0.46 0.69 -0.46 0.69 5.12
Normalized investment 0.12 0.12 0.12 0.12 0.12
Expected return on capital 2.83 4.8 2.82 4.89 3.06
Rental rate on capital 0.14 0.13 0.14 0.13 0.14
Growth rate 1.39 1.17 1.39 1.13 1.5
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Table 3: Average financial outcomes

Baseline model

Low risk aversion

Without ELB ‘ With ELB

Without ELB ‘ With ELB

Unconditional averages

Inflation compensation 1.74 1.15 1.78 1.47
Expected inflation 1.8 1.39 1.8 1.51
Inflation risk premium -0.05 -0.25 -0.02 -0.04

Nominal term premium -0.12 -0.31 0 -0.03

Real term premium -0.09 -0.14 0 -0.01

Inflation term premium -0.03 -0.18 0 -0.02

Equity premium 1.12 1.9 1.11 1.17

Averages, conditional on “normal times”

Inflation compensation 1.76 1.16 1.8 1.49
Expected inflation 1.8 1.4 1.81 1.52
Inflation risk premium -0.04 -0.25 -0.01 -0.03

Nominal term premium -0.12 -0.32 0 -0.03

Real term premium -0.09 -0.14 0 -0.01

Inflation term premium -0.04 -0.18 0 -0.02

Equity premium 0.01 0.86 0.01 0.06

Averages, conditional on “crises”

Inflation compensation 1.58 1.05 1.61 1.33
Expected inflation 1.74 1.34 1.74 1.45
Inflation risk premium -0.16 -0.29 -0.14 -0.13

Nominal term premium -0.1 -0.27 0 -0.03

Real term premium -0.08 -0.12 0 -0.01

Inflation term premium -0.03 -0.15 0 -0.02

Equity premium 11.13 11.27 11.12 11.19
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Table 4: Disinflationary bias: contributions from different channels

Channel (see equation

Baseline model

Low risk aversion

Marginal costs — i.e., E(MCy|£M = 1)

Expected inflation conditional on a crisis occurring — i.e.,
E[f(Ht+1)|§tMR = 175%{% = §MR]

Precautionary pricing — i.e., cov[mgy 1, f(Il;1)|EME = 1]
Effective discount factor — i.e., E(1mg, | = 1)

8.11
-3.46

-4.71
-0.02

3.87
-3.66

-0.31
-0.01
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Table 5: Sensitivity analysis

Baseline ‘ Higher ¢p; | Higher II* | Higher §M R ‘ Higher ¢ | Lower 7 | Lower RE&
Unconditional averages
Inflation 1.4 1.62 2.61 1.58 1.44 1.64 1.09
Real rate 2.47 2.56 2.6 2.61 2.48 2.7 1.2
Inflation risk premium | -0.25 -0.16 -0.13 -0.15 -0.23 -0.19 -0.37
Averages, conditional on “normal times”
Inflation 1.65 1.84 2.83 1.79 1.67 1.78 1.38
Real rate 2.62 2.78 2.89 2.81 2.65 2.79 1.2
Inflation risk premium | -0.25 -0.15 -0.12 -0.15 -0.23 -0.19 -0.37
Averages, conditional on “crises”
Inflation -0.88 -0.34 0.64 -0.38 -0.7 -1.06 -1.46
Real rate 1.05 0.54 0.03 0.76 0.94 1.18 1.17
Inflation risk premium | -0.29 -0.22 -0.25 -0.21 -0.27 -0.27 -0.37
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Figure 1: Medium-run demand-shock process
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Figure 2: GDP per capita (solid blue) and pre-crisis trend (dashed red),

2000-17
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Figure 3: Fed funds rate, 2000-17
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Figure 4: Responses to the medium-run demand shock
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Figure 5: Responses to a negative short-run demand shock
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Figure 6: Average outcomes in “normal times” under various degrees of risk aversion
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Figure 7: Average outcomes during “crises” under various degrees of risk aversion
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APPENDIX
A

Stationary system

Letting & := x4/A; Vx € {c,i,GDP,w,y}, V, = Vt/Atl_", GF := ki/ki_1, and
TAC(G;) =2 ( i

2
i — E) , the relevant system reads as follows:

~l—0

1+v
V= X0 o Ry (Vi) T (10)
l1—-0c 14v t
X = e (11)
o . -
ét_t,_lG,’f) [ _‘/t—i-l ]
meer = B ( : : (12)
“ [E¢[(—= Vi)' 7)] T
mip1 Iy )
1=F . 13
' ( & g 13)
X iy — i1 — TAC(ig41)
1 Et me+1 - ~ (14)
Qt 1— 5 %t-&-l
+ Qi1 |( )+ o
N
-0 1+¢(Zt_k>] (15)
il _ 1t (16)
ar oy
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' Gi+1GY (

gD(Ht — H*)Ht = (1 — 9) + HMCt + Et mi+1 - @ (Ht+1 — H*) Ht+1 5 18)
t
g =" (19)
GDP, = i — i - % (I, — IT*)2 — TAC(iy) (20)
¢+ = GDPy (21)
i
GF=(1-0)+= (22)
Q
I, o Gbpt $GDP
R; = max<{ 1, R" <*> — (23)
II GDP/A
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