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Abstract
I investigate the welfare maximizing steady-state inflation rate in a heterogeneous-agent New Keynesian
model with Downward Nominal Wage Rigidity (DNWR). After matching the annual wage change distri-
bution in the U.S., I demonstrate that DNWR has a significant impact on the economy, particularly when
the inflation target is set low. The optimal inflation rate is estimated to be as high as 8.8%, and increas-
ing the inflation target to the optimal level yields a welfare gain of nearly 3.50%. While the results exhibit
sensitivity to parameterization, a broad range of calibrations indicates that the optimal inflation rate is
consistently above 3%.
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1. Introduction
In the early 1990s, central banks of New Zealand, Canada, and the United Kingdom officially
adopted an inflation-targeting regime, which was later followed by numerous other countries.
Since then, determining the optimal inflation target has become a central focus in monetary policy
research.1 The existing literature presents a wide range of estimates for the optimal inflation target.
Early studies proposed negative optimal inflation rates mainly based on Friedman rule (Cooley
and Hansen, 1989; Chari et al. 1996; Schmitt-Grohé and Uribe, 2004), whereas more recent papers
suggest positive inflation rates (Kim and Ruge-Murcia, 2011; Blanco, 2021; Adam and Weber,
2023), with some advocating for rates as high as 5% (Fagan and Messina, 2009).

An important motivation for targeting a high inflation rate is the friction in the labor mar-
ket called downward nominal wage rigidity (DNWR)–the inability of firms to reduce nominal
wages.2 A higher inflation rate provides firms with the flexibility to reduce wages in real terms
while keeping nominal wages constant. So, higher inflation relaxes this constraint but at the same
time increases the welfare cost associated with price dispersion.3 Since DNWR is a friction at
the worker level and affects the cross-section of individual wage changes, a representative agent
economy cannot fully capture its effects. A constraint on aggregate wages fails to account for
micro-level frictions, leading to an underestimation of the impact of this labormarket friction and,
consequently, the benefits of higher inflation. For DNWR to play a significant role, it is crucial to
fully account for worker heterogeneity (Daly and Hobijn, 2014). Accordingly, this study uses a
heterogeneous-agent New Keynesian model to quantify the trade-offs and identify the welfare-
maximizing steady-state inflation rate. Second, the quantitative importance of DNWR depends
heavily on how the nominal friction is specified and calibrated. To address this, different wage-
setting models have been considered to capture the DNWR constraint, and key parameters are
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calibrated based on recent empirical evidence on DNWR.4 The findings reveal that DNWR sig-
nificantly influences the economy, with the optimal steady-state inflation rate estimated to be as
high as 9%, yielding welfare gains of approximately 3.60%. Although the optimal inflation target
is sensitive to parameter choices, it consistently exceeds 3% across a broad range of calibrations.

Data on annual wage changes reveal that nominal wages exhibit downward rigidity, as nom-
inal wage cuts are rare and a substantial proportion of employees experience no change in their
nominal wage. This phenomenon, known as downward nominal wage rigidity, generates a trade-
off between inflation and unemployment at low inflation rates. Specifically, some firms may need
to reduce real wages due to the stochastic nature of productivity, but in a low inflation regime,
this necessitates nominal wage cuts, which are not commonly practiced by convention. Thus, if
the inflation rate is low and nominal wage cuts are not feasible, firms resort to layoffs instead. As
a result, positive shocks result in wage increases, while negative shocks lead to increased unem-
ployment. To put it differently, the long-run Phillips curve approaches verticality at high inflation
and flattens out at low inflation, indicating a progressive increase in the output cost of reducing
inflation (Daly and Hobijn, 2014).

According to Tobin (1972), when DNWR is pronounced, positive inflation acts as a lubricant
(“greases the wheels”) for the economy by promoting wage flexibility. A positive inflation rate
allows for greater downward real wage adjustments in response to shocks, as it provides more
leeway for real wage cuts while keeping nominal wages constant. Hence, a higher inflation rate
may be desirable to accommodate a wider range of real wage reductions.

Both survey data (Akerlof et al. 1996; Daly and Hobijn, 2014; Fallick et al. 2016) and adminis-
trative data (Kurmann and Mcentarfer, 2019; Jardim et al. 2019; Grigsby et al. 2021) indicate that
DNWR is empirically valid in the U.S. This phenomenon has also been observed in other coun-
tries as shown by Dickens et al. (2007), who document the empirical wage change distribution
based on cross-country datasets. In the U.S., the rate of no wage change–defined as the propor-
tion of employees experiencing no nominal wage adjustment within a year–has ranged from 5%
to 25% since 1980 and can reach up to 35% when considering only base wage changes, as docu-
mented by Grigsby et al. (2021).5 Furthermore, the correlation between the inflation rate and the
rate of no wage change from 1980 to 2020 is −0.65 (see Figure-C2), supporting Tobin’s original
idea that higher inflation should result in fewer nominal wage freezes.

While nominal wage freezes are common in the data, a non-negligible proportion of nominal
wage cuts is also observed. According to Grigsby et al. (2021), the rate of wage cuts is 15.7% when
bonuses are included and 2.5% when only base wages are considered.6 Given the high level of
wage freezes and missing cuts in the empirical distribution, a model with a DNWR constraint
imposed on aggregate wages within a representative agent framework–restricting aggregate wages
from falling below a certain threshold–may fail to accurately capture empirical findings. In reality,
DNWR is binding for a subset of households in each period. To effectively analyze the welfare
costs of DNWR, amodelmust replicate the empirical wage change distribution, which necessitates
the use of a heterogeneous-agent framework. That is, to address DNWR more accurately, one
needs to consider the heterogeneity in productivity at the household level. Firms seek to decrease
the real wages of workers who receive negative idiosyncratic productivity shocks in a period. In a
low inflation environment, real wage cuts are limited, leading to significant welfare costs due to
the inability to adjust wages optimally. However, this is offset to some extent by the lower welfare
cost of price dispersion in a low-inflation environment.

I incorporate the DNWR constraint into an otherwise standard New Keynesian model, and
then analyze the welfare costs at various steady-state inflation rates in order to determine the
optimal inflation rate in this standardmodel to make the results comparable to the previous litera-
ture. It examines the trade-off between the “grease” effect of inflation, which alleviates the DNWR
constraint, and the “sand” effect of inflation, which captures the costs of price dispersion and inef-
ficient price setting. In a low-inflation environment, the grease effect dominates, whereas at higher
inflation rates, the sand effect becomes more pronounced. In other words, while a higher inflation
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target reduces the welfare cost associated with DNWR, it simultaneously increases the welfare
cost of price dispersion. This trade-off is central to the welfare analysis and enables the identifica-
tion of the economy’s optimal inflation rate. Here, the model abstracts from other potential costs
of higher inflation, such as increased macroeconomic volatility, higher markups, and dispersed
inflation expectations (Ascari and Sbordone, 2014), and instead focuses solely on the trade-off
between DNWR and the distortion in relative prices caused by inflation, which represents the
standard cost of inflation in sticky price models.

I match the wage change distribution using a simple heterogeneous-agent model with an asym-
metrically staggered wage-setting mechanism, as proposed by Daly and Hobijn (2014). After
calibrating the model, I solve it for different steady-state inflation rates and conduct a welfare
comparison. According to the steady-state welfare analysis, the optimal steady-state inflation rate
is approximately 7%, rather than the current target of 2%, and could be as high as 9%when consid-
ering only changes in base wages. Even under extreme levels of price stickiness and the resulting
cost of inflation, the model suggests an optimal rate above 3%. In a standard New Keynesian
framework, with only minor modifications to the wage-setting mechanism to imitate the DNWR
constraint, I find that the optimal inflation rate is considerably higher than the 2% benchmark set
by the Federal Reserve or the slightly positive rates typically regarded as ”normal.” This finding
is quite robust to changes in the nearly all parameters in a standard model. By accounting for the
nonlinearity introduced by DNWR in the labor market, the result inferred from a very standard
model is significantly different from previous literature.

The paper is structured as follows: In Section 2, I review the relevant literature and outline
my contribution. Section 3 presents the model, a heterogeneous-agent New Keynesian framework
incorporating the DNWR constraint at the household level. Section 4 presents the steady-state
results and Section 5 includes a sensitivity analysis of the steady-state results. Section 6 presents
the results obtained from the model with asymmetric menu cost wage setting as an alternative to
the benchmark model with asymmetric Calvo-type wage setting. Finally, Section 7 concludes the
paper.

2. Related literature
Downward nominal wage rigidity has become an important research topic that can leverage recent
increases in computational capabilities. Elsby (2009) analyzes the distribution of wage changes
using a partial equilibrium model that incorporates DNWR and evaluate its implications for
aggregate wage growth. Their main finding is that while DNWR prevents wage cuts, it also sup-
presses wage increases, leading to the conclusion that the macroeconomic effects of DNWR are
limited.

Kim and Ruge-Murcia (2009) and Kim and Ruge-Murcia (2011) introduce an asymmetric cost
to wage adjustments and analyze the effect of DNWR on the optimal level of “grease” inflation,
in a representative agent model. They conclude that the optimal inflation target should be near 1
percent. Benigno and Ricci (2011), on the other hand, incorporate a DNWR constraint into indi-
vidual wage-setting problems in a heterogeneous-sector model, accounting for both idiosyncratic
and aggregate shocks. They explore the implications of DNWR for the shape of the Phillips curve
and conclude that positive inflation can facilitate both intratemporal and intertemporal relative
price adjustments, although they do not provide an estimate for the optimal inflation rate.

Fagan and Messina (2009) utilize a modified menu cost model for wage setting and conduct
a welfare analysis, determining that the optimal inflation target under DNWR is 2 percent but
can vary up to 5 percent based on estimates for the probability of menu costs within the model.7
If half of households are exempt from menu cost constraints annually, the optimal rate is esti-
mated at 2 percent, increasing to 5 percent if the binding frequency of menu costs rises to 80
percent. Daly and Hobijn (2014) employ a discrete-time model to analyze the mechanism behind
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the flattening of the Phillips curve by incorporating the DNWR constraint, similar to Benigno and
Ricci (2011), and they solve for transition dynamics in response to demand and supply shocks to
analyze the bending of the Phillips curve. They examine the relationship between the unemploy-
ment rate and the degree of downward nominal wage rigidity. Schmitt-Grohe and Uribe (2016)
introduce a DNWR constraint for the aggregate wage in a standard representative agent model
and analyze the impact of currency peg in this setting. Amano and Gnocchi (2023) and Billi and
Galí (2020) document that wage rigidity reduces the severity of demand-driven recessions, par-
ticularly during zero lower bound periods, in a representative agent setting. In this context, the
aggregate DNWR constraint is binding in a demand-driven recession, distorting the labor market
but making marginal costs rigid, thereby decreasing the volatility of inflation and the zero lower
bound binding frequency. Consequently, wage flexibility might decrease welfare in such reces-
sions.8 Jo (2021) analyzes different wage-setting schemes in the literature and shows that a model
with a downward nominal wage rigidity constraint is the most consistent with empirical findings
regarding the wage change distributions.

Mineyama (2022) employs a wage-setting framework with asymmetric adjustment costs, sim-
ilar to Fagan and Messina (2009), to match the empirical distribution of wage changes and
estimates an optimal inflation target between 1.4 percent and 2.6 percent. The model’s param-
eterization plays a significant role in producing a relatively low welfare cost associated with the
downward nominal wage rigidity constraint. Additionally, the assumption of wage flexibility for
job switchers further reduces the welfare cost; however, Hazell and Taska (2020) document that
wages for new hires are also downwardly rigid. The paper discusses the differences between
the model presented here and Mineyama (2022) in a dedicated section, comparing the results
accordingly.

The present model adopts a simpler wage-setting mechanism that deviates slightly from the
standard New Keynesian model to match the annual wage change distribution, thereby enhanc-
ing its comparability to prior literature. A simplified DNWR constraint, widely used in recent
studies, is employed to capture labor market dynamics and explain the flattening of the Phillips
Curve in a straightforward manner. The primary contribution of this study lies in implementing
the DNWR constraint, as utilized in recent papers (Guerrieri et al. (2021, 2022); Schmitt-Grohe
and Uribe (2016); Shen and Yang (2018); Dupraz et al. (2025); Jo and Zubairy (2025); Rouillard
(2023)) and demonstrating its welfare implications. While this approach has become standard in
macroeconomic modeling, its welfare implications have not been thoroughly explored. This study
highlights that the DNWR constraint, when calibrated to match the empirical wage change dis-
tribution, generates substantial welfare costs and should be incorporated cautiously into standard
models.9 In summary, this study employs a widely adopted version of the DNWR constraint and
conducts a steady-state welfare analysis across various trend inflation rates to evaluate the welfare
costs associated with DNWR.10

I match the annual wage change distribution by using the most recent empirical data based
on the estimates of Grigsby et al. (2021), derived from administrative data, and the San Francisco
Fed’s wage rigidity estimates, which are based on the Current Population Survey (CPS) data.11
The empirical match is crucial for the welfare analysis because the significance of the DNWR
channel depends on the wage freeze rate in the annual wage change distribution.12 The model
assumes no aggregate uncertainty and focuses on this cross-sectional heterogeneity. To the best
of my knowledge, Coibion et al. (2012) - which analyzes optimal steady-state inflation using a
standard representative-agent New Keynesian model without heterogeneity - is the closest paper,
in terms of the main research idea. They find that the optimal inflation may range from 1% to 3%
depending on assumptions related to price stickiness, DNWR, zero lower bound, and uncertainty.
To facilitate a meaningful comparison with their findings, I calibrate my model by closely follow-
ing their approach. This allowsme to document how the DNWR constraint influences the optimal
inflation rate in a heterogeneous-agent model within a standard New Keynesian framework. The
main finding is that the optimal inflation rate is approximately 7%, with its level shaped to some
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extent by the parameterization and the modeling approach. However, the conclusion of a higher
optimal inflation rate–significantly above the conventional 2% target–remains robust across alter-
native calibrations and wage-setting mechanisms. Importantly, this study quantifies the welfare
impact of the DNWR constraint and estimates the optimal inflation target while also accounting
for the “sand” effect of price dispersion in the economy.

3. Model
I employ a New Keynesian model, which includes a standard Calvo pricing friction but an asym-
metric wage setting friction, following Daly and Hobijn (2014) and Jo (2021). The households are
heterogeneous in their productivity levels. Basically, I introduce a downward wage rigidity setting
into an otherwise standard New Keynesian model without capital accumulation.

3.1 Households
In this economy, there is a continuum of households, indexed by i on the unit interval and they
supply differentiated labor input to the labor packer. Households differ in their productivity due
to idiosyncratic productivity shocks they receive each period. The labor packer combines labor
into aggregate labor with the following Dixit-Stiglitz technology:

Lt =
(∫ 1

0
(qt(i)lt(i))

εw−1
εw di

) εw
εw−1

,

where idiosyncratic shock qt(i) follows AR(1) process:

ln
(
qt+1(i)

)= ρq ln
(
qt(i)

)+ εt+1(i), εt+1(i)∼N

(
0, σ 2

q

)
.

The idiosyncratic productivity process is assumed to be persistent, unlike Daly and Hobijn
(2014), and the persistency is calibrated based on Guvenen (2009) to make it as standard as
possible.13

The maximization problem of the competitive labor packer is

max
lt(i)

WtLt −
∫ 1

0
Wt(i)lt(i).

The first-order condition of the cost minimization problem of labor packer implies

Wt
εw

εw − 1

(∫ 1

0
(qt(i)lt(i))

εw−1
εw di

) 1
εw−1

qt(i)
εw−1
εw lt(i)

−1
εw
εw − 1
εw

=Wt(i).

Then, I can get the labor demand as

lt(i)= qt(i)εw−1
(
Wt(i)
Wt

)−εw
Lt .

The relative demand for labor of type i is a function of its relative wage, productivity, and the
elasticity εw. Using the demand, I can find aggregate wage as

Wt =
[∫ 1

0

(
Wt(i)
qt(i)

)1−εw
di

] 1
1−εw

,

which can be written in terms of real wage as well.
Households have CRRA utility and their preferences are additively separable in consumption

and labor. They choose consumption, saving as nominal stock of bonds, nominal wage, and labor
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supply to maximize the expected lifetime utility. The following is the maximization problem of
households

max{Ct(i),Bt+1(i),Wt(i),lt(i)}Et�
∞
t=0β

t
[
Ct(i)1−σ

1− σ
−ω

lt(i)1+ψ

1+ψ

]

subject to
PtCt(i)+EtQt+1Bt+1(i)≤ Bt(i)+Wt(i)lt(i)+	t ,

ldt (i)= qt(i)εw−1
(
Wt(i)
Wt

)−εw
Lt ,

andDNWR constraint,
where price of consumption good Pt , unique stochastic discount factor Qt+1 and aggregate labor
supply Lt are taken as given by households.	t is profit distributed lump sum to households. Here,
the downward nominal wage rigidity (DNWR) constraint is defined as

if w∗
t (i)≥

wt−1(i)
πtAt

{
wt(i)=w∗

t (i),

if w∗
t (i)<

wt−1(i)
πtAt

{
wt(i)= wt−1(i)

πtAt
with the prob μDNWR

wt(i)=w∗
t (i) with the prob (1−μDNWR)

wherew∗
t is the optimal real wage of households if the constraint does not bind and solution to the

maximization problem presented below. Here, households adjust their nominal wages upwards
without restriction, but they are only able to decrease their nominal wages with a probability of
1−μDNWR. Otherwise, if they are unable to decrease their nominal wages, they must keep them
constant. This does not eliminate real wage cuts completely because if inflation is positive, keeping
the nominal wage constant is simply a real wage cut. There is also aggregate productivity growth
factor At , which provides additional scope for real wage reductions.14

The DNWR constraint simply implies an asymmetric Calvo wage setting scheme, where house-
holds have flexibility in increasing their wages but are restricted from decreasing them with some
probability. Due to idiosyncratic productivity shocks, some households each period may wish
to decrease their wages, but the DNWR constraint may prevent them from doing so, causing a
spike in the wage freeze rate in the wage change distribution. Depending on the value of μDNWR,
some households may be able to decrease their wages, which constitutes wage cuts in the wage
change distribution. This friction leads to differences in wages across households and, therefore,
differences in the labor hours supplied by each household.

In this framework, I assume that households have access to complete state-contingent assets,
allowing for complete consumption insurance and uniformity of consumption across households
(Benigno and Ricci, 2011), as a result of their separable utility functions.

Ct(i)= Ct

Market completeness ensures that there is a unique stochastic discount factor that prices any asset.
The first-order condition for households with respect to nominal bond holdings

Et [Qt+1it]= 1

where the nominal discount factor is Qt+1 = β
u′(Ct+1)
u′(Ct)

Pt
Pt+1

and it denotes the gross nominal inter-
est rate. The Euler equation can be derived from the first-order conditions for consumption and
nominal bond holdings.

βEt

[(
Ct+1
Ct

)−σ it
πt+1

]
= 1
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Since there is no capital in this economy, all production is consumed. Output is equal to
consumption and I can rewrite the Euler equation as

βEt

[(
Lt+1
Lt

vpt
vpt+1

)−σ
it
πt+1

]
= 1

where πt is inflation rate, vpt is price dispersion, and it is nominal interest rate.
Due to heterogeneity in productivity (as a result of uninsurable idiosyncratic productivity

shocks), the labor supply differs across households, and leisure is not fully insured. Two Bellman
equations characterize the dynamic planning problem of a household. Given the aggregates
�t ≡ {Lt , πt , vpt }, the value function for constrained households, who cannot nominally decrease
their wages, can be written as

VDNWR
t (qt(i),wt−1(i); �t)
= max

wt(i)≥wt−1(i)
πtAt

�(qt(i),wt(i); �t)

+ βE
[
(1−μDNWR)VFlex

t+1 (qt+1(i),wt(i); �t+1)+μDNWRVDNWR
t+1 (qt+1(i),wt(i); �t+1)

]
And the value function for households that can change their wages flexibly is

VFlex
t (qt(i),wt−1(i); �t)
=max

wt(i)
�(qt(i),wt(i); �t)

+ βE
[
(1−μDNWR)VFlex

t+1 (qt+1(i),wt(i); �t+1)+μDNWRVDNWR
t+1 (qt+1(i),wt(i); �t+1)

]
where

�(qt(i),wt(i); �t)=

⎛
⎜⎜⎜⎝qt(i)εw−1wt(i)

(
wt(i)
wt

)−εw
Lt

(
Lt
vpt

)−σ
−ω

[
qt(i)εw−1

(
wt(i)
wt

)−εw
Lt
]1+ψ

1+ψ

⎞
⎟⎟⎟⎠,

and wt is real detrended aggregate wage, Lt is aggregate labor supply, v
p
t is price dispersion, and

At is trend productivity growth, which is assumed to be constant.15
For constrained households, wages in the current period cannot go below nominal wages set in

the previous period. Households, who are allowed to change, are free to set their nominal wages
flexibly, but they know the DNWR constraint might bind in the future.16 Daly and Hobijn (2014)
analytically prove that the ones who are subject to DNWR constraint keep their nominal wages
constant (a real wage cut), which creates the wage freeze rate in the wage change distribution. The
parameter μDNWR and the idiosyncratic productivity process affect the wage freeze and cut rates,
and the model can be calibrated using this degree of freedom.

3.2 Firms
There are two types of firms: final good and intermediate good firms. The final goodYt is produced
as a combination of a continuum of intermediate goods Yt(j) with j∈(0,1).

Yt =
( ∫ 1

0
Yt(j)

εp−1
εp

) εp
εp−1

,
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where εp is greater than 1. The profit maximization problem of the final goods firm is

max
Yt(j)

Pt
(∫ 1

0
Yt(j)

εp−1
εp

) εp
εp−1

−
∫ 1

0
Pt(j)Yt(j)dj.

As a result, I can write the output of firm j as

Yt(j)=
(
Pt(j)
Pt

)−εp
Yt . (1)

Then, it is straightforward to derive the price as

Pt =
( ∫ 1

0
Pt(j)1−εp

) 1
1−εp

.

Monopolist intermediate goods producer j produces according to a constant return to scale
technology.

Yt(j)=AtLt(j). (2)

There is a single sector in this economy and firms are identical (representative firm). Intermediate
goods firms rent labor in a perfectly competitive market. Each period, they try to minimize their
cost by solving the following problem

min
Lt(j)

WtLt(j) subject to (2)

Then, the first-order condition is

MCt(j)= Wt
At

≡MCt .

where MCt is nominal marginal cost and identical across intermediate goods firms due to facing
common wage in the market. Then, I can define real marginal cost asmct = MCt

Pt .
Firms set prices through the Calvo mechanism. Every period, with some probability (1-μp),

firms are able to reset their prices optimally. In this setting, the dynamic problem of a firm is the
following:

max
Pt(j)

Et

∞∑
s=0

(
βμp

)s (Ct+s
Ct

)−σ (Pt(j)
Pt+s

(
Pt(j)
Pt+s

)−εp
Yt+s −mct+s

(
Pt(j)
Pt+s

)−εp
Yt+s

)
.

Firms solve the profit maximization problem and choose the optimal price. After getting FOC, it
can be simplified into

P∗
t = P∗

t (j)=
εp

εp − 1
Et
∑∞

s=0 (βμp)sC−σ
t+smct+sP

εp
t+sYt+s

Et
∑∞

s=0 (βμp)sC−σ
t+sP

εp−1
t+s Yt+s

.

The optimal reset price P∗
t is the same for every firm that is not allowed to change its prices. Finally,

as shown in the literature, the price dispersion evolves according to a recursive formula

vpt =μpπ
εp
t vpt−1 + (1−μp)

(
P∗
t
Pt

)−εp
.

3.3 Monetary policy
Since both prices and wages in the economy are sticky, monetary policy has an effect on the allo-
cation of resources. Monetary policy is given by a standard Taylor (1993) rule, and the interest
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rate is bounded by zero.

i∗t = πA
β

(
yt
y

)ϕY (πt
π

)ϕπ
,

it =max{i∗t , 1},
where the central bank targets the inflation rate, π , but also tries to stabilize the output gap. y is
the steady state output and A is the steady-state productivity growth.

3.4 Market clearing
Market clearing requires that the good market, asset market, and labor market clear.

Yt = Ct ,

Bt ≡
∫ 1

0
Bt(i)di= 0,

Lt =
∫ 1

0
Lt(j)dj.

Because of fully insured consumption, the asset market trivially clears. In addition, the nominal
output is equal to nominal wage payment in this economy.

PtYt = PtCt =WtLt .
Using (1) and (2), I can write

AtLt(j)=
(
Pt(j)
Pt

)−ε
Yt .

By integrating over j, I get

At

∫ 1

0
Lt(j)dj=AtLt = Yt

∫ 1

0

(
Pt(j)
Pt

)−ε
dj.

So, the aggregation gives the output at time t

Yt =
At
(∫ 1

0 (qt(i)lt(i))
εw−1
εw di

) εw
εw−1

vpt
, (3)

where price dispersion is vpt = ∫ 10 (Pt(j)
Pt

)−ε
dj. The trade-off is mainly stemming from

equation (3). If inflation is positive, due to staggered price setting, there is going to be price dis-
persion and vpt becomes higher than 1, which leads to a decrease in output at time t. However,
an increase in inflation reduces the wage freeze rate (less binding DNWR constraint), enabling
households to optimize their wage setting and supply more labor, resulting in higher output. This
trade-off makes the welfare analysis in this paper particularly intriguing.

3.5 Equilibrium
An equilibrium of this economy consists of a path {Ct , Lt , Yt , it , πt , v

p
t ,Wt} that satisfies (i) the

production function, (ii) the Euler equation, and (iii) the Taylor rule. Given the aggregates, house-
holds’ decision rule solves the wage setting problem. Goods, labor, and bond markets clear in
equilibrium.
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Since the wage setting decision of households depends on past wage-setting decisions on top
of current aggregate economic conditions and expectations, it is not possible to analytically solve
the model. Thus, the steady-state equilibrium (and transition dynamics in appendix) are solved
numerically. For that, I utilize a supercomputer to parallelize the computation process, which is
grid-based and suffers from the curse of dimensionality.17

4. Steady-state and calibration
In steady-state, equation (3) becomes

Y = C = AL
vp

.

where the price dispersion can be written in terms of inflation, and at the steady-state it is
straightforward to show that it becomes

vp =
(
1−μp

) (
π
π∗
)εp

1− πεpμp
. (4)

where π∗ = P∗
t

Pt−1
is the reset price inflation and π is the trend inflation rate. Firms that are allowed

to update prices in a given period will set their prices to a common reset price, denoted as P∗
t . Since

not all prices can adjust, some remain fixed at their previous-period levels. However, the ability of
some firms to adjust their prices creates price dispersion.When a firm has the opportunity to reset
its price, it must overadjust to account for trend inflation during the expected duration for which
it will be unable to change the price. This overadjustment becomes more pronounced with greater
price stickiness (higher μp) and higher trend inflation. The reset price inflation can be written as

π∗ =
(
π1−εp −μp

1−μp

) 1
1−εp

. (5)

In this setting, if there is no trend inflation, then π∗ = 1, which implies vp = 1. As inflation
increases, the price dispersion also increases, and this dispersion becomes larger when prices are
stickier. Finally, I can write the output as

Y =
A
(∫ 1

0 (q(i)l(i))
εw−1
εw di

) εw
εw−1

vp
, (6)

where the integral in the nominator is non-trivial because of the asymmetric Calvo wage set-
ting mechanism. In the standard NK setting (Andrade et al. 2019), the output is Y = AL

vpvw , where
both price dispersion and wage dispersion create inefficiencies. In my model, the impact of wage
dispersion is implicitly captured in the aggregation of labor supply.

Themodel will be calibrated to replicate the empirical wage change distribution, which exhibits
a spike at zero nominal wage change. The model is calibrated and solved at a quarterly frequency
but is then aggregated to an annual frequency, matching the frequency at which wage changes are
observed in the data. Empirical studies show that the annual freeze rate changes between 5 to 33
percent. In this study, I followed the wage rigidity estimates of Grigsby et al. (2021) and the San
Francisco Fed, which is updated quarterly based on the CPS data. To calibrate the model, first, I
aim to achieve a wage freeze rate of 11.6%, which represents the average value observed during
the Great Recession,18 by setting the DNWR parameterμDNWR to 0.75. For this specification, only
first and second moments of the annual wage change distribution are retrieved from Grigsby et al.
(2021). However, in a separate specification, I match the base wage change distribution (instead
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Figure 1. Distribution of annual wage changes under DNWR at 2% trend inflation.
Notes: The figure plots the annual wage change distribution for two specifications considered in the paper. The first specifi-
cation includes total wage changes and has a lower freeze rate, while the second specification includes base wage changes
andhas a higher freeze rate. See Table-1 for details about the distributions. Themodel is run at a quarterly frequency, and the
distributions are then annualized to match the empirical distribution. The wage freeze rate, mean, and standard deviation
of wage changes are the targeted moments. See Figure-C10 for the quarterly distributions.

of total wage change) presented in Grigsby et al. (2021), where the wage freeze rate is extremely
high, 33.2% compared to other estimates in the literature, which is matched by setting μDNWR to
0.95. Then, I compare these two specifications to understand how sensitive results are to various
empirical distributions.

The annual empirical wage change distribution closely resembles the one depicted in Figure-1a,
particularly when annual bonus payments are included alongside base earnings, as in Grigsby
et al. (2021).19 In Figure-1b, the base wage change distribution reported in the same paper is
matched, representing the extreme example of the wage freeze rate, since bonuses and overtime
payments are excluded. The paper presents results for both of these specifications. Due to data
limitations, evaluating the accuracy of the models for quarterly wage change distributions can be
challenging. Consequently, this study focuses on the distribution of annual wage changes, and the
model accurately fits this distribution by adopting an asymmetric wage-setting mechanism and
assuming an idiosyncratic productivity process calibrated to match the standard deviation of the
observed distribution.20

Since the idiosyncratic productivity process is assumed to follow an AR(1) process, the wage
change distribution is normally distributed in the absence of rigidity in wage setting. However,
as the DNWR parameter increases, the wage freeze rate in the distribution rises, as some wages
cannot adjust nominally downward.21 With higher values of the DNWR parameter, a spike at
zero nominal wage change becomes evident in the annual wage change distribution, as shown in
Figure-1.

As documented in Table-1, the model accurately captures the targeted moments of the dis-
tribution, including the freeze rate and the first and second moments. In an effort to be more
conservative regarding welfare costs, I first match a slightly more flexible wage change distribu-
tion, which has a lower freeze rate and more wage cuts. This provides a lower bound for the cost
of DNWR. Subsequently, the model is calibrated to match the high freeze rate of 33.2% observed
in base wage change distributions documented by Grigsby et al. (2021) using administrative data,
which is considered more reliable than CPS data due to the absence of reporting and measure-
ment errors. By focusing on base wages, matching this freeze rate–one of the highest reported in
the literature–provides an upper bound for the cost of DNWR in this setting.22
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Table 1.Targeted and untargeted moments

Total Wage
Changes

Base Wage
Changes

Targeted Moments Model Data Model Data Source

Wage Freeze Rate 11.6% 11.6% 33.2% 33.2% FED/Grigsby et al. (2021)
.. . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . .

Std of Wage Changes 7.7% 7.7% 6.3% 6.3% Grigsby et al. (2021)
.. . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . .

Mean of Wage Changes 4.0% 4.0% 3.9% 3.9% Grigsby et al. (2021)
.. . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . .

Untargeted Moments
. . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . .

Wage Cut Rate 21.7% 15.7% 4.8% 2.5% Grigsby et al. (2021)

Notes: The table presentsmoments for two empirical wage change distributions. The first uses thewage freeze rate from thewage
rigidity meter of the San Francisco FED, along with other moments derived from the annual total wage change distribution in
Grigsby et al. (2021). The second uses the moments from the annual base wage change distribution in Grigsby et al. (2021). The
parametersμDNWR , A, σq are calibrated to match these moments.

Table 2.Parameterization of the model

Parameters Value Description Source/Target

Calibrated Parameters outside of the model
. . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . .

σ 1 Relative Risk Aversion Coibion et al. (2012)
.. . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . .

β 0.995 Discount rate Daly and Hobijn (2014)
.. . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . .

ψ 1 Inverse of Frisch elasticity Coibion et al. (2012)
.. . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . .

ω 1 Utility cost of labor Coibion et al. (2012)
.. . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . .

εp 10 Elasticity of substitution for goods Standard
.. . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . .

εw 10 Elasticity of substitution for labor εw = εp
. . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . .

μp
4
7 Degree of price stickiness Coibion et al. (2012)

.. . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . .

ρq 0.82 Persistence of idiosyncratic shock Guvenen (2009)
.. . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . .

Calibrated Parameters within the model
. . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . .

μDNWR 0.75 – 0.95 Probability of DNWR Freeze Rate: 11.6% – 33.2%
.. . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . .

A 1.6% Annual Productivity Growth Mean of Wage Changes: 4.0% – 3.9%
.. . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . .

σq 0.060 – 0.066 Standard deviation of idiosyncratic shock Std of Wage Changes: 7.7% – 6.3%

Notes: The table presents the calibration of themodel. Parameters are chosen to be as standard as possible to ensure the results are comparable
to the existing literature. Three parameters are calibrated to match the empirical wage change distributions; this table presents the calibration
for both specifications used in the paper.

4.1 Welfare analysis
I define the welfare at the steady-state as the sum of household utilities using the invariant
distribution by following Fagan and Messina (2009):

U(C, lij)= C1−σ

1− σ
−ω

⎛
⎝�Nw

i=1�
Nq
j=1Fi,j

l(1+ψ)i,j

(1+ψ)

⎞
⎠

where Nw and Nq are the size of finite real wage and productivity grids, respectively. Since I use
a non-stochastic simulation method and I approximate the distribution of real wage with a his-
togram composed of equally spaced bins for each value of productivity, I canmap this distribution
into labor supply one-to-one and get the labor supply distribution lij. Fw,q is the invariant joint dis-
tribution of the model and the aggregate utility is calculated by using the invariant distribution of
the model as a counting scheme. The parameters used in the analysis can be found in Table-2.
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Bils and Klenow (2004) estimate that firms reset prices every 4 to 5 months and Nakamura and
Steinsson (2008) find that firms change prices every 9 to 11 months.23 In accordance with Coibion
et al. (2012), I choose the middle of this range (7 months) and set the degree of price stickiness
accordingly. In fact, this parameter is crucial to the analysis, as its impact on the cost of inflation
is highlighted in Nakamura et al. (2018). Consequently, one side of the trade-off (sand-effect) in
the paper depends on the choice of this parameter. To address this, I provide a robustness exercise
examining the impact of this side.

I calibrate the model using two different specifications. In the first specification, to match the
wage freeze rate of 11.6% in the annual total wage change distribution, μDNWR is calibrated to
0.75, and to match the second moment of the distribution, σq is set to 0.06. In the second spec-
ification, to match the wage freeze rate of 33.2% in the base wage change distribution, μDNWR

is calibrated to 0.95, and σq is set to 0.066. To accurately match the mean of wage changes, the
productivity growth rate is set to 1.6% per year, which is approximately the average annualized
labor productivity growth over 2008–2019.24 To facilitate comparison with Coibion et al. (2012),
all parameters except for productivity growth are taken directly from that paper, including the use
of log utility for consumption. The Frisch elasticity parameter is set to 1.25 The elasticity of substi-
tution between goods and labor is assumed to be equal and set to 10, implying a markup of 11%.
The persistence of idiosyncratic productivity shock is taken fromGuvenen (2009).26 The standard
deviation of idiosyncratic shocks is calibrated to match the standard deviation of the wage change
distribution.27 The annual discounting in the model is assumed to be 2%, following Daly and
Hobijn (2014). Therefore, the quarterly discount rate is set to 0.995.

Using this set of parameters, I calculate welfare for various steady-state inflation rates. Two
primary channels significantly influence welfare in this analysis: (1) the presence of DNWR,
which reduces labor supply and is mitigated by a higher inflation target (the “greasing” effect),
and (2) price stickiness, which creates economic distortions through increased price dispersion at
higher inflation rates (the “sand” effect).28

To facilitate welfare comparisons, I first calculate welfare for a flex-price economy–where
prices and wages are fully flexible–as the benchmark case. I then measure welfare losses in
economies with DNWR constraints and/or price rigidity as deviations from the benchmark
economy across different trend inflation rates. These welfare losses are expressed in terms of
consumption equivalence.

ln(λCn)−ω

(
�

Nw
i=1�

Nq
j=1F

n
i,j
lni,j

(1+ψ)

(1+ψ)

)
= ln(C)−ω

⎛
⎝�Nw

i=1�
Nq
j=1Fi,j

l(1+ψ)i,j

(1+ψ)

⎞
⎠

In this equation, the benchmark scenario is indicated with a superscript “n” (natural level), and
“F” represents the stationary distribution over the wage and productivity space, which act as state
variables in the model. I calculate the values of λ (consumption equivalence), which reflect the
welfare cost of deviations from the flex-price and flex-wage case, for various model specifications.

As documented in Figure-2a, the DNWR constraint becomes less costly as the inflation rate
increases, due to the decreasing wage freeze rate (also known as the “grease effect”). Although
the relationship is not perfectly linear, increasing trend inflation by 1 percentage point improves
consumption-equivalent welfare by approximately 0.3 percentage points. Under the high freeze
rate specification, this improvement is more pronounced, reaching nearly 0.8 percentage points.
This finding indicates that raising the inflation target alleviates the welfare cost of DNWR by
reducing distortions in the labor market. In standard models, staggered wage contracts are very
costly under positive trend inflation (Ascari et al. 2018).29 In my model, the asymmetry in stag-
gered wage contracts–where wages are flexible upward but rigid downward–leads to a reduction
in welfare costs as inflation increases.

Under flexible wages, the wage change distribution would follow a normal distribution, as the
idiosyncratic productivity shock is modeled as a Gaussian process, with wages adjusting to reflect
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Figure 2. Welfare costs of DNWR and sticky prices, separately.
Notes: The figure plots consumption-equivalent welfare for each specification as a function of the inflation rate, relative
to welfare in a fully flexible price and wage setting. It quantifies distortions in the labor market and goods market sepa-
rately, highlighting the trade-off between these two key channels. At inflation rates close to zero, the welfare cost of DNWR
is approximately 5%when the low freeze rate is matched and 10%when the high freeze rate is matched.

productivity. In this scenario, there are no distortions in the labor market, and deviations from
the flexible price-wage benchmark arise solely due to increased price stickiness at positive trend
inflation rates. The associated welfare cost is depicted in Figure-2b. Furthermore, in the absence
of heterogeneity and aggregate uncertainty, DNWR would not bind for representative agents,
resulting in no costs associated with DNWR. The same graph would be obtained in such a setting,
as inefficiencies would arise exclusively from the “sand effect.”

In short, Figure-2b shows that welfare costs increase with higher inflation under price sticki-
ness due to greater price dispersion and inefficient price allocation, with no distortions originating
from the labor market. The distortive impact of price dispersion arises because, when a firm
has the opportunity to reset its price, it must overadjust to account for trend inflation over the
expected duration during which it cannot change the price again. This overadjustment becomes
increasingly pronounced with greater price stickiness and higher trend inflation. If price stick-
iness is the only friction, without a DNWR constraint, the optimal inflation rate would be 0%,
consistent with the standard implication of a New Keynesian model.

Combining these two channels, Figure-3 illustrates which channel dominates for each specifi-
cation. With both channels active, the optimal steady-state inflation rate is found to be 6.8% when
total wage change distribution is matched and found to be 8.8% when base wage change distri-
bution is matched.30 Figure-C8 shows that the optimal rates drop to 4.8% and 6.0%, respectively,
if a higher price stickiness is assumed, with a price duration of 9 months instead of 7 months.
However, since prices become more flexible with a higher inflation rate, this is not a likely sce-
nario (Alvarez et al. 2018), and thus these rates may represent the most conservative estimates
in this exercise. Overall, the optimal rates in this analysis are relatively high compared to previ-
ous literature, highlighting the importance of the DNWR channel. This finding contrasts with the
conclusions drawn by Coibion et al. (2012), who, using a representative agent model, argue that
DNWR occasionally binds for aggregate wages and does not play a significant role. In fact, the
existence of DNWR can even be beneficial and, in some specifications, may reduce the optimal
inflation target by decreasing the binding frequency of the zero lower bound (ZLB) (Billi and Galí,
2020; Amano and Gnocchi, 2023). However, the analysis shows that when DNWR binds at the
individual level, it can create significant distortions in the labor market. Consequently, reducing

https://doi.org/10.1017/S1365100525000264 Published online by Cambridge University Press

https://doi.org/10.1017/S1365100525000264


Macroeconomic Dynamics 15

0 1 2 3 4 5 6 7 8 9 10

Annual Inflation in %

0.95

0.955

0.96

0.965

0.97

0.975

0 1 2 3 4 5 6 7 8 9 10

Annual Inflation in %

0.89

0.9

0.91

0.92

0.93

0.94

0.95

0.96

0.97
(a) (b)

C
on

su
m

pt
io

n 
Eq

ui
va

le
nc

e 
(  

)

C
on

su
m

pt
io

n 
Eq

ui
va

le
nc

e 
(  

)

Figure 3. Welfare cost of DNWR and sticky prices at different steady-state inflation rates.
Notes: The figure plots the consumption-equivalent welfare as a function of the inflation rate, relative to welfare under com-
pletely flexible prices. Both the DNWR channel and the price stickiness channel are active in this analysis. The red circle
indicates the peak of the curve. Panel (a) presents the results for the specificationwhere the annual total wage change distri-
bution is matched, while Panel (b) shows the results for the specification where the annual base wage change distribution is
matched. This figure quantifies the trade-off between these channels and indicates that the optimal inflation target is 6.8%
for the low freeze rate (11.6%) case and 8.8% for the high freeze rate (33.2%).

the binding rate of DNWR through higher inflation could lead to substantial welfare improve-
ments. It also differs from the estimates by Fagan and Messina (2009) and Mineyama (2022),
which employ variants of the menu-cost model in a heterogeneous agent setting.31 In the present
model, there are always some households who are constrained by DNWR and they cannot set
the optimal wages they would like to set in the absence of the DNWR constraint.32 As a result,
the DNWR channel alone significantly increases the optimal inflation rate.33 Setting the inflation
target at 6.8% instead of 2% results in a welfare gain of 1.10 percentage points in consumption
equivalence, while raising the rate to 8.8% leads to a much larger gain of nearly 3.60 percentage
points, which can be considered as the upper bound in this analysis.

Next, Figure-4a illustrates the significance of the wage freeze rate on the optimal inflation
target. When the wage freeze rate is high, reflecting the inability to adjust wages optimally, the
associated welfare cost also rises. By varying the DNWR parameter, the wage freeze rate can be
changed and the corresponding optimal inflation rates can be determined. As expected, with a
higher DNWR parameter, μDNWR, the wage freeze rate increases. Keeping all other parameters
constant, μDNWR is calibrated to modify the wage freeze rate in the distribution, and its effect
on the optimal inflation rate is documented. A higher μDNWR also raises the binding rate of the
DNWR constraint, resulting in greater labor market distortions and pushing the optimal inflation
rate even higher.

The results suggest that for extreme levels of wage freeze rates (37%), the optimal inflation tar-
get can reach as high as 9%. This indicates that when nominal wage cuts are entirely restricted
(μDNWR = 1), an optimal inflation rate of approximately 9% provides sufficient flexibility for
real wage reductions when necessary. Given that empirical distributions show an annual wage
freeze rate of 11.6% and a base wage freeze rate of 33.2%, the optimal inflation target should range
between 6.8% and 8.8%, as indicated by the two red dots in the graph.

Figure-4b documents the welfare gain if the inflation target is set to the optimal level based
on the economy’s wage freeze rate. It demonstrates how the optimal inflation target at different
wage freeze rates improves welfare, compared to an economy with a 2% inflation target, in terms
of consumption equivalence, using the optimal inflation rates documented above. If the wage
freeze rate is low in an economy, the improvement in welfare from setting the inflation target to
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Figure 4. Optimal steady state inflation and welfare gain.
Notes: The figure illustrates the optimal inflation rate as a function of the wage freeze rate and compares the welfare gain
achieved by setting the inflation rate to the optimal level for each wage freeze rate against the 2% target economy. When
the wage freeze rate in the wage change distribution is 11.6%, the optimal inflation rate is approximately 6.8%, with a
corresponding welfare gain of 1.1%, represented by a red circle. For a wage freeze rate of 33.2%, the optimal inflation
rate increases to 8.8%, with a corresponding welfare gain of 3.6%, represented by a red diamond. The parameter μDNWR

is recalibrated to adjust the wage freeze rate in the analysis.

the optimal rate is minimal. However, as the wage freeze rate increases, adjusting the target to
the optimal level becomes more important due to the higher welfare gains. In the case of the U.S.
economy, where the wage freeze rate for the total wage changes is 11.6%, setting the inflation target
to the optimal rate of 6.8% instead of 2% results in a welfare gain of 1.10 percentage points in terms
of consumption equivalence. Considering the rise in wage freeze rates since the 1980s, the welfare
cost of this labor market friction also increases over time if the target remains at 2%. In the case of
a 33.2% wage freeze rate for the base wage change distribution, raising the target to higher levels
can result in a welfare improvement exceeding 3.5 percentage points in terms of consumption
equivalence, which represents a substantial welfare gain by standard measures in the literature.

5. Sensitivity analysis and robustness check
The model suggests that the steady-state inflation rate should be between 6.8% and 8.8%; how-
ever, it is essential to verify whether this result is sensitive to the calibrated parameters. Variations
in parameter choices could influence the costs associated with the DNWR channel or the price
stickiness channel, potentially altering the optimal inflation rate. In this section, to provide conser-
vative estimates, I use the low freeze rate specification as the benchmark and examine all possible
variations in the parameterization of the model.

In Figure-5, the price elasticity parameter is analyzed. I decrease the parameter to 6 such that
markup has increased from 11% to 20%, which is in line with the recent literature about increasing
markups (De Loecker et al. 2020). Consistent with the literature,34 the welfare cost of price sticki-
ness is higher with a higher elasticity of substitution between intermediate goods (lower markup),
as demand is more elastic to price changes, increasing goods market misallocations due to price
rigidity. Consequently, with a higher markup, the optimal inflation rate is higher as well. To be
more conservative in estimating the optimal target, I assume an elasticity of substitution of 10
(markup of 11%) instead of 6 (markup of 20%) in the benchmark case.

The more flexible prices are, the lower the welfare cost of inflation. As shown in Figure-6, the
optimal inflation rate increases with more flexible prices, as the DNWR channel becomes dom-
inant. Price stickiness primarily affects the price-setting decisions of firms but does not impact
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Figure 5. Optimal inflation rate, markup.
Notes: The figure plots the consumption-equivalent welfare of economies with different markup rates as a function of the
inflation rate relative to welfare when prices are fully flexible. Diamond shape indicates the benchmark case.

0 1 2 3 4 5 6 7 8 9 10
Annual Inflation in %

0.82

0.84

0.86

0.88

0.9

0.92

0.94

0.96

0.98

1

5 Months
6 Months
7 Months
8 Months
9 Months
10 Months
11 Months

C
on

su
m

pt
io

n 
Eq

ui
va

le
nc

e 
(  

)

Figure 6. Optimal inflation rate, price stickinessμp.
Notes: The figure plots the consumption-equivalent welfare of economies with different price stickiness level as a function
of the inflation rate relative to welfare when prices are completely flexible. Diamond shape indicates the benchmark case.
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Figure 7. Optimal inflation rate, (Inverse) frisch elasticityψ .
Notes: The figure plots the consumption-equivalent welfare of economies with different Frisch elasticities as a function of
the inflation rate relative to welfare when prices are completely flexible. Diamond shape indicates the benchmark case.

the wage-setting process. As a result, changes to the price stickiness parameter influence price dis-
persion without altering the cost associated with the wage-setting process, as seen in equations
(4)–(6). When a firm resets its price, it needs to set it higher than necessary to account for the
anticipated inflation over the period during which it expects to be unable to adjust the price again.
This overadjustment becomes more pronounced with greater price stickiness (higher μp) and
higher trend inflation, leading to increased price dispersion and a more inefficient allocation of
prices. Consequently, the optimal inflation rate decreases as the stickiness parameter increases.

Bils and Klenow (2004) estimate that firms reset prices every 4 to 5 months, suggesting that
the optimal inflation rate under such conditions could be as high as 10%. On the other hand,
Nakamura and Steinsson (2008) estimate that firms change prices every 8 to 11 months when
considering regular prices, with the inclusion of product substitutions reducing the implied dura-
tion to 7 to 9 months. The 11-month duration for regular prices represents the upper bound of
estimates in the literature. Even under this assumption, the optimal inflation target exceeds 3%,
reaching approximately 3.6%.

However, as inflation rises, the frequency of price changes increases, as documented by Alvarez
et al. (2018). This suggests that in an inflationary environment, prices are unlikely to remain
highly sticky. Consequently, the cost of price dispersion associated with higher inflation is further
reduced when prices change more frequently, as shown by Levin and Yun (2007) and Nakamura
et al. (2018). The baseline calibration adopted here strikes a balance between the high and low-end
estimates in the literature, consistent with Coibion et al. (2012).

In Figure-7, I analyze variation in the levels of the (inverse) Frisch labor supply elasticity. I opt
to use a conservative estimate for Frisch elasticity (ψ = 1) for the benchmark case but if I increase
it further, the optimal inflation target increases because labor supply becomes more inelastic with
respect to wage and thus the cost of DNWR is higher.35 A higher value of ψ implies that the
disutility from labor supply is more convex, leading to greater welfare losses due to inefficient
wage setting.
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Figure 8. Optimal inflation rate, std of productivity σq.
Notes: The figure plots the consumption-equivalent welfare of economies with different Frisch elasticities as a function of
the inflation rate relative to welfare when prices are completely flexible. Diamond shape indicates the benchmark case.

Figure 9. Optimal inflation rate, DWNR parameterμDNWR.
Notes: The figure plots the consumption-equivalent welfare of economies with different DNWR parameter as a function of
the inflation rate relative to welfare when prices are completely flexible. Diamond shape indicates the benchmark case.
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Since the distortionary impact of DNWR on labor supply is more costly when the labor supply
elasticity is lower, a higher value of ψ–which corresponds to a lower Frisch elasticity–results in
greater welfare costs associated with the DNWR channel. This shift increases the optimal inflation
rate. The Frisch elasticity is a critical parameter in this analysis, and as shown in Figure-7, themain
findings are robust to variations in this parameter.

In Figure-8, I calculate the optimal inflation rate as the standard deviation of the shock process
varies. As a result, I observe a less (more) dispersed wage change distribution with a lower (higher)
wage freeze rate, leading to lower (higher) welfare costs stemming from the DNWR channel. Even
if the standard deviation is reduced by half, the welfare cost due to the DNWR constraint remains
high: the estimated optimal trend inflation is 4.4%, significantly higher than the current target of
2%.

Finally, the parameter representing the degree of downward wage rigidity, denoted by μDNWR,
plays a crucial role in determining the welfare cost associated with such rigidity, as illustrated in
Figure-9. A higher value of μDNWR implies a higher wage freeze rate, resulting in a more rigidity
on wages and a higher degree of distortion in the labor market. Consequently, the optimal infla-
tion rate shifts to the right, potentially reaching as high as 8%. Since the empirical estimates show
that the wage freeze rate in the U.S. is around 11.6%, the paper suggests that the inflation target-
ing should be set as high as 7% to promote a more flexible labor market and lower the long-run
unemployment rate.36 Even if a low level of downward rigidity is assumed, the optimal inflation
target would still need to be higher than 4.5%.37

6. Asymmetric menu cost model
Now, instead of modeling with Calvo type wage setting process, I introduce DNWR with asym-
metric menu cost pricing. For that, I focus solely on base earnings as in Grigsby et al. (2021) and
match moments accordingly. The wage-setting part of the model has been changed to integrate
menu cost as follows:

if w∗
t (i)≥

wt−1(i)
πtAt

{
wt(i)=w∗

t (i) and no cost,

if w∗
t (i)<

wt−1(i)
πtAt

{
wt(i)=w∗

t (i) and pays� .

Here, w∗
t is the optimal real wage of households. Households are free to adjust their wages upward

nominally, but they incur a utility cost � if the adjustment is nominally downward. The cali-
bration remains the same as in the benchmark case; the only difference is that the menu cost
parameter � is set to 1.145 to match the wage freeze rate in the base wage change distribu-
tion, replacing the μDNWR parameter. Additionally, σq is slightly adjusted to 0.063 to match the
standard deviation of the distribution accurately.

Figure-10 demonstrates that incorporating DNWR through an asymmetric menu cost model
yields the same optimal inflation rate of 8.8% when the empirical base wage change distribution
is accurately matched. This finding underscores the robustness of the results, as moving from
an asymmetric Calvo-type wage-setting model to an asymmetric menu-cost framework does not
lead to significant differences, provided that the wage change distribution is accurately captured.
Notably, the welfare cost of DNWR under the menu-cost model is smaller than that under the
Calvo-type model at low inflation targets. Furthermore, while the welfare cost declines as the
inflation rate increases, this decline occurs more rapidly in the Calvo-type framework. The reason
for this is that, at higher inflation rates, the menu-cost approach still incurs the utility cost of �
for nominal wage reductions. In contrast, under the Calvo-type framework, the DNWR constraint
is unlikely to bind at higher inflation rates, resulting in minimal costs. Overall, both approaches
suggest the same optimal trend inflation rate.
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(a) (b)

Figure 10. Welfare cost of DNWRmodeled with asymmetric menu cost.
Notes: The figure plots the consumption-equivalent welfare as a function of the inflation rate, relative to welfare when
prices are completely flexible. In this case, DNWR is modeled using an asymmetric menu-cost type wage setting, rather than
an asymmetric Calvo-type wage setting. The red circle indicates the peak of the curve. This figure quantifies the trade-off
between these channels and suggests that the optimal inflation target should be 8.8%.

However, this result is higher than those reported in other studies that use models with menu-
type wage-setting to reflect the DNWR constraint (Mineyama, 2023; Fagan and Messina, 2009).
To ensure comparability with Mineyama (2023), I calibrate the economy by directly adopting all
relevant parameters.38 The asymmetric menu cost model employed here is admittedly a simplified
version of the menu cost wage-setting model used in Mineyama (2022). However, it sufficiently
captures the moments of the base wage change distribution with accuracy.

The parameterization in this model differs significantly, as shown in Table-3. First, setting ψ =
0.5 significantly reduces the optimal inflation rate, as illustrated in Figure-7 before. This is because
a less convex disutility from labor supply reduces the welfare cost of DNWR.39 Additionally, the
relatively low elasticity of substitution for labor (εw = 3.5) in this calibration, compared to values
typically used in the literature,40 further decreases the optimal inflation rate. As demonstrated in
Figure-C5, the distortionary impact of DNWR diminishes with lower εw, as higher elasticity of
substitution amplifies the welfare cost of wage stickiness. Since εw = 3.5 implies a 40% markup, I
adopt εw = 10 in my benchmark specification to align with standard New Keynesian models.

Table-4 shows that introducing the asymmetric menu cost wage setting into the model allows it
to accurately capture the empirical distribution, both with the benchmark model presented above
and with the model that adopts all parameters directly fromMineyama (2022).

In the benchmark case, the optimal rate remains nearly the same, indicating that modeling the
wage setting mechanism through either asymmetric Calvo-type or asymmetric menu cost wage
setting does not lead to a significant difference, as long as the empirical distribution is matched
accurately. However, Mineyama (2022) suggests a lower inflation rate, and the analysis below
shows that the choice of parameter set is the primary driver of this difference.

Although prices are slightly stickier in this specification, the combined effects of the two
parameters–lower Inverse Frisch elasticity (�) and lower elasticity of substitution for labor (εw)–
dominate, leading to a substantial reduction in the optimal inflation rate. As shown in Figure-11,
the optimal inflation rate under this calibration is approximately 3.2%. This slightly higher rate
results from the adoption of a different version of menu cost-type wage setting in (Mineyama,
2022), as well as the inclusion of 5% of job changers who can freely adjust their wages, further
reducing the optimal rate.41 Overall, this analysis highlights why the results differ in this setting:
the parameterization plays a crucial role in determining the strength of the DNWR constraint.
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Table 3.Parameterization of the model

Parameters Value Description Source/Target

Calibrated Parameters outside of the model
. . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . .

σ 1 Relative Risk Aversion Mineyama (2022)
.. . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . .

β 0.995 Discount rate Mineyama (2022)
.. . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . .

ψ 0.5 Inverse of Frisch elasticity Mineyama (2022)
.. . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . .

ω 1 Utility cost of labor Mineyama (2022)
.. . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . .

εp 7 Elasticity of substitution for goods Mineyama (2022)
.. . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . .

εw 3.5 Elasticity of substitution for labor Mineyama (2022)
.. . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . .

μp 0.63 Degree of price stickiness Mineyama (2022)
.. . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . .

ρq 0.82 Persistence of idiosyncratic shock Guvenen (2009)
.. . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . .

Calibrated Parameters within the model
. . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . .

� 1.145 Menu Cost Freeze Rate: 33.2%
.. . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . .

A 1.6% Annual Productivity Growth Mean of Wage Changes: 3.9%
.. . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . .

σq 0.063 Standard deviation of idiosyncratic shock Std of Wage Changes: 6.3%

Notes: The parameters are now chosen directly from Mineyama (2022) to ensure that the results are comparable to those in the
paper. Three parameters are calibrated to match the empirical wage change distribution.

Table 4.Targeted and untargeted moments

Asymmetric Menu Cost Models

Moments Data Benchmark Mineyama (2022) Calib.
. . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . .

Wage Freeze Rate 33.2% 33.2% 33.2%
.. . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . .

Std of Wage Changes 6.3% 6.3% 6.3%
.. . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . .

Mean of Wage Changes 3.9% 3.9% 3.9%
.. . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . .

Wage Cut Rate 2.5% 4.8% 3.6%

Notes: The table presents themodel results for the asymmetricmenu cost inwage setting tomatch the empiricalmoments, aswell
as the model results calibrated directly with parameters fromMineyama (2022) for comparability with that paper. The parameters
�, A, σq are calibrated to match these moments.

(a) (b)

Figure 11. Welfare cost of DNWRmodeled with asymmetric menu cost.
Notes: The figure plots the wage change distribution at different frequencies. Themodel is run quarterly and the distribution
is then annualized to match the empirical one. The wage freeze rate, mean and standard deviation of wage changes are
targeted moments.
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Taking into account all the results and robustness checks, I argue that the DNWR constraint is
an important factor to consider when discussing the optimal inflation target. The findings suggest
that the absence of wage cuts, coupled with a high freeze rate in the wage change distribution,
can be a significant source of inefficiency in the labor market. Allowing for some inflation could
help mitigate this inefficiency, although the optimal rate may not need to be as high as 9%, as
suggested in the benchmark case. This is because DNWR is not the only factor influencing the
optimal inflation target; other important considerations are discussed in Appendix-C.

While the findings do not definitively favor one model over the other, Calvo-type wage setting
remains the standard approach in frontier heterogeneous-agent New Keynesian models (Kaplan
et al. 2018; Broer et al. 2020; Auclert et al. 2024). Therefore, adopting an asymmetric version of
thismechanism to introduce theDNWR constraintmay be an effective way to incorporate DNWR
into standard models while ensuring ease of integration.

Lastly, along with these other factors, consumption heterogeneity may play a role in this
analysis. In the currentmodel, consumption is fully insured across agents, meaning there is no het-
erogeneity in consumption–everyone consumes the same amount.While the level of consumption
varies due to distortions in the labor market, there is no cross-sectional heterogeneity in con-
sumption itself. Instead, the cross-sectional heterogeneity lies in the labor supply of households,
which depends on their productivity level and the wage from the previous period. As discussed
in (Mineyama, 2022), incorporating consumption heterogeneity would likely increase the disper-
sion in households’ willingness to work, resulting in greater demand for wage adjustments. Under
DNWR, this would exacerbate labor market distortions, leading to a higher optimal inflation rate.
Incorporating full heterogeneity on the consumption side would make the analysis more compre-
hensive and realistic. However, it is plausible that such heterogeneity would amplify distortions in
the labor market further, thereby increasing the optimal inflation rate. This remains an area for
future research.

7. Conclusion
In conclusion, this study underscores the significant costs associated with downward nominal
wage rigidity (DNWR). The analysis quantifies the trade-off between the commonly used DNWR
constraint in recent macroeconomicmodels and price stickiness. By employing a slightly modified
standard New Keynesianmodel, the study demonstrates how the DNWR constraint interacts with
price stickiness, suggesting that the optimal inflation rate should be between 7% and 9%. A high
wage freeze rate (33.2%) in the wage change distribution leads to an optimal inflation rate of
up to 8.8%, highlighting the economic importance of the DNWR channel. While inflation also
increases price dispersion, the impact of the DNWR channel dominates up to a certain threshold,
significantly exceeding the conventional 2% inflation target, as shown in robustness tests. Most
notably, the welfare impact is substantial: increasing the inflation target from 2% to 7% can yield
a welfare gain of 1.10% when the total wage change distribution is aligned, with the potential to
reach as high as 3.60% if the base wage change distribution is considered. Although other channels
may also affect the optimal inflation target, this analysis demonstrates the distortive impact of
DNWR on the labor market.

The paper argues that raising the inflation target alleviates the prevalence of the DNWR
constraint, leading to substantial welfare gains. The DNWR friction, within the standard New
Keynesian framework, significantly distorts the labor market and imposes considerable welfare
costs. Therefore, the paper emphasizes the importance of incorporating the DNWR channel
into macroeconomic models to more accurately capture welfare effects and inform policymaking
decisions.
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Notes
1 See recent discussions on inflation targeting (Pfajfar and Winkler, 2024; Adam et al. 2024; Stantcheva, 2024).
2 Beyond DNWR, several other channels can influence the optimal inflation rate, including inflation as an implicit tax, the
effects of inflation onmarkups, risks, volatility, and price flexibility, as well as structural factors such as a declining natural rate
of interest, rational inattention, the Balassa-Samuelson effect, labor market search frictions, financial frictions, the informal
sector, and CPI inflation mismeasurement. Regarding zero lower bound, a higher inflation target allows central bankers to
have greater latitude in lowering nominal interest rates in response to macroeconomic shocks. See Appendix C for further
discussion.
3 In a New Keynesian setting, sticky prices result in inefficient price dispersion and can create high welfare costs (Coibion
et al. 2012).
4 Robustness checks are conducted to evaluate the sensitivity of the results to changes in model parameters. Additionally, the
results obtained frommodeling DNWR using both asymmetric Calvo-type andmenu cost wage setting will be compared. For
DNWR to be effective, workers’ heterogeneity is crucial, and its extent may depend on the type of wage-setting process.
5 Federal Reserve Bank of San Francisco regularly updates their estimate on the rate of no wage change by using CPS data.
The link is https://www.frbsf.org/economic-research/indicators-data/nominal-wage-rigidity/.
6 This rate can reach up to 20% in Kurmann andMcentarfer (2019), as their calculations account for overtime pay in addition
to bonuses.
7 The welfare cost in menu cost models is lower than in Calvo models (Nakamura et al. 2018); therefore, the determination
of the optimal inflation rate may depend on the pricing and wage-setting mechanism.
8 In a heterogeneous agent economy, the distortion created by DNWR in the labor market can be larger since it binds every
period for some agents. Therefore, representative agent models might underestimate the contribution of DNWR to a positive
inflation target.
9 Recent studies have also investigated the heterogeneity of firms in terms of productivity in order to estimate the optimal
inflation target. Blanco (2021) studies themenu cost model in a heterogeneous firm setting and finds that the optimal inflation
target should be 3.5 percent. Adam andWeber (2019) focus on the heterogeneity in productivity to analyze the optimal trend
inflation and estimate optimal targets ranging from 1 percent to 3 percent for the period 1977–2015.
10 In Appendix-B, I compute the transition dynamics and perform a welfare comparison under the zero lower bound (ZLB).
To achieve this, I utilize a perfect foresight model to calculate the transition dynamics in response to a demand shock. This is
a common methodology in papers that focus on the effects of the ZLB following a shock (see McKay et al. (2016)).
11 Wages are determined by dividing usual weekly earnings by the usual number of hours worked per week to estimate an
hourly rate of pay (Daly and Hobijn, 2014).
12 See Ehrlich and Montes (2024).
13 I discretize the persistent process with a 25-state Markov chain by using Tauchen (1986) procedure (see Appendix-A).
The number of states is higher than usual to be able to capture the wage change distribution more accurately.
14 I provide results for different values of parameter At in the appendix. It does not increase the optimal rate much even if it
is 1, meaning there is no growth. Schmitt-Grohe and Uribe (2016) define this parameter as the one that governs the degree of
downward nominal wage rigidity.
15 See Appendix-A for the derivation steps and the computation of the stationary equilibrium.
16 Elsby (2009) shows that the possibility of binding DNWR constraint in the future makes households refrain from increas-
ing their wages as much as they would under a fully flexible setting. It acts as a buffer to be able to decrease wage when the cut
is needed. Snell et al. (2018) show that wages are downwardly rigid during “bad” times and upwardly flexible during “good”
times.
17 Particularly, I employ Texas Advanced Computing Center stampede2 server for the computation.
18 This is the average of wage freeze rates during 2008-2009 period in the San Francisco Fed data. The average is actually
12% if one considers the 1980–2019 period.
19 See Appendix-C for the graph. The figures are from Figure-2 and 10 in Grigsby et al. (2021) and shows the distribution of
percentage change in annual wage including base, bonus and overtime. The wage freeze rate for that particular graph is not
reported in the paper, but with eyeballing one can see that the wage freeze rate is quite close to the estimate of 11.6%, coming
from San Francisco Fed. Similarly, Daly and Hobijn (2014) report that 12 percent of wages (calculated as weekly earnings
divided by the usual number of hours worked per week) remained unchanged on an annual basis in 2006.
20 Daly and Hobijn (2014) assumes no persistence in the idiosyncratic productivity shock to be analytically tractable but I
design the model as a slight deviation from the standard New Keynesian framework to make it comparable with the literature,
so a persistent process is assumed based on estimates from the literature (Guvenen, 2009).
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21 However, for low levels of wage freeze rates, the annual wage change distribution looks like a normal distribution even
though the quarterly wage change distribution has a significant spike at the zero wage change.
22 Since the model excludes other forms of compensation, such as bonuses and overtime pay, relying on the latter
specification may provide a more accurate representation.
23 In Nakamura and Steinsson (2008), the difference depends on the inclusion of sales prices. With regular prices, price
stickiness is higher. In the paper, the robustness regarding the choice of stickiness parameter is provided.
24 The value of labor productivity (output per hour) for all workers in the nonfarm business sector is retrieved from FRED.
This value is very close to the 1.5% used in Coibion et al. (2012). Robustness checks indicate that this choice has negligible
impact on the results (see Figure-C7). Additionally, consistent with Elsby (2009), without altering the parameter A, the mean
of wage changes decreases to 3.9% in the specification with a high freeze rate, as the possibility of a binding DNWR constraint
in the future makes households more cautious about raising their wages.
25 The Frisch elasticity parameter plays a crucial role in macroeconomic models. A lower value of ψ leads to a lower optimal
inflation rate because the disutility from labor supply becomes less convex, reducing the welfare loss associated with DNWR.
For my analysis, I adopt a conservative estimate and provide a robustness check in the next section.
26 Daly and Hobijn (2014) set μDNWR to 0.9, and even with that high value, the annual wage freeze rate is 5 percent due to
lack of persistence in the labor productivity process and they acknowledge that for a better match a persistent process should
be assumed.
27 Higher persistence does not significantly alter the implications of the model. By adjusting the standard deviation of the
shock, I can match the wage freeze rate to some extent, as shown in Figure-C9.
28 The model operates on a quarterly basis to accurately incorporate Calvo-type price stickiness.
29 Ascari et al. (2018) estimate that the welfare cost of raising trend inflation from 2 percent to 4 percent is close to 4 percent-
age points, in terms of consumption equivalence, under staggered wage contracts, trend growth, and extended borrowing.
In appendix, Figure-C4 shows that standard staggered wage contracts are indeed very costly under a heterogeneous agent
setting as well. Since wages are rigid both downward and upward for a fraction of households, the cost is increasing with an
increasing inflation target. However, in my model, wages are rigid only downward for a fraction of households each quarter,
therefore increasing inflation is welfare-improving.
30 With lower price stickiness, such as a price change frequency of 11 months, the optimal rate can decrease to levels as low
as 3.6% (see Section-5).
31 Mineyama (2022) estimates a lower optimal inflation rate of approximately 2 percent, assuming wage setting follows a
version of the asymmetric menu cost-type process to match the base wage change distribution. In this framework, 5 percent
of workers are assumed to switch jobs without any rigidity, which reduces the overall degree of wage rigidity to some extent.
However, Hazell and Taska (2020) recently documented that wages for new hires tend to be rigid downward but flexible
upward. The higher inflation costs estimated in this study are primarily driven by the parameterization used. I demonstrate
that the findings remain robust when employing an asymmetric menu cost-type wage-setting process instead of an asym-
metric Calvo-type process, provided the distribution is accurately matched. Nonetheless, if the parameterization aligns with
Mineyama (2022), the estimated costs decrease significantly. A more detailed discussion comparing these findings with the
literature is provided in Section-6.
32 Households would like to adjust their wages each period due to idiosyncratic productivity shocks hitting each period.
However, some of them are unable to do so due to binding DNWR constraint. See Jo (2021) for a similar mechanism.
33 Previous papers used a modified version of menu cost to model DNWR. However, menu cost model does not create a
significant welfare cost even if inflation is very high (Nakamura et al. 2018). Additionally, ZLB will have some role in the
upward direction in the transitional dynamics as discussed in Appendix-B.
34 See Levin and Yun (2007); Ascari and Sbordone (2014); Nakamura et al. (2018).
35 ψ = 3 implies a Frisch elasticity of 0.33 and the micro estimates in the literature ranges from 0.2 to 1. Although there is
inconsistency between macro and micro estimates of Frisch elasticity, an elasticity of 1 is considered to be standard in macro
models Coibion et al. (2012).
36 The model here abstracts from other channels that may influence the optimal rate. For a discussion, see Appendix-C.
37 Dupraz et al. (2025) demonstrate that downward nominal wage rigidity can account for fluctuations in the unemployment
rate, and relaxing this constraint through higher inflation targeting can reduce the long-run unemployment rate.
38 Fagan and Messina (2009) calibrates their model at an annual frequency, making direct comparisons with the current
standard model challenging. Calvo pricing and price dispersion cannot be realistically analyzed at such a frequency, as high-
end estimates for price duration are approximately 11 months, which cannot be accurately replicated in a model with annual
calibration. Furthermore, Fagan and Messina (2009) demonstrate that their estimates are sensitive to menu cost parameters,
with the optimal inflation rate varying between 2% and 5%.
39 The literature provides a wide range of estimates for Frisch elasticity (Chetty et al. 2011). To maintain consistency with
standard references in the business cycle literature, I follow Christiano et al. (2005); Coibion et al. (2012); Kaplan et al. (2018);
Broer et al. (2020); Auclert et al. (2024) and set ψ = 1 in my benchmark specification.
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40 The elasticity of substitution for labor, εw determines steady-state wage markups. While calibrations vary across studies,
typical values range from 6 (Broer et al. 2020) to 21 (Christiano et al. 2005), with 10 being a commonly used calibration
(Coibion et al. 2012; Kaplan et al. 2018).
41 However, Hazell and Taska (2020) provide evidence that wages for new hires may also exhibit downward rigidity.
42 In addition, when the model is not linearized, the price dispersion can affect the equilibrium outcome and welfare, which
is a crucial channel in this model.
43 For the transition part, Taylor rule coefficient are set to�π = 1.5 and�Y = 0.125.
44 Coibion et al. (2012) employ a stochastic model, they calibrate the shock such that ZLB binds 4 percent of the time, by
stating the historical frequency of being at the ZLB is 3.5 percent (around 2 years out of 60). I use a perfect foresight model
and calibrate my shock to have 2 years of binding ZLB, such that the calibration is comparable.
45 To be consistent with Coibion et al. (2012), I also change the elasticity of substitution to εp = εw = 7 instead of 10. Due to
counteracting impacts, the optimal inflation rate stays close to 7% as in the benchmark case (Figure-C6).
46 Elasticity of 7 is assumed in Coibion et al. (2012) but to make the model more standard, I choose elasticity as 10 for the
benchmark case.
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Appendix - A - Computation of the stationary equilibrium
The solution method is a simple fixed point iteration, which is also presented by Fagan and
Messina (2009). I discretize the idiosyncratic productivity process using Tauchen’s algorithm. And
I approximate the value functions on a state space of a grid of 25 points for productivity and 114
points for wages. The process is implemented as follows:

1. Guess an aggregate hours L.
2. Given L, I solve the households’ wage setting problem using value function iteration.
3. Given the policy function of households, I calculate the stationary distribution over the two

state variables (wage and productivity).
4. With the stationary distribution in hand, I calculate the aggregate wage W’ and check if it is

equal to steady-state wage, W=W’.
5. Lastly, I update aggregate hours L until the convergence is achieved. If not, return to step 2.
Finally, the derivation of� function can be shown easily. The maximization problem is written

as follows:

max{Ct(i),Bt+1(i),Wt(i),lt(i)}Et�
∞
t=0β

t
[
Ct(i)1−σ

1− σ
−ω

lt(i)1+ψ

1+ψ

]

subject to

PtCt(i)+EtQt,t+1Bt+1(i)≤ Bt(i)+Wt(i)lt(i)+	t , (1)

ldt (i)= qt(i)εw−1
(
Wt(i)
Wt

)−εw
Lt , (2)

andDNWR constraint,

where price of consumption good Pt , unique stochastic discount factor Qt+1 and aggregate labor
supply Lt are taken as given by households. Since the households’ utility function is additively
separable, one can focus on wage-setting part of the problem and I can rewrite their wage setting
problem as

max{Wt(i),lt(i)}Et�
∞
t=0β

t
[
λt(i)Wt(i)lt(i)−ω

lt(i)1+ψ

1+ψ

]
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subject to

ldt (i)= qt(i)εw−1
(
Wt(i)
Wt

)−εw
Lt

andDNWR constraint.

which constitutes the labor supply choice problem of the households.
Then, the objective function can be expressed by substituting lt(i) with labor demand function

(2).

max{Wt(i),lt(i)}Et�
∞
t=0β

t

⎡
⎢⎢⎢⎣λt(i)Wt(i)qt(i)εw−1

(
Wt(i)
Wt

)−εw
Lt −ω

(
qt(i)εw−1

(
Wt(i)
Wt

)−εw
Lt
)1+ψ

1+ψ

⎤
⎥⎥⎥⎦

Since FOC with respect to consumption is Ct(i)−σ = λt(i)Pt , I can write this as

max{Wt(i),lt(i)}Et�
∞
t=0β

t

⎡
⎢⎢⎢⎣Ct(i)−σ

Pt(i)
Wt(i)qt(i)εw−1

(
Wt(i)
Wt

)−εw
Lt −ω

(
qt(i)εw−1

(
Wt(i)
Wt

)−εw
Lt
)1+ψ

1+ψ

⎤
⎥⎥⎥⎦

Because of complete risk-sharing in consumption, consumption is equal to output, Ct = Yt = L
vpt
.

Then, the whole expression can be simplified to

max
{wt(i)}

Et�
∞
t=0β

t

⎡
⎢⎢⎢⎣qt(i)εw−1wt(i)

(
wt(i)
wt

)−εw
Lt

(
Lt
vpt

)−σ
−ω

(
qt(i)εw−1

(
wt(i)
wt

)−εw
Lt
)1+ψ

1+ψ

⎤
⎥⎥⎥⎦

which is subject to wage setting (DNWR) constraint and idiosyncratic labor productivity process,
given all of the aggregate variables (Lt , v

p
t ,wt). Here, wt represents the real detrended aggregate

wage, Lt denotes the aggregate labor supply, v
p
t is price dispersion. The labor productivity pro-

cess follows an AR(1) process, while DNWR constraint is defined as asymmetric Calvo type wage
setting:

if w∗
t (i)≥

wt−1(i)
πtAt

{wt(i)=w∗
t (i),

if w∗
t (i)<

wt−1(i)
πtAt

{
wt(i)= wt−1(i)

πtAt
with the prob μDNWR

wt(i)=w∗
t (i) with the prob (1−μDNWR)

where w∗
t (i) is the optimal real wage of an household. For the model with asymmetric Calvo wage

setting, the value function is presented in the main text.
For the model with asymmetric menu cost type wage setting, the value functions can be written

as follows:

Vt(qt(i),wt−1(i); �t)

=
{
max
wt(i)

�(qt(i),wt(i); �t)−�1
(
wt(i)<

wt−1(i)
πtAt

)
+ βE

[
Vt+1(qt+1(i),wt(i); �t+1)

]}
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where

�(qt(i),wt(i); �t)=

⎛
⎜⎜⎜⎝qt(i)εw−1wt(i)

(
wt(i)
wt

)−εw
Lt

(
Lt
vpt

)−σ
−ω

[
qt(i)εw−1

(
wt(i)
wt

)−εw
Lt
]1+ψ

1+ψ

⎞
⎟⎟⎟⎠ .

The difference in the asymmetric menu cost for wage setting is that, if constrained, households
must incur a cost�1

(
wt(i)< wt−1(i)

πtAt

)
if they want to revise their wages downward nominally.

Appendix - B - Transition dynamics
To analyze transition dynamics, I compute the perfect foresight transition path of the economy in
response to a demand (discount rate) shock by following Guerrieri et al. (2022) and McKay et al.
(2016). Specifically, I solve for the response of the model to a one-time unexpected shock to the
discount rate. After the initial shock, agents have perfect foresight of all aggregate variables for all
periods as the economy returns to the steady state.

First, I assume the economy begins at the steady state and after the shock, it converges back to
the steady state over the course of 50 quarters. I initially guess the paths for aggregate labor supply
and prices, and then solve for the household’s problem backwards by assuming that the economy
will reach the steady state in the final period. Then, I simulate the households forwards using a
non-stochastic simulation method (Young, 2010) and compute wage distribution for each period.
With this path of distribution, I calculate the simulated labor supply and prices. If my guess does
not provide an equilibrium, I update the aggregate labor supply, prices, and price dispersion. I
run the same algorithm again until convergence is achieved. Since there are both aggregate and
idiosyncratic non-linearities in the model, the global but computationally costly solution method
is the most suitable way to solve the model.42

I follow McKay et al. (2016) closely for calculating the transition dynamics.43 I use their pro-
cedure to find an equilibrium path of the heterogeneous agent model along a perfect foresight
transition after receiving a huge demand shock.

I assume that the economy returns to steady-state after T=50 periods. Let X denote a path for
all endogenous aggregate variables from date 0 to date T.

X ≡ {Ct , Lt ,Nt , Yt , v
p
t ,wt , πt , it}

The variables include both aggregate quantities and prices. As an initial guess, I set the values
of these variables to steady-state values for the full path. Then, households solve their decision
problem, which depends on X.

Given the decision of households, I simulate the population of households to compute updated
aggregate labor supply and wage. Here, I use the non-stochastic simulation method of Young
(2010) and approximate the real wage distribution with 250 equally-spaced bins for each value
of productivity. Then, I update the distribution according to households’ decisions. If households
choose wages between two binds, I allocate the households to the adjacent bins with some weights
by following McKay et al. (2016). With this distribution, I find aggregate labor supply, wage, infla-
tion and price dispersion and check the convergence of these variables. If the tolerance level is not
reached, I repeat the process until getting convergence.

We know the Euler equation is:

Et

[
βt

(
Lt+1
Lt

vpt
vpt+1

)−σ
it

	t+1

]
= 1
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Fischer rule’s is Rt = it
πt+1

and Taylor Rule is simply it = πss
βss

(
Lt
Lss

)�Y(
πt
πss

)�π
. From these 3

equations, by dropping expectations I find Lt as:

Lt =
(
vpt

βt
πt+1

πss
βss

(
πt
πss

)�π( 1
Lss

)�Y(Lt+1

vpt+1

)−σ) −1
σ+�Y

Since I assume in the last period the economy is at steady-state, I get the path of labor supply
for 50 periods because I have the inflation given. With inflation, wage and labor supply given I
find the policy functions for each period by solving households’ problem. Then, starting with the
steady-state distribution, I iterate forward to get labor demand and wage. Lastly, I update wage,
inflation and price dispersion with the bisection method.

Following Daly and Hobijn (2014), I analyze the response of the economy to a persistent dis-
count rate shock. Shock magnitude and persistence are selected such that the initial decline in
output from the steady state is 10% and the duration of the ZLB is 8 quarters, for the economy
with a 2% steady state inflation.44 Then, I use the same shock to see how economies with different
inflation targets respond to the shock.

Since DNWR is less binding at a higher inflation rate, wages are effectively more flexible and
the output gap (unemployment) is lower. The substantial reduction in output as a result of the
shock is caused by both the ZLB and DNWR constraints. For economies where the inflation rate
is low, the decline is larger and the duration of the ZLB period is longer. As the inflation target
rises, the impact of ZLB diminishes and the impact of DNWR decreases due to lower wage freeze
rates.

The presence of the ZLB creates a significant output loss, and the ZLB binds less for economies
with a relatively high inflation target in this setting. I analyze welfare implications of this result.
Here, I use the following formulation for Lucas-type welfare comparison, which is similar to the
exercise in the steady-state section.

T∑
t=0

( t∏
k=0

βk

)⎛
⎝ln(λTC̃t)−ω

⎛
⎝�Nw

i=1�
Nq
j=1F̃t,i,j

l̃(1+ψ)t,i,j

(1+ψ)

⎞
⎠
⎞
⎠

=
T∑
t=0

( t∏
k=0

βk

)⎛
⎝ln(Ct)−ω

⎛
⎝�Nw

i=1�
Nq
j=1Ft,i,j

l(1+ψ)t,i,j

(1+ψ)

⎞
⎠
⎞
⎠

The variables, denoted with tilde, indicate the benchmark economy where the inflation target is
2 percent. Then, I apply the same discount rate shock to economies where the inflation target is
higher than 2 percent, starting from the first period. I calculate the consumption equivalence in
the long-run and find the optimal inflation target in this setting.

In Figure-B1, with the introduction of ZLB, the welfare analysis indicates that the optimal
inflation rate is higher than 7%, reaching as much as 8%. Compared to the current economy,
an economy with an 8% inflation target yields nearly a 1.4% increase in welfare in terms of con-
sumption equivalence. Therefore, the inflation target rate should be much higher than 2% so that
the impact of the shock is minimized. The primary source of this large difference is the DNWR
channel, as households attempt to reduce wages in response to a negative shock, but some are
unable to do so, leading to a significant welfare loss when the steady state inflation rate is close to
zero.

In addition to the DNWR channel, the high welfare cost of the ZLB also contributes to the
increase in the optimal inflation rate from 7% to 8%. However, if the discount rate shock is small,
the optimal inflation rate would be closer to the steady state rate of 7%, given the diminishing cost
of ZLB.
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Figure B1. Welfare comparison.
Notes: The figure plots the consumption-equivalent welfare as a function of the steady-state inflation rate relative to welfare
when the inflation target is 2 percent. There is a one-time unexpected demand shock to economies with different inflation
targets and the long-run welfare in these economies are compared. Red circle indicates the peak of the curve. The welfare
gain is around 1.4% when the inflation target is 8% compared to the benchmark economy with 2% target.

Themodel presented in this study suggests that adjusting the inflation target to the optimal rate
in the face of a negative aggregate shock leads to an improvement in welfare. These findings are
in line with previous literature (Coibion et al. 2012), which suggests that in a representative agent
setting, the DNWR constraint reduces the frequency of the ZLB by causing a smaller decline in the
inflation rate in response to a negative demand shock. Therefore, the decrease in the frequency of
binding ZLB reduces the benefit of higher inflation: lower inflation might be desirable because the
DNWR constraint binds more and decreases the binding rate of the ZLB constraint. However, as
demonstrated in the model,incorporating heterogeneity in idiosyncratic productivity and making
the DNWR constraint binding at the household level results in a much higher welfare cost of
DNWR, suggesting that a higher optimal inflation rate is necessary to mitigate the negative impact
of the DNWR channel. In short, considering the price dispersion due to sticky prices, zero lower
bound, and declining trend productivity, I find that the optimal inflation target should be much
higher than 2%, close to 7%, to mitigate the negative effects of DNWR on the labor market and to
increase long-run welfare.

A comparison with previous literature becomes clearer when the model is applied to a repre-
sentative agent scenario, where there is no heterogeneity in idiosyncratic productivity (Figure-B2).
The model is the same except for the fact that there is no heterogeneity in idiosyncratic produc-
tivity and thus it is a representative agent model. In this scenario, the optimal inflation rate is
estimated to be around 1.2% due to the presence of the ZLB constraint. However, if there were no
ZLB and DNWR, the optimal inflation rate in a representative agent economy would be 0% due
to the prevalence of the sand effect.

As depicted in Figure-B3, when wages are fully flexible under a heterogeneous agent setting
and there are only price stickiness and the ZLB constraint, the welfare cost is actually similar to
the representative agent case. Since there is no inefficiency stemming from wages, the trade-off
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Figure B2. Welfare comparison, representative agent model.
Notes: The figure plots the consumption-equivalent welfare as a function of the steady-state inflation rate relative to welfare
when the inflation target is 2 percent. There is a one-time unexpected demand shock to economies with different inflation
targets and the long-run welfare in these economies are compared. Red circle indicates the peak of the curve.
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Figure B3. Welfare comparison, flexible wage.
Notes: The figure plots the consumption-equivalent welfare as a function of the steady-state inflation rate relative to welfare
when the inflation target is 2 percent. There is a one-time unexpected demand shock to economies with different inflation
targets and the long-run welfare in these economies are compared. Red circle indicates the peak of the curve.
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(a) (b)

Figure C1. The % change in annual salary, Grigsby et al. (2021).

between inflation and ZLB determines the optimal inflation rate. A slightly higher inflation target,
around 1.2% is optimal because ZLB is less likely to bind and this is consistent with what literature
finds (Coibion et al. 2012).

Appendix - C - Extensions.
Empirical wage change distribution
The figure, sourced from Grigsby et al. (2021), shows that even when additional payments are
included, the spike at zero remains significant, and wage cuts are not uncommon. In this study, I
analyze the welfare implications of wage freezes observed in the data by accurately matching the
distributions, using a slight deviation from the standard New Keynesian model. One specification
incorporates a low freeze rate, providing a lower bound for welfare cost estimates, while another
adopts a high freeze rate, offering an upper bound for these estimates.

Correlation between inflation and wage freeze rate
Consistent with the theory, the correlation between the wage freeze rate and the inflation rate
is negative and remains robust across different measures of inflation, as analyzed in detail by Jo
(2021).

Other sensitivity analysis
As Figure-C3 illustrates, the risk aversion parameter is not critical for the analysis due to the
separable utility function. Adjusting σ only produces a level effect, as consumption is fully insured
across agents, and there is no heterogeneity in consumption levels. The key difference lies in the
labor supply of households, which depends on their productivity level and the wage from the
previous period.

Instead of an asymmetry in wage contracts, if there are standard staggered wage contracts a
la. Calvo (1983), then there is no welfare gain from a higher inflation target. In contrast, there is
a significant welfare cost. In this case, wages are rigid both downward and upward for a fraction
of households each period, and constrained households cannot adjust their wages freely upon
receiving idiosyncratic productivity shocks. When there is positive inflation, households would
want to adjust their wages even in the absence of shocks. As depicted in Figure-C4, as inflation gets
higher, the welfare cost is higher under standard staggered wage contracts. However, in mymodel,
households can flexibly adjust wages upward and only a fraction cannot adjust downward, which
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Figure C2. Correlation between inflation and wage freeze rate.
Notes: The figure depicts the correlation between wage freeze rates and inflation, as well as employment measures. Red
dots represent periods of recession as identified by NBER-dated recessions.

creates the freeze rate in the economy. So, a positive inflation target helps because households are
less likely to decrease and more likely to increase wages. Since they can flexibly increase wages, the
welfare cost is much less with a higher inflation target.

Since the elasticity parameter εw directly impacts the wage setting mechanism, I check the
robustness of results with respect to it. Figure-C5 indicates that the optimal inflation rate is still
higher than 5 percent even for a low level of wage elasticity. Being analogous to price stickiness,
the welfare cost of wage stickiness is higher with higher elasticity of substitution. As a result, as
εw gets higher, the distortionary impact of the DNWR channel is higher and thus the optimal
inflation rate is higher compared to the benchmark case.45

I also change elasticity of substitution to εp = εw = 7 instead of 1046 to see if it creates any
changes on the optimal inflation rate, since a higher elasticity increases the strength of both chan-
nels in the trade-off. Figure-C6 shows that the optimal inflation target does not change; there is
only a level effect. The reason is that the welfare cost of price stickiness is higher with a higher
elasticity of substitution between intermediate goods (lower markup), as demand is more elastic
to price changes, increasing goods market misallocations due to price rigidity. At the same time,
the welfare cost of DNWR is higher with a more elastic labor demand, as shown in Figure-C5.
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Figure C3. Optimal inflation rate, risk aversion.
Notes: The figure plots the consumption-equivalentwelfare of economieswith different risk aversion parameter as a function
of the inflation rate relative to welfare when prices are completely flexible. Diamond shape indicates the benchmark case.

Figure C4. Optimal inflation rate, standard wage rigidity.
The figure plots the consumption-equivalent welfare as a function of the inflation rate relative to welfare when prices are
completely flexible. Here, instead of asymmetric wage rigidity, standard Calvo-type wage rigidity is assumed.
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Figure C5. Optimal inflation rate, elasticity εw.
The figure plots the consumption-equivalent welfare of economies with different εw values as a function of the inflation rate
relative to welfare when prices are completely flexible. Diamond shape indicates the benchmark case.

Figure C6. Optimal inflation rate, elasticity of substitution.
The figure plots the consumption-equivalent welfare of economies with different elasticity εw = εp values as a function of
the inflation rate relative to welfare when prices are completely flexible. Diamond shape indicates the benchmark case.
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Figure C7. Optimal inflation rate, trend productivity growth.
The figure plots the consumption-equivalent welfare of economies with different trend productivity growth as a function of
the inflation rate relative to welfare when prices are completely flexible. Diamond shape indicates the benchmark case.

Higher elasticities (εp and εw) lead to an increase in the welfare cost of both the price disper-
sion channel and the DNWR channel. These effects cancel each other out in terms of shifting the
optimal rate, but we observe a significant level effect.

Figure-C7 shows that higher trend productivity growthmakes the DNWR constraint less bind-
ing, resulting in a lower welfare cost from this channel. Consequently, the optimal inflation rate
is higher when trend productivity growth is lower. Data indicates that trend productivity growth
has been declining over the last few decades, and if this trend continues, the DNWR constraint
will become even costlier. As a result, the optimal inflation rate should be even higher compared
to the benchmark case, exceeding 7%.

To examine how the optimal rate changes with price stickiness, I conduct an additional
robustness check by increasing the frequency of price changes from 7 months to 9 months and
replicating the analysis in Figure-3. In Figure-C8, the results show that the optimal rate for the
low freeze rate specification decreases from 6.8% to 4.8%, and for the high freeze rate specifica-
tion, it decreases from 8.8% to 6.0%. This is because price dispersion increases and price stickiness
becomes more costly.

Beyond the zero lower bound and downward nominal wage rigidity, there can be other chan-
nels that can affect the optimal inflation rate as discussed in Schmitt-Grohe and Uribe (2016). One
is the existence of tax evasion or an underground (informal) economy, which cannot be taxed
directly. Therefore, a positive inflation rate might help to tax this sector indirectly. However, they
state that the empirical estimates show that the size of the informal sector in the U.S. is at most
10% so that one should not worry much about that issue in the context of the U.S. Another chan-
nel can be the demand for money. Money balances provide transaction services to households and
the cost of printing money is zero. Therefore, it is optimal to set the opportunity cost of holding
money as low as possible. Thus, optimal inflation should be low as well. In this paper, I did not
incorporate this feature into my model.
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(a) (b)

Figure C8. Welfare cost of DNWR and sticky prices (High price stickiness).
Notes: The figure plots the consumption-equivalent welfare as a function of the inflation rate, relative to welfare under com-
pletely flexible prices. It compares two cases: one where the duration of price rigidity is 7 months (benchmark) and one with
9 months (high stickiness). Panel (a) presents the results for the specification where the annual total wage change distribu-
tion is matched, while Panel (b) shows the results for the specification where the annual base wage change distribution is
matched. The figure quantifies the trade-off between these channels and indicates that the optimal inflation target is 4.8%
for the low freeze rate case and 6.0% for the high freeze rate when the duration of price rigidity is assumed to be 9 months
instead of 7 months.

(a) (b)

Figure C9. Welfare cost of DNWR, no persistence in shock.
Notes: The figure plots the wage change distribution at different frequencies. Themodel is run quarterly and the distribution
is then annualized to match the empirical one. The persistence of the productivity process is set to zero, and the standard
deviation of wage changes is matched to the standard deviation of the stochastic process.

In the absence of lump-sum taxes, inflation acts as an implicit tax, making a positive inflation
rate optimal (Phelps, 1973). Higher inflation, however, may increase markups and risks, reduc-
ing the optimal rate (King and Wolman, 1996; Ascari and Sbordone, 2014; Di Tella et al. 2024).
Similarly, higher inflationmay destabilize expectations and amplify volatility, pushing the optimal
rate lower (Ascari and Sbordone, 2014). On the other hand, price flexibility increases with higher
inflation, potentially raising the optimal rate (Nakamura et al. 2018).
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(a) (b)

Figure C10. Quarterly distribution of wage changes under DNWR at 2% trend inflation.
Notes: The figure plots the quarterly wage change distribution for two specifications considered in the paper. The first speci-
fication includes total wage changes and has a lower freeze rate, while the second specification includes base wage changes
and has a higher freeze rate. The wage freeze rate, mean and standard deviation of wage changes are targeted moments.

Structural shifts, such as a declining natural rate of interest, also necessitate a higher optimal
inflation target (Andrade et al. 2019). Behavioral channels, such as rational inattention, suggest
that inflation might encourage more attentive agents, supporting a higher rate. Similarly, the
Balassa-Samuelson effect implies a higher optimal rate for developing economies with produc-
tivity gaps in tradable versus non-tradable sectors. Labor market frictions, such as search costs,
also favor a slightly higher inflation rate to improve market flexibility (Carlsson andWestermark,
2016). In contrast, mismeasurement of CPI inflation due to methodological biases may necessitate
a lower inflation target to account for overstated inflation.

Other channels include financial frictions and limited participation in asset markets
(Brunnermeier and Sannikov, 2016), which could justify higher inflation to ease financial con-
straints, and the role of the informal sector, where inflation serves as an implicit tax on
cash-intensive activities, particularly in economies with significant underground economies or
foreign-held currency balances. While these factors provide a nuanced perspective, the empirical
relevance of each channel depends on the economic context, as highlighted in Schmitt-Grohe and
Uribe (2016). See Adam et al. (2024) for a detailed review of the literature.

In Figure-C9, I examine the implications of the persistence of labor productivity shocks. The
persistence of the productivity process is set to zero, and the standard deviation of wage changes is
matched to the standard deviation of the stochastic process. Compared to the benchmark case pre-
sented in Figure-1, the wage freeze rate is slightly lower, and there are more wage cuts. However,
the welfare cost remains significant and follows a similar pattern, resulting in a comparable opti-
mal inflation rate. Instead of assuming no persistence, I use the persistence parameter estimated
by Guvenen (2009), which, depending on the specification, can result in a wage freeze rate as high
as 33%.

Lastly, in Figure-C10, similar to Figure-1, I present the quarterly versions of the distributions
for both specifications used in the paper.
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