S V E R

G

E

R

RIKSBANK

Staff memo

The neutral rate of
interest — theory
and evidence for

Sweden

Henrik Lundvall, Ingvar Strid and David Vestin

April 2025

| K §S B A N K



Contents

1 Introduction 5
2 Decomposing the neutral rate 7
2.1  Definition of the neutral rate of interest 7
2.2  Decomposing the neutral rate into trend and cyclical components 10
2.3 Adding more features to the model 11
2.4 Semi-structural models for estimation of the trend component of

the neutral rate 12
3 Estimation of the neutral rate in Sweden using a range of

macroeconomic models 13
3.1 Empirical framework 13
3.2  Estimation method 20
3.3  Estimation results: Holston, Laubach and Williams (2017) 21
3.4  Estimation results: Armelius (2018) 25
3.5  Estimation results: Berger and Kempa (2014) 27
3.6 Recoverability 28
3.7 Summary: estimates of the neutral rate trend using a range of

models 29
4 Discussion and concluding remarks 31
5 References 34
6 Appendix A — The definition of the output gap 37
7 Appendix B — Estimates of the real neutral rate trend 38




Summary

This paper estimates the trend component of the neutral rate of interest
for Sweden. We first discuss the concept of the neutral rate of interest
through the lens of a New-Keynesian model and connect the theoretical
discussion to the empirical literature. We separate the neutral rate into a
business cycle component and a trend component and argue that the
empirical literature focuses almost exclusively on estimating the trend
component. We follow this approach and provide several estimates of
the trend component, using a range of empirical macroeconomic models
including the Riksbank’s structural model of the Swedish economy,
MAJA.

Figure 1 below summarises our main empirical findings. We show esti-
mates of the trend component of the real neutral rate obtained with five
macroeconomic models. First, it appears highly likely that the real neu-
tral rate in Sweden has exhibited a downward trend over the past several
decades. Second, a reasonable mean estimate of the real neutral rate
trend in 2024, based on this class of models, appears to lie roughly
within the interval between -1.5 and 0.5 percent. Although our results in-
dicate that the trend component may have increased in recent years, the
estimated level is still negative, according to most models.

It is well known that estimates of the neutral rate and its trend are un-
certain, for several reasons. The sensitivity of our estimates to prior as-
sumptions on the variability of the trend component suggests a consider-
able degree of uncertainty regarding the current and future level of the
neutral rate. For this reason, we urge caution when using such estimates
and conclude that assessments of the long-run level of the neutral rate
should be based on a broad range of information.




Figure 1. Estimates of the real neutral rate trend in Sweden using five
macroeconomic models 1995q2-2024q2.
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Introduction

Introduction

What is the current level of the neutral interest rate and how will it evolve going for-

ward? This is currently the topic of an intensive debate that engages central bankers

and academics alike. The backdrop is the substantial and swift monetary policy tight-
ening that occurred in 2022 and 2023, after a period of more than 10 years when real
policy interest rates were kept at unusually low levels.

The neutral rate of interest is often defined as the real interest rate that is neither
contractionary nor expansionary. However, discussions about the natural/neutral rate
are often obstructed by confusion regarding the precise definition of the concept.
Woodford (2003) uses the term natural or Wicksellian real interest rate to denote the
real interest rate that would prevail in an equilibrium with flexible prices and wages,
in which output is equal to its potential level — we will henceforth refer to this as the
neutral rate.? In an influential empirical study Laubach and Williams (2003), hence-
forth LW, estimate the trend component of the neutral rate associated with the trend
level of output growth. In a footnote, the authors point out that this object is different
from “ ... the higher-frequency component of the natural rate ...” defined by Wood-
ford (2003).

A large body of subsequent empirical work follows in the footsteps of LW, focusing on
estimating the long-run trend or slow-moving component of the neutral rate. This
analysis is useful for central banks since their modelling and forecasting framework
needs an anchor for where interest rates are heading in the longer term, beyond the
conventional 3-year forecasting horizon.? In its monetary policy report from Decem-
ber last year, the Riksbank communicated its latest assessment of the long-term
(nominal) neutral interest rate in Sweden.? That assessment is based on international
studies, financial-market data and estimations of different models.

This memo has two key objectives. The first is to explore the link between the theo-
retical definitions of the neutral rate of interest and the object typically estimated in
empirical work. The second is to describe the semi-structural models, e.g. LW, and the
associated estimates of the trend component of the neutral rate- including a robust-
ness analysis — that is part of the analytical toolkit the Riksbank uses when forming its
assessment.

We base our conceptual discussion on a simple, theoretical New-Keynesian model and
refer to the ‘neutral’ rate as the real interest rate that would prevail in an equilibrium
with flexible prices and wages. According to New-Keynesian theory, this neutral rate is
the appropriate gauge against which to measure the stance of monetary policy.® We

2 With our definition, Woodfords natural rate and our neutral rate are hence the same thing. We use the
term neutral as it is in line with the Riksbank’s communication, as well as with how the empirical literature
use the term — though we will highlight that the latter estimates the trend component.

3 Many central banks provide estimates of the neutral rate and discuss the methodologies used to obtain
such estimates, see Adjalala et.al. (2024), Meyer et. al. (2022) and Brandt et.al. (2024) for useful examples.

4 See Riksbank (2024) and Seim (2024).

5 Qur definition of neutral thus coincides with Woodfords definition of natural. Woodford (2003) uses the
term natural or ‘Wicksellian” interest rate for the rate that would prevail in the equilibrium with flexible



Introduction

then interpret the object estimated using semi-structural models such as LW as the
trend component of the neutral rate.

The rest of this memo is organised as follows. In Section 2, the neutral rate of interest,
as defined by Woodford, is decomposed into a trend component and a cyclical com-
ponent. This decomposition is then linked to the semi-structural models such as LW
designed to capture the long-run component. In Section 3 we present several esti-
mates of the long-term component of the Swedish neutral rate and shed some light
on their sensitivity to different assumptions. Section 4 concludes by providing a dis-
cussion of the usefulness of these measures.

prices and wages, with a clear reference to Wicksell’s early work on the topic. Because this natural rate of
interest is the theoretically appropriate gauge of the stance of monetary policy, we believe clarity is best
served by treating the two terms — ‘natural’ and ‘neutral’ — as synonymous. Platzer et al. (2022) also use the
term ‘neutral’ rate to designate the real rate of interest compatible with a neutral stance of monetary pol-
icy. They emphasize that the neutral rate has both a short-run and a long-run component, suggesting the
long-run component be labelled the ‘natural rate’. While we agree with Platzer et al. (2022) that the neutral
rate has both a high-frequency (or ‘cyclical’) component and a long-run (‘trend’) component, we believe the
safest way to avoid confusion is to explicitly refer to them as the different components of the neutral rate,
when relevant.
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2.1

Decomposing the neutral rate

Decomposing the neutral rate

In this section, we start from the New-Keynesian definition of the neutral
rate and decompose it into a trend component and a cyclical component.
This is helpful for clarifying the link between the theoretical definition of
the neutral rate and the empirical literature estimating the trend compo-
nent.

Definition of the neutral rate of interest

We define the neutral rate of interest as the real interest rate that would prevail if all
prices and wages were fully flexible.® That is, given the state of the current economic
environment, including all current shocks, it is the real rate of interest that would
equate the demand for savings with that for investment in the equilibrium with no
nominal rigidities. This rate, we may note, is independent of monetary policy; accord-
ing to standard monetary policy, if all nominal prices (including wages) are flexible,
monetary policy does not influence real variables. The natural rate of output is de-
fined analogously as the level of output that would prevail in the flex-price equilib-
rium.

With this definition, all shocks that affect the flex-price equilibrium may, in principle,
affect both the neutral rate of interest and the natural rate of output. Thus, if we
want a comprehensive analysis of the neutral rate of interest, including both its cur-
rent level and its likely value some years from now, our model should ideally capture
all factors important to the analysis. Such factors includes both short-run drivers, e.g.,
temporary productivity disturbances and cyclical fiscal policy, and long run factors,
e.g., demographic change.

We will now illustrate these concepts in a tractable NK-model with three disturbances
— a transitory technology shock, a preference shock capturing slow-moving changes in
the discounting behaviour of agents, and a short-run cost-push shock. The latter cap-
tures a time-varying ability of firms to pass on costs to prices and/or time variation in
the degree of competitiveness.

The model, from Chapter 3 of Gali (2017), can be written in compact form as

Ve =Vt = Ee(Yer1 — Virr) — (e — 1Y), (1)
= BE ey + k(e — yi) + Uy, (2)
L =7 + Ay — y1)*, (3)

6 As mentioned above, we borrow this definition from Woodford (2003) who prefers to use the term ‘natu-
ral’, in part as a tribute to the work of Wicksell on the topic.



Decomposing the neutral rate

i =p—aa;+ (1 —py)w, 4)
yi =va, +c, (5)

ar = pag—1 + &, (6)

Wi = pyWi_q + & (7)

Equation (1) is the Euler equation?, derived from the intertemporal choice of consum-
ers. It relates the deviation of output from the natural rate of output, vy, — y{*, to ex-
pectations about future such deviations, E; (y:4+1 — ¥i%1), and to the deviation of the
actual real interest rate from its neutral rate, r; — 1{*. Next, equation (2) is the Phillips
curve resulting from the dynamic pricing decisions of firms. The current rate of infla-
tion, 1, is a function of future expected inflation, E;m;,,, the output gap, y; — &,
and the exogenous, short-run cost-push shock, u;. The loss-function of the central
bank, equation (3), reflects its flexible inflation targeting strategy, with concerns for
both inflation (in deviation from target) and for resource utilisation (in deviation from
the natural level of output, as measured by the output gap). The microeconomic the-
ory implies that there are welfare costs associated with deviations of inflation from
the inflation target, and with deviations of output from the natural level of output.®

Equations (4) and (5) are the model solution for the neutral rate of interest, r{*, and
the natural rate of output, y*. In our model, a negative transitory technology shock
leads to an increase in the neutral real interest rate in the short run. The reason is
that output would tend to fall, and thus consumption would be low relative to its fu-
ture value. In such a scenario, all agents want to borrow in order to transfer income
from the future to the present. In the model, this cannot happen in equilibrium, and
the real rate therefore has to rise to the point where no one wants to borrow. In the
case of a positive preference shock (w), households value the present more than the
future, with the similar implication for the real interest rate: it has to rise in order to
eliminate the incentive to borrow.

Finally, equations (6) and (7) describe the evolution of the two exogenous shocks that
exhibit some degree of persistence: the transitory technology shock, a;, and wy, the
slow-moving shock to agents’ discounting behaviour, which are both assumed to fol-
low AR(1) processes.

Despite its simplicity, this model is rich enough to illustrate some key points. First,
there are shocks that affect the neutral rate of interest, without affecting the natural
rate of output —in our case the w; shock. This is a feature that will be present also in
more general models.

Second, some shocks will not create any trade-off for monetary policy. This can be
seen by rewriting the Euler equation and the Phillips curve by forward recursive sub-
stitution to get

7 We have imposed that Y=C in the simple model without investment and trade.

8 In this simple model, the inflation target, 7, is assumed to be zero. This is why the deviation from target,
Ty — ¢, May be written: m; — T = m,.



Decomposing the neutral rate

Ye = Vi = —E; Z;.;O(rt+j - rtr-l}-j) (8)
Ty = U + KE; Z?O:O Bj(ij - ygl+j), (9)

where we have used the assumption that the cost-push shock, u;, takes the expected
value of zero in future periods.

Equation (8) reveals why the neutral rate of interest is a relevant benchmark when as-
sessing the stance of monetary policy. If the central bank conducts monetary policy so
that the current real interest is always equal to the neutral rate of interest — such that
market expectations of future interest rate gaps are zero — then the current output
gap will be zero. That is, such a policy will stabilise the real economy at the desirable
potential (natural) level of output. However, if E; Z‘J?":O(rHj - rg;j) > 0, so that the
real interest rate is on average higher than the neutral rate, the output gap will con-
tract below zero and monetary policy will, in this sense, be “contractionary”. If instead
E, Z;‘;O(rHj - Tﬁj) < 0, output will expand above its potential level, such that the
stance of monetary policy may be labelled as “expansionary”. Only when the real rate
is always equal to its neutral rate is monetary policy neither contractionary nor expan-
sionary; we will refer to such a stance as “neutral”.®

At first, this definition may give the impression that monetary policy should always
strive to be “neutral”, in the above sense of replicating the neutral rate of interest and
the natural level of output. However, a closer inspection of the Phillips curve (equa-
tion 2) reveals that such a policy does not always stabilize inflation at target. In our
simple model, this is due to the presence of the mark-up shock, u;. When a positive
mark-up shock hits the economy, a central bank with the loss function in equation 3
needs to balance the inflationary pressure with a contractionary monetary policy that
opens up a negative output gap. Since it is impossible to have both the inflation gap
and the output gap be zero simultaneously, the central bank must choose the least
costly attainable combination. In this situation, a neutral monetary policy stance is not
appropriate unless the weight given to real stability is infinitely high relative to that of
inflation stability. Woodford uses these terms this way, thus reserving the use of the
words for the balancing of objectives of monetary policy against each other.

Notice that an alternative definition of stance, based on the difference between the
actual real interest rate and the trend component of the neutral rate, would of course
yield a different result. In this case, any interest rate increase resulting in an actual
real interest rate above the trend component would classify as contractionary, and
vice-versa. With such a definition, however, we could easily have a case where infla-
tion is running hot and output gaps are positive, and monetary policy is still classified
as contractionary. Since this alternative definition abstracts from the cyclical driving
forces, it offers no link to the objectives of monetary policy, which is to stabilise infla-
tion and resource utilisation.

°E, Z;’;O(rﬁj - rt’ﬂrj) = 0 may of course hold even if E;(r;,; # 1{};) for 2 or more periods (t + j). Such a
policy will not be consistent over time, however; the only policy consistent with closed output gaps in both
the current and future expected periods is one where, forall j = 0,1, ..., E¢(14; = 74)-
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Finally, we note that there is an issue of horizon. A larger, more realistic model will in-
clude many shocks and the neutral rate is therefore likely to be quite volatile, as it will
be affected by several different, short-run disturbances. However, forecasts of future
values of the neutral rate will be more stable; the longer the horizon of the forecast,
the more dominant will the persistent shocks be. In our simple model, we may as-
sume that the technology shock has transitory effects and that the z-shock has more
persistent effects, representing slow-moving features, such that p,, > p. Thus, in this
simple model, the technology shock stands in for any type of shock that, in a more re-
alistic model, drives the business cycle component of the neutral rate. Likewise, the
preference shock may be thought of as representing any shock that, in a richer model,
drives the trend.

Decomposing the neutral rate into trend and cyclical
components

We now proceed to explicitly decompose the neutral rate into a trend component,
r{, and a cyclical component, rtb. This is useful as it clarifies the relationship between
the neutral rate and its trend component, where the latter is the focus of most empir-
ical studies. Standard business cycle models do not include the trend component; it
therefore needs to be estimated in a more reduced-form.

In the context of our simple model, where 17* = p — aa; + (1 — p,,)w;, we obtain

=P+ (10)
rt=p+ 1 - pww; (11)
P = —aa (12)

t t

Here, we see that 17y captures both the long-run mean of the natural rate, as well as
the slow-moving component, the preference shock w;. Business cycle variation in r*
will instead turn up in rtb, which is determined by the transitory technology shock a;.
We may therefore interpret r;" as the trend component of the natural rate and 1 as
its cyclical component. To draw a precise line between cyclical and trend components
is obviously impossible and practical applications therefore require some degree of
judgment.1°

Figure 2 illustrates the case when the economy has been hit by both a negative
productivity shock and a positive preference shock. As discussed above, both these
shock realisations will tend to increase the neutral rate of interest, illustrated by the
blue line in Figure 2. The red line plots the response of the long-run neutral rate (the
trend component, or 1) — in our model driven by the preference shock w;. The cycli-
cal component of the neutral rate, rtb, is thus given by the difference between the
blue line and the red line. We see that there is a substantial discrepancy between the

0 The same is true in the empirical literature. For example, when using the band-pass filter, the analyst
needs to arbitrarily choose which frequencies that should define the trend.

10
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neutral rate of interest and the long-run neutral rate in the short run, but that the two
converge when looking sufficiently far ahead.

Figure 2. The response of the trend- and cyclical components of the neutral rate of
interest to transitory and persistent shocks.
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Note that if we define business cycle shocks as relatively short-lived disturbances
(such as the one that would be generated by our cost-push shock u, not present in
Figure 2), there is typically no trade-off in the long-run between closing the output
gap and stabilizing inflation at target. The reason is that the kind of shocks that do
generate such a trade-off, discussed above, will typically be relevant only at the busi-
ness cycle frequency, such that a reasonably calibrated monetary policy will make
sure they do not carry lasting effects on the economy. This explains why some au-
thors, e.g. Laubach and Williams (2003), include price stability as part of the definition
of the neutral rate of interest.

Adding more features to the model

Of course, our simple model is not empirically realistic. To capture the full aspects of
the neutral rate of interest, we would need to add to the model more business cycle
features as well as additional elements that could explain movements in the trend
component.

Beginning with features related to the trend component, in recent years, a vast litera-
ture has emerged that aims to explain the trend decline in global real interest rates
that started around 1990 and that, in 2020, had resulted in an accumulated decrease

11
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of several percentage points over three decades. This literature has put forth a num-
ber of possible explanations for the trend decline, including a slowdown in productiv-
ity growth, demographic change, a shortage of safe assets and increased income ine-
quality.!? These features are typically modelled one at a time; an example is the paper
by Auclert et. al. (2024) who provides an in-depth analysis of how an aging population
affects several macroeconomic variables, including the real interest rate. For a small
open economy such as Sweden, trend developments in the neutral interest rate are
almost entirely decided by structural changes abroad.*?

Moving to the business cycle literature, with a particular focus on models intended for
monetary policy analysis like Smets and Wouters (2007) and Corbo and Strid (2020),
adding features like habit persistence and inflation indexation will add endogenous
state variables, such as lagged output and lagged inflation, to our simple model. Solv-
ing a model of this type will yield (reduced form) equations for output and inflation
that more closely resembles the specifications in semi-structural models, e.g. the Lau-
bach and Williams (2003) model (see section 3 below for details).

Semi-structural models for estimation of the trend
component of the neutral rate

Many applications that concern monetary policy are focused on the business cycle di-
mension. Such models will typically feature a tight link between the equilibrium real
interest rate and productivity growth. Since the real interest rate trend differs from
the productivity growth trend (because of the above mentioned, additional driving
forces), something needs to be done to reconcile the two. Since it is too costly, in such
medium-scale business cycle models, to include proxies for all the structural features
that drive the neutral rate, it is common to introduce a single exogenous variable in-
tended to capture these factors. For example, we may assume that the neutral rate
features a highly persistent exogenous shock that can lead to long-lasting deviations
from steady-state. This is the approach taken both in relatively simple reduced form
business cycle models such as Laubach and Williams (2003) as well as in larger DSGE
models such as the one used by the Riksbank, Corbo and Strid (2020, 2025). Thus, in
this empirical literature, it is common to focus exclusively on estimating the long-run
neutral rate (the trend component of the neutral rate), and model this using simpli-
fied assumptions about driving forces. In such specifications, trend productivity
growth may even be non-stationary,'? such that a change in the growth rate is ex-
pected to last indefinitely, moving the natural real interest in the same direction.
However, due to the inability to model driving forces explicitly and assess them using
actual data, such approaches run the risk of incorrectly classifying cyclical fluctuations
in real interest rates as trend movements. If an estimate of r* displays a relatively
high degree of variability, the interpretation that it captures slow moving components

1 An overview of these trend developments, a discussion of the main driving forces and references may be
found in IMF (2023). See also Flodberg (2024) and Lundvall (2023).

12 See e.g. the discussion in Lundvall (2023).

13 Note that in our theoretical analysis, the stationary technology shock was interpreted as business cycle
shock. Here we are talking about trend productivity — which would naturally be classified as a trend shock.

12
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becomes questionable. In section 3 we illustrate how assumptions on the variability of
the factors driving the trend component of the neutral rate affect the trend estimates.

Consistent with our interpretation, Holston, Laubach and Williams (2017) interpret r*
as capturing the “highly persistent” or “low frequency determinants” of the neutral
rate. In a similar vein Kiley (2020) notes that while the natural rate contains transitory
components and therefore is expected to fluctuate considerably, r* “consists solely of
the permanent component and is likely to fluctuate less, if at all, over the business cy-
cle and instead should evolve slowly over time”. Our interpretation, which is in line
with these authors, thus hinges on these factors indeed being slow-moving factors
and we should anticipate limited variability in the resulting r* estimate.?*

Estimation of the neutral rate in Sweden
using a range of macroeconomic models

In this section we estimate the trend component of the real neutral rate
using a range of semi-structural models. We highlight the sensitivity of
the estimates to assumptions about the variability of the trend. While
the estimates are uncertain they suggest that the trend component of
the real neutral rate has declined in the past decades and is now at a low
level.

Empirical framework

In this section we present three small-scale semi-structural (or multivariate unob-
served component, UC) models to estimate the trend component of the real neutral
rate, r*, in Sweden. These models decompose key macroeconomic variables into
trend (represented as “star” variables) and cyclical components (denoted by “g” for
gap). Unlike univariate de-trending methods like the HP-filter the components are
identified by combining a small multivariate economic model with filtering tech-
niques. We note that since the star variables in these models correspond closely to
the trend component of the natural rates (of output and interest) in the New Keynes-
ian model discussed above in section 2, it follows that the associated gaps are defined
differently, i.e. in the semi-structural models they are the deviation from a long run
trend component. We maintain close adherence to the original model formulations.

14 pescatori and Turunen (2016) include several additional variables in the specification of the neutral rate
in their semi-structural model: the current account surplus of developing countries, the equity premium,
and a measure of economic uncertainty. This introduces high-frequency variation in the estimate of r* and
makes it difficult to interpret their estimate as the trend component the neutral rate. For example, the con-
tribution of movements in the equity premium to r* is quite volatile.

13
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Holston, Laubach and Williams (HLW)

Our version of the HLW model closely follows that of Holston, Laubach and Williams
(2017), which builds on Laubach and Williams (2003).%> We may note that while this is
a model for a closed economy it has been applied also to estimate r* in small open
economies.'®

The output gap (y,,¢) is related to the real interest rate gap (1, ;) through the invest-
ment-saving (IS) equation

Ygt = A1,yVgt—1 T A2yVgt—2 T (ar/z)(rg,t—l + rg,t—z) + szg gyg,t (13)

where €yt is a (demand) shock with a standard normal distribution, N(0,1) which is
scaled by the standard deviation asyg. The output gap is the log deviation of output,

y:, from potential (or trend) output, y;.1” The real interest rate gap is given by

Tgt =Tt —T¢ (14)
where r{" is the neutral rate trend component and where the real interest rate is de-
fined as

e =Ry — ExTieyq (15)

where R, is the nominal interest rate and where E;m;,4 is the model-consistent one
quarter ahead expected inflation.*® Inflation is related to the output gap through the
following Phillips curve relationship

Ty = bpmte_q + Irg(1 — by) Yoo Mg + byYg 1 + O¢, &ne (16)

Here 1, is defined as the log deviation of inflation from a constant inflation target and
&t is a supply shock with a standard normal distribution, N(0,1). The indicator varia-
ble Iy is introduced to allow for the possibility of non-stationary inflation. We note
that when Iz = 1 inflation is restricted to follow an integrated AR(4) process, i.e. the
sum of the coefficients on the inflation terms equals 1 and we have an accelerationist
Phillips curve as in HLW. When we estimate the model with a Taylor rule we instead
assume I = 0 and b,; < 1 ensuring a stationary inflation process.

15 For an overview of and references to the literature following Laubach and Williams (2003), see, e.g.,.
Brand et al. (2018).

16 For example, the Federal reserve bank of New York apply the HLW model regularly to compute estimates
of r* for Canada. A similar model is also used by Meyer et al. (2022) to estimate r* for Norway.

7 In many papers in the semi-structural literature, e.g. Holston, Laubach and Williams (2017), the output
gap as well as the other variables are assumed to be expressed in percent. The output gap is obtained as
the percentage deviation from trend by multiplying v, with 100. Our setup is more influenced by the liter-
ature on the estimation of DSGE models and we instead make the appropriate scalings of variables in the
observation equations (see below).

18 Holston, Laubach and Williams (2017) refer to r* as the highly persistent, or low frequency, component of
the natural rate. This is in line with our definition of r* in chapter 2.

14
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The neutral rate trend (17°) is assumed to depend on potential GDP growth (g,) and a
variable capturing all other influences on the trend (z;). This latter factor will some-
times be referred to as the ‘other factor’ for brevity.

=cgetz, (17)
where

9o = Hg = Pg(Ge-1 — Hg) + e g (18)
and

Zy = PgZeq t+ 0,85, (19)

where g, and €, ; are standard normally distributed shocks. We introduce auto-
regressive coefficients (pg, p,) in these equations to allow for other processes than
random walks.'® With p, = 1 z; thus follows a driftless random walk. We may note
that r/ as it is defined here is consistent with the definition provided in chapter 2, i.e.
it is intended to capture the trend component of the real neutral rate.?°

Potential GDP is modelled as a random walk with stochastic drift (g;_4)
Ve =Yi1t gt Oc,. &yt (20)

where €, ; is a shock to the log of the level of potential GDP.** The log of the level of
GDP is provided by

Ve =Yi+ Vg (21)

We may note that this is a different concept of the output gap than the one used in
the New Keynesian model described in chapter 2 where the gap was defined as a de-
viation from the natural rate of output, y{*. In correspondence with the difference be-
tween the neutral rate (r™) and its trend component (r*), potential GDP (y*) should
be thought of as the trend component of the natural rate of output (y"), see the dis-
cussion in the Appendix for details on the relation between the two gap measures.??

19 There is no theoretical reason why both drivers of the neutral rate need to be non-stationary. Re-estimat-
ing the LW model on US data and comparing different specifications using the marginal likelihood, Lewis
and Vazquez-Grande (2018) find that the data supports a specification where z; is subject to transitory
shocks. This is in contrast to the results in Laubach and Williams (2003).

20 The New Keynesian model in chapter 2 does not allow for secular growth. If we let g; = 0 and z;=p +

(1 — py,)w; in the HLW model we obtain the definition of ;" in chapter 2.

1 The model for the trend component of GDP is identical to the one in Clark (1987) with p; = 1. The trend
component is modelled as in a univariate dynamic linear trend model while the cyclical component is now
determined by a multivariate economic model (rather than as noise).

22 The New Keynesian model in chapter 2 does not contain a secular growth trend.
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We now have 9 equations for 10 endogenous variables. To close the model we as-
sume that monetary policy is governed by a Taylor rule

Re—1f = pr(Re—q —1i—)) + (1 — pR)(pnT[t—l + pyyg,t—l) + Ocp€rt (22)

where we thus assume that the central bank takes into account the trend level of the
neutral rate when it sets the policy rate. %3

Alternatively we may close the model by assuming that the real interest rate follows a
random walk

Ty =Tp—1+ 0 & (23)

This specification is closer to the original HLW model where the real interest rate is
treated as an exogenous variable.

We call the two versions of the HLW model the Taylor rule (TR) and real rate random
walk (RRW) versions, respectively. The model contains a total of six innovations (eyg,t ,

Entr €g,t0 Ex,tr Ey* ts ER,t ) Which are assumed to be independent and normally distrib-

uted, i.e. cov(ei,t, Sj,t—k) = 0 for all shock pairs (i, j) and leads or lags k.2*

Our specification differs from Holston, Laubach and Williams (2017) in two key as-
pects. They use a four-quarter moving average of past inflation as a proxy for inflation
expectations and treat the ex ante real interest rate as an exogenous variable.?> We,
instead, assume model-consistent inflation expectations and close the model with ei-
ther a Taylor rule or an exogenous process for 7;.This allows our nominal interest rate
(R;) to respond endogenously to the economy, unlike the exogenously determined
rate in HLW. HLW also assume ¢ = 1, p, = 1 and p, = 1 which implies that GDP is in-
tegrated of order 2 (I(2)) and that the neutral rate trend is I(1).26 Based on our analysis
(see below) we find that these restrictions are reasonable also when estimating the
model on Swedish data and we therefore impose them (see further discussion below).

We solve the set of equations 13-21 and 22 (Taylor rule) or 23 (random walk for the
real rate) and the solution is represented as the state equation in the linear and
Gaussian (LGSS) state space model, where the state vector is given by?’

23 We follow Brand and Mazelis (2019) in incorporating a Taylor rule in the HLW model. Since they estimate
the model on data from the 1960s they also need to incorporate a time-varying inflation target in the
model. Since we estimate the model on Swedish data for the inflation targeting period we assume that the
inflation target is constant and equal to 2 percent.

24 For an example of a model which allows for non-zero correlations between some shocks, see Brand and
Mazelis (2019).

2> Laubach and Williams (2003) proxy inflations expectations with the forecast of the four-quarter change in
the price index for personal consumption expenditures excluding food and energy (“core PCE”) generated
from a univariate AR(3) of inflation estimated over the prior 40 quarters. Preliminary estimation of the
model suggests that the modelling of inflation expectations does not have crucial effects on our results.

26 A variable is integrated of order k if it becomes stationary, 1(0), after being differenced k times.

27 In the literature on estimation of the neutral rate using semi-structural models it is common to present
the IS and Phillips curve equations directly as observation equations. Our approach is to let all endogenous
variables in the model enter the vector of (econometric) state variables, an approach which is common in
the estimation of DSGE models, see e.g. An and Schorfheide (2007) or Herbst and Schorfheide (2015). We
use the software Dynare to solve the model instead of obtaining the state space representation by hand.
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* * T
Xi = (yg,t Tgt Te Re Te 1% Gt Ze Vi Vi )

Armelius et al (2018) and Berger and Kempa (2014)

We use slightly modified versions of the open-economy semi-structural models of
Berger and Kempa (2014) and Armelius et al (2018). These models, which incorporate
the real exchange rate, should in principle be better suited than HLW to estimate the
neutral rate trend in small open economies like Sweden. These models also allow for
somewhat more flexible modelling of the cyclical components through a VAR frame-
work.

We first describe the Armelius et al (2018) model. The equations describing the trend
model for output and the real interest rate are identical to those of the HLW model
presented above: the neutral rate trend (r{ , eq. 17), potential GDP growth (g;, eq.
18), the other factors affecting the neutral rate trend (z;, eq.19) and potential GDP (,
eq. 20). Also the definitions of the real interest rate gap (7, ;, eq. 14), the real interest
rate (1, eq. 15) and output (y;, .eq. 21) are identical.

The output gap (y,,¢), the real interest rate gap (7, ;) and the real exchange rate gap
(gg4,t) are modelled using a VAR model

Xgt = XRoy Wk Xg ook + RY g, (24)

where the vector of cyclical components is given by

T
Xgt = (yQ,t Tgt gt )

and the notation for the elements of the coefficient matrices is
W = (Wrij)

and the vector of innovations is
T
& = (Syg,t Ergt ng,t)
where
1/2 _ q:
RY* =diag (ayg Oy, aqg)

Here &, is a vector of shocks with a N(0, I) distribution where I is the identity matrix.
The equations in the VAR model can be interpreted as an IS equation (y, ;), a mone-
tary policy reaction function (r, ;) and a generalised real interest rate parity condition
(qg,¢)- The real exchange rate gap is defined as

dgt = 9t — 4t (25)

where the real exchange rate trend component (g;) is defined as a driftless random
walk
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Gi = qio1 + e g (26)

The evolution of inflation is captured by the Phillips curve

Ty = b1 + bAqut—l + byyg,t + 0¢, Ent (27)
where

AGi—1 = qr — Gt (28)

is the quarterly change in the real exchange rate. An increase in q; implies a real de-
preciation of the Krona and we therefore expect by, > 0. Our specification follows
Berger and Kempa (2014) but differs slightly from Armelius et al (2018) who use the
change in the nominal exchange rate.?® Otherwise the model outlined above is identi-
cal to the one presented by Armelius et al (2018) assuming the lag K = 1 in the cycli-
cal model. In total, our version of the model has 13 equations for 13 endogenous vari-
ables.

The Armelius et al (2018) and Berger and Kempa (2014) models are very similar, with
the former largely building on the latter. Berger and Kempa (2014) use a restricted
version of the cyclical model (eq. 24) and the lag K=2. In particular they model the real
exchange rate as a univariate process, and they allow the real interest rate gap to de-
pend only on the real exchange rate gap. Our implementation of their model general-
ises the cyclical model toward an unrestricted BVAR model with K=4 lags. The main
difference between our implementations of the Armelius et al (2018) and Berger and
Kempa (2014) models therefore concerns the number of lags in the cyclical model.

We note that the three models outlined above are very similar in the specification of
the trend model, and in particular the neutral rate trend, while there are some differ-
ences in the specification of the cyclical model.

Observation equations and data

The semi-structural models outlined above are represented as linear and Gaussian
state-space (LGSS) models.?® The solution to the systems of equations defining each of
the models constitute the state equations of the LGSS model. We next describe the
relationship between the observed variables and the state variables.

The models are estimated using quarterly data from 1995Q1 to 2024Q2.%° For the
HLW model we use four data series: annualised quarterly GDP growth, annualised

28 Since most of the variation in the real exchange rate is due to variation in the nominal exchange rate, ra-
ther than variation in the relative price level of Sweden and the foreign economy, we expect this assump-
tion to be less important.

2% We use Dynare to solve the model. Since the models are backward-looking an alternative, however,
would be to solve the model by hand. The state-space representations of the models considered here do
not contain any exogenous observed variables.

30 A starting point of the sample in the mid-1990s is suitable since Sweden introduced a flexible exchange
rate regime in 1993 and an inflation target of 2 percent in 1995.
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quarterly CPIF inflation (consumer price index with a fixed interest rate), the policy in-
terest rate and the Riksbank’s measure of the GDP gap.3! The data series are dis-
played in figure 7 in appendix B. The observation equations for these variables are
presented below.

AyPPs = Ay°bsss 4+ 400(y, — Ve_1) + 0 pyobsEpyobs ¢ (29)
mgPs = mOPSSS 4+ 4007, + 0 obs€pobs (30)
RPPS = ROPSSS 4+ 400R, + 0 gobsépobs (31)
yobs =y bsss 4 100yg,c + 0ygvsyons (32)

where we allow for observation errors. Here we let the intercepts (or steady state val-
ues) be3?

Ay°Psss = 400u, = 2.3%
n.obs,ss — 2%

ROPSSS = 2.5%

y;bs,ss =0

When estimating the Armelius et al. (2018) and Berger and Kempa (2014) models we
add two additional data series: the annualised quarterly change in the real exchange
rate and the Rikshank’s measure of the real exchange rate gap, i.e. the deviation of
the real exchange rate from its long-run trend.?® Here we use the trade-weighted in-
dex called KIX20 which includes the euro area countries and the United States. The
observation equations for these two variables are provided below.

AqPPs = Aq°PSSS + 400(q, — q;—1) + 0 aqobs€nqobs,t (33)
bs,
qg,bts = qg 5,58 + 100qg,t + Ungsfngﬂ)s't (34)
where
Aqobs,ss =0
obs,ss __
g =0

31 An alternative which is not pursued here would be to use a so called shadow rate in place of the policy
rate to account for the possible effects of Riksbank asset purchases in the period since 2015. The analysis in
Pescatori and Turunen (2016) for the United States shows that the use of a shadow rate yields a lower esti-
mate of the neutral rate in the period following the financial crisis in 2007-09 when the Federal Reserve im-
plemented quantitative easing.

32 When the variables are assumed to be non-stationary they do not have a steady state. However, techni-
cally, we may still allow for the intercept in the equation, i.e. it does not affect the estimation.

33 The estimation of the long run real exchange rate is discussed in Belfrage (2021) and Belfrage et al
(2020).
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Using the GDP and real exchange rate gaps as data when estimating the model implies
that potential GDP (y;) and the long-run real exchange rate (q;) are perfectly identi-
fied.34 After preliminary estimations we choose to typically estimate the models with-
out observation errors, i.e. we calibrate the standard deviations of all these errors to
zero.

Estimation method

As is common in the estimation of dynamic stochastic general equilibrium (DSGE)
models we employ a Bayesian approach to estimate the parameters (collected in the
vector ) of each model (indexed by M). This involves combining prior assumptions
on the model parameters, p(6|M), with the likelihood function for the data,

p(D|6, M), to obtain the posterior distribution of the parameters.

p(6|D, M) o p(D|6, M) p(6|M) (35)

This approach has also become more common in estimating the parameters in the
type of semi-structural models applied for estimation of the trend neutral rate.3*> We
calibrate a subset of the parameters in the respective models and assign independent
prior distributions to the remaining parameters which are estimated. The likelihood
function is evaluated using the Kalman filter where we use a diffuse prior on the (po-
tentially non-stationary) initial state vector. We sample from the posterior distribu-
tion of the parameters using the random walk Metropolis-Hastings algorithm target-
ing a 20-35% acceptance rate.3® We compute smoothed (and filtered) estimates of the
state variables and innovations for a subset of the posterior parameter draws using
the state and innovation smoothers.3” We primarily focus on the smoothed estimates
of the neutral rate trend and its parts, the potential growth rate (g) and the other fac-
tors affecting the rate (z), averaged across the posterior parameter distribution.3® All
computations are performed using the Dynare software.3® We obtain m = 100,000
draws from the posterior distribution when estimating each model and use a subset
(i.e. a thinned chain) of those for the computation of posterior statistics.

34 pescatori and Turunen (2016) also use a measure of the output gap when they estimate a HLW type
model on US data. A difference from our approach is that they assume it is a less precise signal.

35> Berger and Kempa (2014) and Armelius et al. (2018) are two examples of papers in which the parameters
are estimated using Bayesian methods. Holston, Laubach and Williams (2017) estimate their model using
maximum likelihood and the median unbiased estimator of Stock and Watson (1998) to handle the so called
pile-up problem. Maximum likelihood estimation of time series models that contains a small permanent
component and a large transitory component tend to yield an estimate of the variance of the permanent
component which piles up at zero. Buncic (2024) notes that the likelihood of encountering pile-up problems
in the HLW model is small and, furthermore, corrects the estimation of this model.

36 Berger and Kempa (2014) and Armelius et al. (2018) apply importance sampling to sample from the pos-
terior distribution.

37 See e.g. Durbin and Koopman (2012) for a review of filtering and smoothing in state-space models.

38 The smoothed estimate of the neutral rate trend is given by 7y = E (r{|Dy.r) where D denotes the data.

39 Dynare is available at www.dynare.org.
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Estimation results: Holston, Laubach and Williams
(2017)

Prior and posterior distributions of model parameters

Table 1 presents prior distributions and posterior mean estimates for the HLW model
parameters. Following Holston, Laubach and Williams (2017), and in line with prelimi-
nary estimation results on Swedish data, we calibrate c = 1, p; = 1 and p, = 1, while
estimating the remaining parameters.*®® These calibrations imply 1(1) processes for the
neutral rate trend and its components. We employ normal prior distributions for most
of the parameters, a beta prior distribution for the interest rate smoothing parameter
in the Taylor rule and inverse gamma prior distributions for the innovation standard
deviations.*! We scale the innovation standard deviations in order to avoid an exces-
sive influence of the prior on the posterior estimates. The priors for the parameters in
the IS and Phillips curve equations are largely uninformative, while the priors for the
monetary policy rule parameters have standard values.*? In the case of the HLW
model it turns out that we do not need to impose additional restrictions on the pa-
rameters to obtain reasonable signs of the estimated parameters (i.e. signs consistent
with standard economic theory). Preliminary estimations of the two versions of the
HLW model versions reveal a relatively flat slope of the Philips curve, i.e. a low value
for by, and we choose to calibrate this parameter to the value 0.05, a choice which
does not significantly affect the model fit (as measured by the marginal likelihood).*3
Conversely, the IS curve slope, a,., appears rather steep. 4

40 When estimating the parameter ¢ we obtain a posterior mode estimate close to 1 and the posterior den-
sity is very similar to the prior density (normal distribution centered on 1 with standard deviation 0.5,
N(1,0.5)), which suggests that the parameter is not well identified. Estimating the persistence parameters
pg and p, individually or jointly with N(1,0.5) priors we find that also these parameters are estimated close
to 1 and the respective marginal posterior distributions are tightly estimated. Thus we do not find support
for the result of Lewis and Vazquez-Grande (2018) of a transitory z-component using Swedish data. Ar-
melius et al. (2018) conclude that the assumptions on the processes for g, and z; are not of major im-
portance for their estimate of r*.

41 The general approach is to use normal prior distributions for unbounded parameters, gamma or inverse
gamma priors for innovation standard deviations (i.e. parameters which are bounded from below) and beta
prior distributions for parameters that are bounded both from below and above.

42 See, e.g., Corbo and Strid (2020).

43 This is in line with Corbo and Strid (2020) who estimate rather flat Phillips curves in a DSGE model for
Sweden.

44 The filtering uncertainty in estimating r* depends crucially on the steepness of these two parameters, as
demonstrated by Fiorentini et al (2018). Low (i.e. flat) estimates imply that the precision of the estimate of
r* deteriorates. It is common that both parameters are estimated to be flat, see Brand et al. (2018) who
collect estimates from a large number of studies.
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Table 1. Prior parameter distributions and posterior mean estimates for alternatives
of the HLW model estimated on Swedish data for the period 1995Q2-2024Q2.

Prior distribution Posterior mean
Taylor rule Real rate RW

Dist. Mode Std. Scale Baseline Lowd,, TN prior Baseline Lowd. TN prior
@10 N 05 1 0.86 0.84 0.84 0.85 0.87 0.86
=y N 0 1 -0.028 -0.018 -0.018 -0.030 -0.022 -0.030
. N 0 1 -0.51 -0.55 -0.60 -0.38 -0.27 -0.36
b N 05 1 0.56 0.56 0.56 0.20 0.20 0.20
Pr B 0.8 0.1 0.91 091 091
Px N 1.75 0.2 1.57 157 161
2 N 0.1 0.05 0.14 0.15 0.15
Usy, IG,TNO.2 oo 1/100 1.20 1.20 121 1.19 1.20 121
Tz, IG,TNO0.2 oo 1/100 0.40 0.40 0.40 0.45 0.45 0.45
D= IG,TN0.2 oo 1/100 0.083 0.069 0.062 0.12 0.16 0.075
Tz.- IG,TN0.2 oo 1/1001 0.028 0.028 0.078 0.078
Tsp IG,TNO.2 oo 1/100( 0.053 0.053 0.046 0.10 0.10 0.10
Tz IG,TNO.2 oo 1/100( 0.126 0.31 0.49 1.93 193 193

Note: The prior distributions are the normal (N), beta (B) and inverse gamma (IG) distributions. The
scaling parameters of the IG distribution scale the prior mode. The truncated normal distribution
(TN) is applied with standard deviation equal to 2 and it is truncated at 0. The low prior for the
standard deviation of the shock to z is obtained by scaling the prior mode with 1/1000 (instead of
1/100).

Our primary focus is to assess the robustness of the estimated neutral rate trend to
alternative assumptions regarding a subset of the model's parameters. The priors as-
signed to the standard deviations of the unobserved shock processes (o) are of partic-
ular importance in this context. The use of an inverse gamma prior effectively pre-
vents the so called pile-up problem since it rules out values of the parameters too
close to zero. The other side of the coin is that this prior may effectively rule out rele-
vant parameter values close to zero, thereby possibly exaggerating the variability of
some shock processes. We therefore estimate these parameters under alternative as-
sumptions for the prior mode in the inverse gamma distributions or with truncated
normal priors that allow the estimates to reach zero. Our main focus is the parameter
governing the variability of the “other factor” (z;), o, , since it has a major impact on
the estimated neutral rate trend. Since it is challenging to elicit a prior on this parame-
ter we are particularly interested in assessing the sensitivity of both its estimate and
the associated estimate of the neutral-rate trend to the choice of prior distribution.

We begin by examining the Taylor rule (TR) version of the model. To evaluate the in-
fluence of prior assumptions, we conduct sensitivity analysis. For each parameter indi-
vidually, we shift the mode of the inverse gamma prior density by a factor of 10 and
re-estimate the model.*> The posterior mode estimates of the parameters Ocy, (out-

put gap IS equation), o, (Phillips curve) and Te, (potential GDP growth) are robust to

the change in the centering of the prior, i.e. they change by little and therefore ap-
pear well identified by the data. We note that the result for T, presumably hinges on

4 Kiley (2020) performs a similar experiment but changes the prior mean by a factor 2.
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us using data on the Riksbank measure of the GDP gap in the estimation. On the other
hand, the posterior estimates of Te,. (innovation to potential GDP) and g, (monetary

policy shock) are sensitive to the prior mode which suggests that these parameters
are not well-identified by the data. The posterior estimate of g (other factors in the
neutral rate trend) does not appear excessively sensitive to the change in the center-
ing of the inverse gamma prior in the TR version of the model.

Next, we explore the effects of alternative prior assumptions on the innovation stand-
ard deviations by estimating these parameters using truncated normal priors. This ap-
proach, which allows the standard deviations to take values arbitrarily close to zero
contrasts with the use of inverse gamma priors.*® We first obtain the posterior mode
estimate e, = 0, which could potentially be seen as an illustration of the so called

pile-up problem. Calibrating Te,. to zero and estimating the remaining five innovation

standard deviations (along with the other model parameters) we find that the esti-
mates of Ocy s Oen and 0, are invariant to the choice of prior (i.e. inverse gamma or

truncated normal) while the estimate o _is significantly altered. The estimate of o;_is
0.06 compared to 0.08 when the IG prior is used, a relatively small difference.

Table 1 reports the parameter estimates obtained under three different sets of as-
sumptions, with a focus on the parameter g, which governs the variability of the pro-
cess for the other factors affecting the neutral rate trend (z;). These assumptions in-
clude a baseline prior, an alternative with a lower prior mode for g and the alterna-
tive with a truncated normal prior for all the innovation standard deviations. The pos-
terior estimates of o, show relatively small differences across these three cases. The
log marginal likelihoods of these three models are -235.8, -238.5 and —241.0, respec-
tively, suggesting that the differences in model fit are modest.’

The results of a similar analysis of prior robustness for the real rate random walk
(RRW) version of the model are in many ways similar, while crucially different for the
key parameter of interest g, _. The posterior mode estimates of Oey 1 Oenr O and g
(real interest rate) are robust to alterations of the inverse gamma prior distribution
hyperparameters, whereas the estimates of g and T¢,. are sensitive to alterations.
Estimating the model with truncated normal priors for the standard deviations we
again find O, = 0 and the estimates of g and o,,_are significantly altered com-
pared to those obtained with the inverse gamma prior. Also, lowering the prior mode
of o, by a factor 10 yields a much lower posterior estimate, suggesting that the pa-
rameter is not well identified by the data.

To summarise, our analysis indicates that the estimates of several parameters govern-
ing the neutral rate trend process are somewhat sensitive to the choice of prior distri-
bution and hyperparameters. The sensitivity of the parameter o, , which governs the

46 Ferroni et al. (2016) use exponential or truncated normal priors to allow the standard deviations of struc-
tural shocks in DSGE models to obtain the value zero. They also use observation errors to avoid stochastic
singularity. Since our model is short, i.e. we have six innovations and four observables, we do not need to
use observation errors.

47 The marginal likelihood is calculated using the modified harmonic mean (MHM) estimator.
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variability of the "other factors" component, to its prior distribution is notably larger
for the real rate random walk (RRW) version of the model compared to the Taylor rule
(TR) version. In the section below, we illustrate how these differences in prior as-
sumptions affect the estimated neutral rate trend.

Neutral rate trend estimates

We present estimates of the neutral rate trend from both versions of the model (TR
and RRW) under three assumptions on the prior for the innovation standard devia-
tions: a baseline assumption on the prior mode of g, _, a prior mode for g, which is a
tenth of the baseline mode, and truncated normal priors for all innovation standard
deviations.

Figure 3 displays the neutral rate trend estimates. Since we use data on both GDP
growth and the GDP gap the potential GDP growth rate is well identified and the esti-
mate is virtually identical across all variants of the model.*® The Riksbank's estimate of
potential GDP growth suggests a decline of approximately one percentage point since
1995, which translates directly into a similar effect on the real neutral rate trend. Con-
sequently, the differences between the real neutral rate estimates primarily reflect
differences in the estimated "other factor" (z;). Given our calibration ¢ = 1 the esti-
mated real neutral rate is simply the sum of these two components. In the Taylor rule
(TR) version of the model, the baseline estimate of the neutral rate (blue line, visually
overlapping the red line) exhibits considerable variability, which suggests that the es-
timate reflects cyclical factors to some extent. In contrast, the estimate obtained us-
ing the real rate random walk (RRW) version of the model is smoother (yellow line).
Lowering the prior mode for o, does not appreciably change the TR model estimate
(red line, visually overlapping the blue line), while it leads to a significant change in
the RRW model estimate (green line). Finally, using the truncated normal prior for the
innovation standard deviations yield a low estimate of g, in the RRW version of the
model and a smoother estimate of the neutral rate (grey line). The corresponding esti-
mate for the TR version of the model suggests that this model yields a reasonably ro-
bust estimate of the trend neutral rate (light blue line).*®

48 A similar result is obtained by Pescatori and Turunen (2016) who also use the GDP gap as an observable.

49 n figure 9 in appendix B we show that the estimate of r* for the Taylor rule version of the model is rea-
sonably robust to ending the sample in 2019Q4 (instead of 2024Q4) and not using the GDP gap as data in
estimation.
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Figure 3. Estimated real neutral rate trend, HLW (2017) model.
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In summary all our estimates of the real neutral rate trend in Sweden using the HLW
model suggest that it has declined in the past three decades and, furthermore, the es-
timates of the level in 2024 are reasonably unanimous (excluding the highest and low-
est estimates), roughly in the region -2 to -1 percent. With a 2 percent inflation target
this yields a nominal trend level in the interval 0 to 1 percent. However, we note that
the estimates are sensitive to the prior assumptions on the process for the other fac-
tors affecting the neutral rate, z;. This sensitivity is especially pronounced in the real
rate random walk (RRW) version of the model.

Estimation results: Armelius (2018)

Table 2 presents the prior distributions and posterior mean estimates for the parame-
ters in the Armelius et al (2018) model. We calibrate c = 1, p; = 1and p, = 1, and
based on preliminary estimation also ¥; 13 = 0.°° Sensitivity analysis similar to that
for the HLW model above suggests that the parameter estimates are sensitive to al-
teration of the prior mode for g, and Te . (and to some extent also arg) but robust

to such alterations for the remaining standard deviations of innovations. We report
parameter posterior mean estimates, and corresponding neutral rate trend estimates,
for three alternative assumptions: a baseline with inverse gamma priors for the inno-
vation standard deviations, an alternative with a lower prior mode for o and an al-

%0 |n preliminary estimation using a normal prior with mean 1 and standard deviation 0.5 we obtain a poste-
rior estimate of ¢ equal to 0.88 with a 90% posterior probability interval ranging between 0.15 and 1.62.
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ternative with truncated normal priors for the innovation standard deviations. We ob-
serve a significantly lower posterior mean estimate of o, when the prior mode is re-
duced by a factor 10. Using truncated normal priors yields parameter estimates that
are broadly similar to those obtained in the baseline case.

Table 2. Prior parameter distributions and posterior mean estimates for alternatives
of the Armelius (2018) model.

Prior distribution Posterior mean

Dist. Mode Std. Scale Baseline Low a, TN prior
fin N 05 0.1 0.80 0.81 0.81
Pz N 0 0.1 -0.038 -0.095 -0.015
Pl N 0 0.1 0.024 0.020 0.026
iz N 0.5 0.1 0.85 0.98 0.75
¥123 N 0 0.1 0.0061 0.0047 0.0061
Fiar N 0 0.1 0.11 0.12 0.11
iz N 0 0.1 0.0065 0.011 0.014
F1as N 05 0.1 0.88 0.89 0.87
b N 05 0.2 0.0048 -0.0029 -0.001
byq N 0.1 0.1 0.0049 0.0041 0.0043
by N 01 01 0.023 0.026 0.021
o, IG,TN 0.2 o 1/100 0.077 0.013* 0.090
O IG,TN 0.2 o 1/100  0.63 0.62 0.63
O, IG,TN 0.2 o 1/1000 0.028 0.028
o, IG,TN 0.2 o 1/1000 0.053 0.053 0.046
O, IG,TN 0.2 o 1/100  1.22 1.20 1.25
O, IG,TN 0.2 e 1/1000 0.057 0.086 0.017
O, IG,TN 0.2 o 1/10 0.23 0.23 0.24
O, IG,TN 0.2 o 1/100 0.47 0.47 0.47

Note: The prior distributions are the normal (N), beta (B) and inverse gamma (IG) distributions. The
scaling parameters of the IG distribution scale the prior mode. The truncated normal distribution
(TN) is applied with standard deviation equal to 2 and it is truncated at 0. The low prior for the
standard deviation of the shock to z is obtained by scaling the mode with 1/1000 (instead of 1/100).

Figure 4 shows the estimated real neutral rate under the three prior assumptions. In
the case of the low prior mode and consequently a low posterior mean estimate of
g, We obtain a rather smooth estimate of the neutral rate (red line). This estimate is
largely influenced by the potential growth rate (g) with minimal variability in the
other factors (z). In contrast, when using either the baseline prior or the truncated
normal prior for g, , the posterior mean estimate of o,_ is larger, and we observe
greater variability in both the estimates of z and the estimated neutral rate. It appears
that these estimates capture cyclical factors to some extent. Our baseline estimate of
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the neutral rate is broadly similar in level to the estimate presented in Armelius et al.
(2018), although our estimate exhibits greater volatility.>?

Figure 4. Estimated real neutral rate trend, Armelius (2018) model.
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3.5 Estimation results: Berger and Kempa (2014)

We estimate three variants of the Berger and Kempa (2014) model: a baseline with in-
verse gamma priors for the innovation standard deviations, an alternative with a
lower prior mode for g, and an alternative with truncated normal priors for the inno-
vation standard deviations. As for the other two models we calibratec = 1, p; = 1
and p, = 1 while estimating the remaining parameters. The estimates of the neutral
rate are displayed in figure 5. Again, the differences in the estimates primarily reflect
the different posterior estimates of the standard deviation of the innovation to z
which reflect the different priors assumptions.>?

51 n figure 10 in appendix B we show estimates of r* with the sample ending in 2019Q4 (instead of
2024Q4) and not using the GDP gap as data in estimation.

52 The posterior mean of g, is 0.05 (baseline), 0.01 (low prior mode) and 0.09 (truncated normal prior). The
prior distributions and posterior estimates of the remaining parameters are available upon request from
the authors.
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Figure 5. Estimated real neutral rate trend, Berger and Kempa (2014) model.
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Recoverability

Recent research by Buncic et al (2024) has demonstrated that the ability of different
models to recover unobservable variables (shocks and “stars”) varies across models.
We investigate the recoverability of these latent variables, defined as the ability to ac-
curately recover them when the model is assumed to be correct and its parameters
are assumed to be known. Our approach involves two steps. First we simulate a long
artificial dataset, including time series for the model’s unobservables, using the model
and the posterior mode estimates of the model parameters.>® Second, the smoother
is applied to estimate the unobserved variables using the simulated data on the ob-
served variables. As a final step, we compare the true (simulated) and estimated se-
ries for the unobserved variables to evaluate the model's ability to recover these vari-
ables under ideal conditions. We summarise this comparison using a scalar measure

53 We simulate a series of 10,000 observations.
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of recovery: the correlation between the first differenced simulated and smoothed se-
ries, respectively. A higher value indicates better recoverability of the true series.

Table 3 reports the recoverability measures for three different models, each evalu-
ated under three different sets of observed variables used in the Kalman smoothing
procedure. As expected, we observe that the ability to recover the unobservable vari-
ables generally increases as more data is used for state estimation. Conversely, when
too few data series are used in the estimation process, the ability to recover the un-
observables deteriorates substantially, with the correlation coefficients approaching
values close to zero. Finally, our analysis suggests that both the HLW TR model and
the Armelius et al (2018) model perform reasonably well in terms of recoverability
when realistic datasets are used for state estimation. The performance of the RRW
version of the HLW model, however, is notably worse.

Table 3. Recovery measures for the neutral rate, potential GDP growth and other
factors in three semi-structural models

Recoverability statistic

Model Observables Neutral rate Pot. GDP growth Other factors
LW TR AyFT qobs pobs ot 1.00 0.84 0.99
LW TR Ayg®s qobs pobs 0.99 0.13 0.99
LW TR AygPe qobs 0.01 0.12 0.00
LW RRW  4» qobs pobs yobs 0.12 0.83 0.10
LW RRW &7 qobs pobs 0.10 0.11 0.10
LW RRW &0 qobs 0.07 0.11 0.07
Arm AygPs qobs pobs yobs pqobs GE.?‘ 0.83 0.83 0.83
Arm AypPe qobs pobs Mg 0.83 0.11 0.83
Arm Byg?® qobs pqobs 0.02 0.09 0.00

Note: The recovery measure shown in the table is the correlation between the first differenced sim-
ulated series and the first differenced smoothed estimate of the series. The simulated series is of
length 10,000.

Summary: estimates of the neutral rate trend using a
range of models

In the preceding sections, we presented results from estimating several variants of
three small-scale semi-structural models using Swedish data to investigate the uncer-
tainty associated with estimates of the neutral rate. Here, we report estimates of

r xstate from two further models: the Riksbank’s dynamic stochastic general equilib-
rium (DSGE) model MAJA, as described in Corbo and Strid (2020) and updated in
Corbo and Strid (2025), and the semi-structural model developed by Armelius et al.
(2024).>* A notable difference between these two models and the three small-scale
models we have considered thus far is that they incorporate substantially more data
in the estimation of r* which should improve identifcation.

54 Estimation of the neutral rate trend (or trend real interest rate) in MAJA is discussed in a recent Riksbank
staff memo, see Corbo and Strid (2025). For Armelius et al. (2024) the authors have kindly supplied us with
an updated estimate of r* for Sweden.
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MAJA is a two-region DSGE model for Sweden and its main trading partners, the euro
area and the United States. The real neutral rate trend in Sweden, r*, is modelled sim-
ilarly to equation 17 and it is assumed to be primarily driven by global factors, aligning
closely with the real neutral rate trend in the foreign economy. The unobservables are
estimated using data on 25 data series and the ability to recover r* is good. Armelius
et al. (2024) observe that existing studies based on the Laubach and Williams (2003)
framework often use limited information to identify r* and other unobservables. They
address this by augmenting the framework with a dynamic factor model linked to sev-
eral economic indicators to improve identification.>®

Figure 6 displays the baseline estimates of the real neutral rate obtained from each of
the models considered in our analysis. Although these estimates are subject to consid-
erable uncertainty and depend on specific assumptions made within each model, we
believe they allow us to draw three broad conclusions regarding the evolution of the
neutral rate trend in Sweden. First, it appears highly likely that the real neutral rate in
Sweden has exhibited a downward trend over the past several decades. This observa-
tion is consistent with evidence presented in other research studies focusing on both
Sweden and other advanced economies. Second, the downward trend shows signs of
stabilising or even reversing in the post-pandemic period. Third, taking into account
the inherent model uncertainty, a reasonable mean estimate of the real neutral rate
trend in 2024, based on this class of models, appears to lie roughly within the interval
between -1.5 and 0.5 percent. This yields an interval for the corresponding nominal
neutral rate trend equal to 0.5 to 2.5 percent.*® This range suggests that even though
policy rates were raised significantly in many countries around the world in response
to the surge in global inflation observed in 2021 and 2022, structural factors are likely
to be exerting a continued downward pressure on interest rates.

%5 |n addition to the GDP, inflation and an interest rate data typically used for estimation of these models
they use data on 7 additional series: consumption, gross fixed capital formation, exports, imports, unem-
ployment rate, capacity utilization and a consumer confidence indicator.

6 Brand et al (2025) has recently published a range of semi-structural model estimates of r* for the euro
area. Their estimates in 2024 are roughly in the interval -0.5 to 1, i.e. somewhat higher than our estimates
for Sweden. Benigno et al (2024) reports estimates for the euro area using a set of macroeconomic models.
In 2023 the range of estimates for r*is roughly between -1 and 1.5 percent.
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Figure 6. Estimates of the real neutral rate trend in Sweden using five
macroeconomic models 1995q2-2024q2.
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Note: the estimates which are marked with a star (*) are produced and discussed in this paper
while the estimates based on the models of Armelius et al (2024) and Corbo and Strid (2020)
have been obtained from the authors.

Discussion and concluding remarks

How useful are measures of the neutral rate of interest? As we have discussed, it is
important for a central bank to have a quantitative assessment of the trend in real in-
terest rates, which is driven by factors outside the typical business cycle oriented
frame of analysis. The estimates presented in this paper can be used for that purpose
and, taken together, they provide some information on the sensitivity of these
measures to variations in key assumptions. Our results indicate that, while useful,
these measures have to be interpreted with caution, as they are quite sensitive to key
prior assumptions within models and in addition there are differences between the
estimates obtained with different models. In particular, measures from empirical
models that rely on relatively few data series, together with a rich number of shocks,
display quite some variation when altering key assumptions, as previously emphasized
by Buncic (2024).

Short-run measures of the neutral rate

But what about the more short-run, i.e. business cycle, fluctuations in the neutral
rate? We will argue that, under some specific assumptions, these measures have less
practical relevance for an inflation-targeting central bank. To make this point, let us
describe — in a highly simplified and stylized way — how staff at such a central bank
may prepare monetary policy decisions. The objective is to make consistent forecasts
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of inflation and resource utilization, for a number of alternative monetary policy as-
sumptions, so that policy makers may choose the most preferred combination of
these three variables (i.e. the most preferred combination of forecasts for inflation,
resource utilisation and the policy interest rate). These paths thus summarize (to-
gether with risk assessments and other additional material) the information that is
relevant for the monetary policy decision. Since many central banks do not use the
flex-price output gap as their preferred measure of resource utilisation, they have no
compelling reason to estimate and assess the short-run component of the neutral
rate in order to complete the above exercise.’” This, probably, is a key reason why
most such central banks do not publish any estimates or assessments of the neutral
rate, but rather only its trend component.

Defining monetary policy stance

A final issue for discussion is the concept of monetary policy stance. We note in pass-
ing that there is strictly speaking no need to define this concept from the viewpoint of
the monetary policy decision making process, as described above. But nevertheless,
central bankers may want to use such terms in external communication. There are at
least two competing, possible usages of these terms.

A first is based on Woodfords discussion, where we can somewhat loosely say a neu-
tral stance is a real interest rate path that closes the flex-price output-gap as soon as
possible (reflecting possible transmission lags and so forth).>® If monetary policy is
conducted in such a way that actual real interests changes in lock-step with the neu-
tral rate, then the flex-price output gap will close, and in this precise sense monetary
policy will be neutral. In other words, monetary policy will ensure that actual output
equals the flex-price level of output, just like it would have been if prices and wages
were fully flexible. If the shock poses no trade-off for monetary policy, this will also re-
sult in inflation stabilising at target. A shock that does impose a trade-off will instead
require the central bank to balance its objectives against each other. For example, to
balance an inflationary shock — the cost-push shock in equation (2) -, the central bank
may choose to induce a negative output gap, in which case Woodford would say that
monetary policy is contractionary. With this definition, there will be a correspondence
between a contractionary monetary policy and a negative flex-price output gap.

A second alternative definition of monetary policy stance instead focuses on the dif-
ference between the actual real interest rate and the trend component of the neutral
rate. If the actual real interest rate is above the trend component of the neutral rate,
with this definition, monetary policy would be classified as contractionary.

57 Rather than using a flex-price output gap, many central banks focus on the deviation of output or em-
ployment from a slow moving-trend.

8 This usage is broadly consistent with the discussion in Section 2. Within the small model outlined in Sec-
tion 2, there are no lags in the transmission of monetary policy. By setting the policy instrument appropri-
ately, it is thus possible for the central bank to keep the output gap closed at all times (if it wishes to do so).
In the context of that model, one may therefore define as neutral a monetary policy stance that ensures the
gap is always closed. However, more realistic models do include transmission lags; after a shock has hit the
economy, it is often simply not reasonable for policy makers to try to close the output gap immediately. In
the context of such a model, a more pragmatic definition of a neutral stance is needed.
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Suppose, for example, that a business cycle shock raises the neutral rate and, if un-
checked, therefore tends to open up a positive flex-price gap and lead to inflation run-
ning above target. First, in the case that we use the flex-price gap as our measure of
resource utilization, we would say that a monetary policy that raises the real interest
rate in lock-step with the neutral rate is contractionary (in contrast to the Woodfor-
dian definition above which would label it as neutral). Indeed, any policy that raises
the real rate above the trend-component is classified as contractionary. With this defi-
nition, there is no correspondence between the stance of monetary policy and the
sign of the flex-price output gap. Second, if a more conventional output gap measure
is used, based on deviations of output from a slow moving trend, the discrepancy be-
tween theory and practice may be even larger. For example, a positive technology
shock that drives up output will, in the simple model discussed in Section 2, lead to a
fall in the neutral rate of interest. If monetary policy does not accommodate this (i.e.
if the policy real interest rate is not lowered enough to fully compensate for the fall in
the neutral rate), the sticky price equilibrium will feature rising output but a negative
flex-price output gap that will tend to excerpt a downward pressure on inflation. A
central bank examining a more conventional output gap will most likely conclude that
the output gap is positive, and use language describing monetary policy as expansion-
ary — since the real interest is below the long run trend component.

There is no right or wrong here, we simply end by noting that there is ample scope for
confusion about terms like the neutral rate of interest and the stance of monetary
policy. Therefore, it is essential that central bankers are as clear as possible with what
they mean when they use these concepts. We suggest communication that focus on
the monetary policy objectives and what the central bank strives to achieve, in terms
of these objectives.
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Appendix A — The definition of the
output gap

Defining the output gap as the deviation from the efficient flex-price level is nowadays
standard in the literature.. The reason this concept is relevant is that this deviation
captures, theoretically, the welfare of the agents in the economy.

Thus, it is this gap that policy should optimally strive to close, provided that a shock
that hits the economy does not imply that the central bank has to trade off an infla-
tion gap against an output gap.

In practice, these output gaps are unobservable, and model dependent which creates
an empirical challenge. It is common in practice to define some other output-gap us-
ing, e.g., an HP-filter or the deviation from trend. To illustrate the effect of this in our
simple theoretical model in which y[* = va; + ¢, suppose we exclude the cyclical
technology shock from our definition and instead define y; = c, such that potential
output is just a constant. Of course, in a more complicated model we may think of this
as representing the fact that some cyclical shocks have been excluded from the trend
output and the natural rate. With these definitions, we note that

ye =i tva

Using this in the small New Keynesian model presented in section 2 of the paper we
get59

Ve =YVt = Et(Vewr — Yir1) — (e —17)
= BEmeyq + k(v — ¥5) +ue —va,
. 2
Ly =n}+ l()’t — Yt — Uat)

If this new definition of the real interest rate gap is closed, such that the new defini-
tion of the gap is zero, it does not mean that the output gap relevant for capturing
cost pressures is closed, since short-run productivity shocks can lead to discrepancies.
Thus, closing this gap at all times might still lead to non-zero inflation, even when
there are no mark-up shocks. Furthermore, even if y, — y; is zero, the loss function
will still carry an output-related component equal to A(vat)2 , indicating that this
output gap is not the one monetary policy should care about from a theoretical view-
point. That is, from a normative point of view, it is not this gap that should be closed.

%9 |t can be shown, using the microfoundations of the model, that u(1 — p) — a@ = 0, such that the technol-
ogy shock drops from the first equation (see Chapter 3 in Galis (2015).
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7 Appendix B — Estimates of the real
neutral rate trend

Figure 7. Data series used in estimation of the semi-structural models.
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Note: GDP, CPIF and the real exchange rate are in annualised quarterly change (aqc) in
percent. The policy rate is in percent. The GDP and real exchange rate gaps are percent
deviations from the potential (or long run) level.
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Figure 8. Median smoothed estimate of the real neutral rate trend and 80 percent
probability intervals in the baseline versions of the models.
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Figure 9. Sensitivity analysis for the baseline HLW-TR model: sample ends in 2019Q4
(red) and the model is estimated without the GDP gap as data (light blue)
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Figure 10. Sensitivity analysis for the baseline Armelius et al. (2018) model: sample
ends in 2019Q4 (red) and the model is estimated without the GDP gap as data (light
blue)
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