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monetary policy can influence the evolution of the technology stock and thus long-run aggregate
supply. Monetary policy is hence non-neutral also over the long run, with important consequences
for both the role and the conduct of monetary policy in economic stabilization.

Figure 2: Impulse responses to an expansionary monetary policy shock.

Figure 2 illustrates these properties by means of the impulse responses to an accommodative
monetary policy shock under endogenous and exogenous technology respectively. The decline in the
nominal interest rate translates in a decrease in the real interest rate which stimulates consumption,
investment in physical capital and aggregate output. Crucially and in contrast to the model with
exogenous TFP (grey dashed line), the aggregate output effects of monetary stimulus are permanent
as monetary policy also raises productivity-improving investment in R&D and technology adoption
and thus TFP via two major channels. The first operates via the decline in the real interest rate
and raises Λt,t+1 thereby also raising the discounted values of both a newly invented technology, Jt,
and an adopted technology, Ht. The second mechanism operates through the upswing generated
by monetary policy which raises the profits from a new innovation Πt (equ. 26). Consequently,
the value of an adopted technology (Ht, equ. 14) and an unadopted technology (Jt, equ. 14)
increases. As a result, both investment in research and development (equ. 12) and investment in
technology adoption (equ. 16) increase, thus generating a permanent improvement in total factor
productivity. This stands in sharp contrast to macroeconomic dynamics underlying standard DSGE
models (black dashed line), in which the technology stock is assumed to evolve strictly exogenously
and to be determined only by structural factors outside the model.

In sum, monetary policy has an increased role under endogenous technology growth due its
influence on the evolution of total factor productivity, which alters the impact of monetary policy
along two major dimensions. Firstly, its effect on aggregate output is substantially increased in
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terms of magnitude as monetary stimulus induces an expansion in productivity-improving invest-
ment and thus also TFP. The second dimension concerns the permanency of this effect: while
the system reverts back to its initial trend path in models with exogenous technology, the output
effects of monetary stimulus are permanent in this framework as it raises the technology stock and
hence induces a shift of the long-run path of aggregate output. Monetary policy thus accrues an
additional, increased role in economic stabilization owed to its influence on total factor productivity
dynamics and thus the evolution of the supply-side and long-term output path.

4.3 Increased costs of the effective lower bound

Long-run non-neutrality of monetary policy under endogenous technology growth also raises the
costs of the effective lower bound. Figure 3 shows the effect of the ELB under endogenous technology
dynamics. As is well-established in the literature, the effective lower bound amplifies the fall of
aggregate output and intensifies the deceleration in inflation subject to a prolonged period of
inflation undershooting. Crucially, the ELB also amplifies the spillovers from deficient aggregate
demand to TFP, intensifying the procyclical deceleration in total factor proudctivity and the depth
of the recession. The effective lower bound considerably increases the long-term losses in terms of
the technology stock and with it the downward shift in long-run aggregate output. The simulations
show that the simulated ELB episode (Figure 3), which persists for about four years, is associated
with a permanent drop in total factor productivity and hence aggregate output relative to trend
by roughly 2.5%, while the same magnitude recession in the absence of the ELB induces a shortfall
in terms of TFP of 1.1%.

Against this backdrop, the true output losses attributable to the ELB are larger than conven-
tionally assessed by models with exogenous technology stock, as they do not factor in the output
losses inflicted on the total factor productivity margin. As the shortfall in terms of the technology
stock is permanent, the ELB also exerts permanent effects on aggregate output, highlighting the
severity of this constraint for the conduct of monetary policy. Measures to alleviate the effective
lower bound problem can thus be considered of crucial importance also in terms of the long-run
output path. The adoption of make-up monetary policy strategies has frequently been proposed
as a policy option to alleviate the adverse consequences of the effective lower bound on inflation
and with respect to the output gap. The adverse spillovers from deficient aggregate demand to
technology growth and hence the long-run output path which are substantially intensified at the
ELB, constitute an additional motive for the pursuit of make-up monetary policy strategies, which
has not yet been accounted for by the previous literature and which will be discussed in more detail
in section 6.
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Figure 3: Dynamics at the ELB (induced by a 5 std. liquidity demand shock).

4.4 Less responsive inflation and reduced costs of running the economy hot

Inflation responds less strongly when TFP is modeled endogenously due to the interaction between
inflation and productivity dynamics. Under endogenous growth, the inflation response over the
business cycle is dampened since inflationary pressures in an expansion are alleviated by simulta-
neous, procyclical productivity gains, while disinflationary pressures in recessions are counteracted
by a simultaneous deceleration in TFP (see also Elfsbacka Schmöller and Spitzer (2021)). The
interaction between productivity and inflation dynamics has also important implications for the
responsiveness of inflation to monetary stimulus. Specifically, liftoff from the ELB may be more
challenging than conventionally assessed as inflation reacts less to monetary policy interventions.
This property is shown in Figure 2, which, as also discussed in context of the analysis of long-run
non-neutrality (section 4.2), shows the response to an accommodative monetary policy shock under
endogenous TFP growth (blue solid line) and strictly exogenous technology (black dashed line) re-
spectively. Via the earlier discussed mechanism, the monetary expansion reduces the real interest
rate and, in addition, the value of both an adopted and unadopted technology, thus generating
an expansion of investment in both R&D and technology adoption. Total factor productivity thus
expands under endogenous growth, while it is unaffected by monetary policy in the exogenous TFP
model. The endogenous TFP increase generates a more pronounced employment response in the
model with endogenous technology. Despite the stronger reaction of employment, the response of
inflation is less pronounced. While, the initial inflation response is of similar range in both models,
the monetary expansion generates under endogenous TFP increases in total factor productivity
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over time and the related reduction of firms’ marginal cost counteracts the inflationary pressures
from relatively lower economic slack. A tighter labor market is thus also associated with relatively
lower inflationary pressure under endogenous technology growth.

The alleviated response of inflation has important implications for the impact and effectiveness
of monetary policy stimulus in the endogenous technology model. Monetary policy is more effective
in stimulating aggregate output under endogenous versus exogenous technology owed to the ampli-
fication of monetary stimulus on total factor productivity and, in addition, employment. Monetary
policy is, however, less effective in stimulating inflation which may render stimulating inflation at
the effective lower bound particularly challenging. The reduced responsiveness of inflation to mon-
etary stimulus under endogenous TFP thus constitutes an additional motive for the departure from
Taylor-type rules and inflation targeting and for the conduct of make-up strategies in proximity
to the effective lower bound. At the same time, the muted response of inflation alleviates the risk
of inflation overshooting post-ELB and thus weakens a central argument against the conduct of
make-up strategies.

5 Mechanisms of make-up strategies under endogenous growth

We study next the general channels through which make-up strategies operate under endogenous
growth (section 5.1). Subsequent sections (5.2) to (5.5) describe the concrete mechanisms under-
lying the respective make-up strategies under consideration.

5.1 Real interest rate and innovation-payoff channel

The main operating channels underlying make-up strategies under endogenous TFP growth can
be summarized as follows. The first, traditional channel operates directly through the real interest
rate. The commitment to hold interest rates lower for longer until the shortfall in terms of the
metric under consideration is made up in full, lowers real interest rates both directly and indirectly.
Straightforwardly, given the make-up element in the monetary policy rule, interest rates would be
on average held at relatively lower levels compared to the standard inflation targeting approach
underlying the Taylor rule which sets policy rates based on current realizations of inflation and
output. In addition, the make-up element affects not only future interest rates but reduces real
interest rates also via an increase in inflation expectations, thus lowering real interest rates and
providing additional stimulus already during the ELB episode. While this constitutes a conventional
channel underlying make-up strategies also under exogenous technology, the real interest channel
exerts more powerful effects under endogenous technology growth. This holds true, as in the
standard DSGE model setting the technology stock is exogenous and thus unaffected by temporary
changes in the real interest rate while under endogenous technology dynamics a decrease in the real
interest rate raises the value of an unadopted technology Jt and of an adopted technology Ht (see
equ. 14 and equ. 15). This stimulates productivity-improving investment in R&D and technology
adoption.
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Crucially though, make-up strategies operate also through an additional channel which we refer
to as the innovation-payoff channel taking effect both at the research and development and the
technology adoption margin. Specifically, the implied commitment to hold rates lower for longer
raises expectations about the future output trajectory, thus increasing expected firm profits Πt. The
latter constituting a key determinant of both the value of an adopted technology (equ. 14) and, by
extension, the value of an unadopted technology (equ. 15). Hence, this shift raises both the payoff
from R&D investment and from investment in technology adoption, thus providing an additional
channel for stimulating productivity-improving investments on both margins of technology growth
(see equ. 12 and equ. 16). Via the combined effect of the real interest rate channel and the
innovation-payoff channel, make-up strategies can therefore not only reduce the shortfall of inflation
from target and the output drop but in addition also render the adverse spillovers to technology
growth less severe, thus reducing the hysteresis effects on the technology stock and hence the
permanent output losses inflicted during ELB episodes.

In what follows we analyze the specific mechanisms and dynamics during ELB episodes under
price level targeting (section 5.2), average inflation targeting (section 5.3), temporary price level
targeting (section 5.4) and the hysteresis rule (section 5.5).

5.2 Price level targeting

Under price level targeting (PLT, see equ. 3), monetary policy targets a fixed path for the price
level at which prices increase at a constant target rate which we assume to equal to 2 percent
annually. A central difference compared to conventional inflation targeting under the Taylor rule
approach is thus the treatment of past deviations of inflation from target. Under the Taylor rule,
monetary policy aligns inflation with target but does not feature an element of making up for
past phases of subdued or excess inflation. Price level targeting, by contrast, implies that bygones
regarding misses in terms of past inflation are no longer bygones as it involves the commitment
to offset episodes of too low (too high) inflation by temporarily higher (lower) inflation to align
the price path with the target price level. While under a standard inflation targeting framework
an ELB-induced downward bias in inflation emerges (see section 3 and 6), price level targeting
aims to make up for past shortfalls of inflation from target by allowing for temporary overshooting
following an ELB episode.

Figure 4 illustrates the macroeconomic response in a contraction during which the ELB binds
under price level targeting (red line) and the baseline Taylor rule approach (blue line).35 Under
price level targeting, the drop in terms of the output target measure is both less pronounced and
less long-lived. In addition, price level targeting substantially reduces both the fall in inflation
relatively to the standard Taylor rule approach and the time period in which inflation undershoots
during ELB periods. Contrary to not making up past shortfalls in inflation under the Taylor rule,

35As in the previous and subsequent sections, the recession is triggered by a large contractionary liquidity demand
shock which induces the effective lower bound to bind. We use the identical shock size for all monetary policy
strategies under consideration in this section.
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PLT results in a subsequent overshooting in inflation and output, returning the price level to its
initial, targeted path. In addition to the described gains in terms of stabilizing the output target
and aligning inflation, PLT also significantly alleviates the downward adjustment on the technology
margin via both the real interest rate channel and the innovation-payoff channel.

Figure 4: Dynamics at the ELB under price level targeting.

As a result, R&D and technology adoption fall relatively less rendering the deceleration in total
factor productivity less severe. Importantly, while the price level targeting strategy does not fully
close the technology gap, i.e. the shortfall on the technology margin, the long-run output losses are
considerably reduced compared with the baseline Taylor rule. Concretely, for the specific simulated
ELB episode, PLT reduces the long-term output gap to roughly 1%, compared with about 2.5%
under the baseline Taylor rule.36

36Note that the permanent shortfall in total factor productivity is increasing in the severity and duration of the
ELB episode and that the simulated ELB phase is only of moderate length. The respective long-run gains from
the conduct of PLT relatively to inflation targeting are the larger the more prolonged the ELB event and can be
considerably more pronounced than suggested by this specific example.
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5.3 Average inflation targeting

We next study average inflation targeting (AIT) under which the central bank targets the average
inflation rate over a predefined time horizon.37 If the economy experiences, for instance, a transitory
shortfall of inflation from target, the central bank would aim for temporarily higher inflation until
average inflation over a given horizon is again aligned with the respective target inflation which
we assume to equal to 2% annually. As in the case of PLT, monetary policy keeps track of past
deviations from target inflation but limits the time period over which inflation shortfalls are to be
made up for to a specific averaging horizon. Hence, in the limits, i.e. for infinitely large averaging
horizons, AIT approaches PLT. Generally, a central motive for limiting the averaging horizon is
the possibility of long ELB episodes with correspondingly large cumulative inflation shortfalls and
thus the related sizeable and sustained required overshooting period upon ELB exit under PLT.
Under AIT the lookback period is, by contrast restricted, thus reducing the length and intensity
of the subsequent overshooting episode.

Figure 5: Dynamics at the ELB under average inflation targeting.

Figure 5 illustrates the macroeconomic response in a contraction under AIT with averaging
horizons of three, four, five and six years respectively. The simulations show that AIT of all
horizons under consideration performs substantially worse than PLT (see Figure 4) at the ELB.

37Note that to keep Figure 5 tractable, we abstract from including the baseline Taylor rule in the same chart.
Please consult, for instance, Figure 4 for the respective impulse responses under inflation targeting.
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Moreover, the performance of the AIT strategies depends on the averaging horizon. Specifically,
AIT with a lookback period of three years delivers subpar results compared with both the baseline
Taylor rule and AIT strategies with averaging horizon of four years and longer. The performance
of the latter are in a similar range and they all generate improvements in terms of the stabilization
of inflation and the output target measure as well as with respect to reducing the losses on the
technology margin, albeit to a less extent than for the case of PLT. Importantly, our results of
AIT strategies versus inflation targeting are based on an inertial version of the Taylor rule. As
to the dynamics of the nominal interest rate, AIT of three and four year horizons extend the
respective ELB duration compared with the baseline Taylor rule. Longer-term orientated AIT
strategies (five and six years) generate a respectively earlier exit from the ELB but are subject to
an additional temporary drop in nominal interest rate following lift-off. Section 6 discusses in detail
the performance of a non-inertial Taylor rule without path dependence in the nominal interest rate
which is subject to substantially more pronounced stabilization and trend losses.

5.4 Temporary price level targeting

Price level targeting and average inflation targeting strategies constitute symmetric strategies as
they entail an equally pronounced response to both inflation under- and overshooting. The ELB
problem, however, is an inherently asymmetric as the ELB constrains the downward adjustment of
the policy rate and thus renders undershooting of inflation the predominant concern. Temporary
price level (TPLT) targeting was proposed (see Bernanke (2017)) to take this asymmetry into
account by utilizing the positive gains from TPLT in ELB episodes, while otherwise pursuing a
standard inflation targeting strategy. Specifically, under TPLT, the policy maker commits to a
deferral of the exit from the ELB until past shortfalls in inflation realized over the ELB episodes
are made up for. Differently to AIT and PLT, TPLT thus restricts the make-up approach to
the inflation shortfall accumulated at the ELB and thus does not target the price level in normal
times. As shown in Figure 6, TPLT preserves the positive aspects attributed to PLT at the
ELB. Specifically, under TPLT, inflation returns to target substantially more rapidly than under
the standard Taylor rule approach and the policy maker allows for some degree of overshooting
following the ELB episode. Similarly, the output target is stabilized faster and the drop in output
is alleviated. The permanent output losses in terms of the technology stock are reduced. While
the dynamics under TPLT are very similar to PLT in the context of ELB episodes and their direct
aftermaths, they are fundamentally different when policy rates are not constrained, above all in
the response to inflationary shocks, as discussed in detail in section 6.

5.5 Hysteresis rule

The monetary policy strategies discussed in the previous sections employed traditional output
gap measures, reflecting the underutilization on the margin of production factors only - in line
with the output gap measures typically employed in the DSGE model context and with slack
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Figure 6: Dynamics at the ELB under temporary price level targeting.

measures commonly used by central banks. Crucially, these measures do not include the shortfall
of the technology stock from potential. The underlying assumption that total factor productivity
is driven by long-run structural factors outside the model only and that technology shocks are the
only drivers of short-run fluctuations in TFP, thus ruling out the possibility of underutilization on
the technology stock. However, as shown earlier and in line also with the recent literature, when
modeling the evolution TFP endogenously in a general equilibrium setup, cyclical fluctuations and
demand-side movements affect total factor productivity and monetary policy influences the long-
run output path. Based on these insights, we study next the macroeconomic dynamics at the
ELB underlying a monetary policy rule which targets also the underutilization on the technology
margin. We refer to this monetary policy strategy as the "hysteresis rule" as it captures the notion of
targeting the long-run output gap, i.e. the output gap measure which takes into account in addition
to the conventional short-run output gap measure also the shortfall in terms of the technology stock.
Figure 7 contrasts the dynamics at the ELB under the baseline Taylor rule and the hysteresis rule
respectively (equ. 6).

Under the hysteresis rule monetary policy commits to reverting output fully to its initial po-
tential output path. This has crucial implications for the trajectory of total factor productivity as
the technology gap is made up in full over time, whereas the baseline Taylor rule admits a per-
manent shortfall in terms of the technology stock and hence long-run output losses. Importantly,
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Figure 7: Dynamics at the ELB under the hysteresis rule.

the implied commitment to hold interest rates lower for longer not only offsets the output losses
over the long run but instead also considerably alleviates the initial output drop, thus significantly
cushioning the effect of the recession already on impact. Moreover, the commitment to realign
output with trend and hence to the closure of the technology gap substantially reduces the down-
ward adjustment in inflation. As total factor productivity constitutes a slowly-moving factor as
it takes time until research and development and technology adoption rebound and help reverting
TFP to its trend path, inflation experiences a temporary sustained phase of overshooting. Due to
these described dynamics, exit from the ELB is attained relatively earlier under the hysteresis rule
relatively to the baseline Taylor rule.

6 Performance of make-up strategies under endogenous growth

This section presents the results regarding the performance and effectiveness of make-up strategies
under endogenous technology growth. Section 6.1 shows the simulation results with respect to
stabilization and trend loss in the baseline model specification. Section 6.2 demonstrates the
corresponding results under alternative model specifications, in particular for different levels of r∗

and for an alternative measure of the output target.
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6.1 Stabilization and trend losses: baseline scenario

The previous section showed that make-up strategies with a sufficiently strong make-up element
perform better than inflation targeting as implied by the Taylor rule at the ELB with respect to
the stabilization of inflation and the output target, as well as regarding the technology stock. We
next depart from the study of disinflationary demand shocks at the ELB and extend our analysis to
shocks moving nominal and real variables in either direction and emerging from both the demand
and supply side.38 Table 3 presents the simulation results for the mean realizations of annualized
inflation and the output target39 and the respective losses, measured in terms of root mean-squared
deviation (RMSD). Based on the latter we calculate the stabilization loss as the combined losses
from inflation and output target stabilization.40 We further compute the loss in terms of the long-
run trend path, defined as the mean shortfall of technology growth from the growth rate on the
balanced growth path.41

ELB freq. ELB dur. Inflation Target output Stabilization Mean trend loss
Mean RMSD Mean RMSD loss (tech. growth)

Taylor rule (inertial) 0.22 11.4 1.89 1.64 -0.56 3.79 17.05 -0.09
Taylor rule (non-inertial) 0.29 8.20 1.18 5.40 -3.53 14.43 237.39 -0.63

AIT (3yrs.) 0.29 8.16 0.99 7.28 -4.24 19.43 430.52 -0.75
AIT (4yrs.) 0.28 8.02 1.26 5.30 -3.15 14.19 229.45 -0.56
AIT (5yrs.) 0.28 7.87 1.46 3.61 -2.34 9.66 106.35 -0.41
AIT (6yrs.) 0.28 7.83 1.51 3.19 -2.16 8.46 81.75 -0.38

PLT 0.23 7.00 2.00 0.93 -0.23 2.60 7.63 -0.03

TPLT 0.32 9.63 2.08 1.25 0.15 1.96 5.40 0.04

Hysteresis rule 0.23 5.67 2.06 1.32 -0.07 1.99 5.70 0.00

Table 3: Mean biases and losses under various monetary policy strategies
(simulation results (100 000 draws); ELB nonlinearity accounted for using Occbin)

Under the baseline Taylor rule the ELB binds in 22% of the time, with an average ELB duration
of 11.4 quarters. Mean inflation is biased below (1.89) and the inflation stabilization loss equals
to 2.69. The baseline TR is subject to a mean downward bias in the output target and generates
significant losses in terms of the stabilization of the output target (14.36). In combination, the
baseline TR is subject to considerable stabilization losses (17.05). Crucially, and differently to
models with exogenous technology, the conduct of monetary policy also matters for the stabilization
of technology growth and thus the trend path. We document a trend loss, i.e. the shortfall of

38We simulate the model under the liquidity demand shock, the technology shock and the monetary policy shock.
The simulations account for the ELB (R̄ = 1) by means of the piecewise-linear method underlying the Occbin toolbox
(Guerrieri and Iacoviello (2015)).

39The mean output target is stated in terms of percentage deviations from the steady state.
40The stabilization loss is defined as (RMSDinfl.)2 + (RMSDoutp.)2, as specified, for instance, in Bernanke et al.

(2019).
41Trend losses are defined as the mean difference between annualized mean technology growth and the rate of

technology growth on the balanced growth path. Note that shortfalls on the technology margin induce permanent
harm to long-run aggregate output and hence generate substantial output losses over time due to their cumulative
effect.
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average technology growth from the balanced growth path rate, of about 0.1 percentage point
annualized growth. Crucially, shortfalls on the technology margin are permanent and cumulative,
thus accumulating to substantial losses of aggregate output in the long run. Moreover, as shown
in section 5, the trend loss stated in Table 3 denotes the mean loss, while the shortfalls from trend
after deep recessions, above all post-ELB, may be substantially higher, thus generating marked
losses with respect to long-run aggregate output.42 As will be discussed in section 6.2, the trend
losses are substantially amplified when monetary policy space is decreased.

The baseline Taylor rule is subject to inertia. Thus, while it does not feature a make-up element,
the backward-looking element implies that abrupt fluctuations in the policy rate are avoided and
interest rates held lower for longer at the ELB. We study next the performance of a non-inertial
Taylor rule to demonstrate the costs of a more volatile monetary policy strategy and the related
implications of raising interest rates relatively earlier at the ELB. The results show that the non-
inertial Taylor rule generates markedly higher losses on all three margins under consideration. The
non-inertial TR holds rates at the ELB for the shortest time period (8.2 quarters on average) and
is subject to a high frequency of ELB events (29%). Mean annualized inflation is substantially
downward-biased and equals to 1.18 and the inflation losses are sizeable. Both the mean gap and
the losses in the output target are strongly amplified. The non-inertial TR thus generates large
stabilization losses emerging from both inflation and output stabilization. Crucially, it is subject
to extensive trend losses, with annualized mean technology growth ranging -0.63 percentage points
below the balanced growth path rate.

Make-up strategies can provide additional stimulus operating through the real interest rate
channel and innovation-payoff channel, thus capable of generating a considerably improved per-
formance at the ELB, as discussed in section 5. We study next their overall performance to the
extended set of shocks and show that make-up strategies can generate substantial improvements
compared with Taylor-type strategies, where the relative performance varies across the respective
type of make-up strategies under consideration. As a central result emerges that the make-up
element has to be sufficiently pronounced for make-up strategies to improve performance relative
to inflation targeting, in particularly compared with the baseline Taylor rule subject to inertia.

AIT and PLT are symmetric as to the price level-specific make-up elements since the latter are
not confined to ELB episodes but instead apply symmetrically to up- and downward deviations
from target. The performance of AIT is increasing in the averaging window. Only with an averaging
window of four years and longer AIT reduces the losses as to inflation and the output target as
well as regarding the trend loss relatively to the non-inertial Taylor rule. Compared with the
inertial Taylor rule all versions of AIT perform subpar as the underlying inertia in policy rates is
more effective than the comparatively weakly pronounced make-up elements under AIT. Recall,
however, that AIT strategies of sufficiently long averaging horizons, i.e. of four years and longer,

42Note in addition that the baseline scenario is in an environment of a reduced natural rate of interest rate with a
balanced growth path rate of about 0.80 % p.a. , demonstrating that the average loss in terms of technology growth
corresponds to more than 12 per cent of the balanced growth path rate, thus demonstrating the substantial shortfalls
with respect to technology growth.
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reduce hysteresis on the technology margin at the ELB (section 5).
We analyze next PLT which represents, as discussed, AIT with infinite lookback horizon, re-

quiring that any deviations of inflation from target be made up in full. This implies significantly
strengthened stimulus at the ELB and overshooting post-ELB may be persistent, above all after
long-lived ELB episodes. PLT fully offsets the downward bias in inflation, aligning mean infla-
tion with target. Moreover, PLT constitutes the strategy which minimizes the losses in inflation
stabilization. Additionally, PLT generates substantial gains on the output margin by significantly
decreasing the mean downward bias of the output target and reducing the corresponding losses.
The resulting stabilization losses range distinctly below the ones obtained under both the inertial
and baseline TR rule and AIT of all horizons under consideration. Crucially, PLT nearly fully
offsets the average shortfall of technology growth, demonstrating its effectiveness in improving and
stabilizing trend growth despite not directly targeting it. Given the strongly pronounced make-up
element, PLT is also subject to a reduced mean duration of ELB episodes.

The hysteresis rule constitutes a further symmetric strategy as it aims at offsetting both upward
and downward deviations from the output path. We show that it minimizes the average duration
of ELB events. This finding can be attributed to the strong stimulus at the ELB which is most
pronounced under the hysteresis rule and rooted in the sluggishness of the technology stock.43

Moreover, the hysteresis rule strongly improves the performance in terms of output stabilization as
the mean bias in the output target is close to zero and the losses with respect to output stabilization
are alleviated relative to the baseline Taylor rule. The hysteresis rule realizes mean inflation slightly
above target (2.06) and generates a strong reduction of the stabilization losses of inflation. In sum,
the hysteresis rule strongly reduces the stabilization loss, ranking second after TPLT. Crucially,
the hysteresis rule also performs well regarding the stabilization of the trend loss, aligning average
technology growth rates with balanced growth path trend growth.

In contrast to the previously discussed strategies, TPLT is asymmetric as its response dur-
ing ELB episodes and in their immediate aftermath differs from the one in normal times. TPLT
performs well in reducing the loss in terms of inflation stabilization, where only PLT performs
better. Mean inflation under TPLT ranges slightly above target (2.08). The underlying cause for
the differences of the results compared with PLT is a relatively more accommodative stance at the
ELB and a less restrictive response to inflationary shocks due to the pursuit of standard inflation
targeting in normal times. Importantly, as a further consequence of treating bygones as bygones
outside the ELB, TPLT allows for relatively more expansionary upswings, inducing the highest
and slightly positive mean realization of the output target. TPLT minimizes the output target
loss. In sum, TPLT thus minimizes the stabilization loss, closely followed by the hysteresis rule.
Crucially, albeit not directly targeting the technology stock, TPLT performs very well in terms of
supporting technology growth, leading to slightly above-balanced growth path technology growth
rate (0.04) attributable to its relatively more expansionary stance in upswings which permits a
more pronounced expansion as to the long-run trend.

43See section 5 for a detailed discussion of the respective mechanisms.
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6.2 Alternative model specifications

We next present additional simulation results under alternative model assumptions. Specifically,
we discuss the role of monetary policy space by changing the long-run real rate and demonstrate
the findings under an alternative output target specification.

Change in the monetary policy space:
Section 6.1 showed the results for the baseline scenario under an equilibrium real interest rate

of 1%. We discuss next how changes in the underlying long-run real interest rate and hence the
monetary policy space affect the performance and effectiveness of the monetary policy strategies
under consideration as well as their relative ranking. The detailed simulation results are presented
in Appendix B, where Table 5 and Table 6 show the simulations under a respectively higher and
lower equilibrium real interest rate. The results can be summarized as follows. Firstly, the main
results for the baseline scenario presented in section 6.1 are preserved also under alternative as-
sumptions on the long-run real rate. Secondly, we find that the gap in terms of performance
between low-performing and high-performing monetary policy strategies widens under the low rate
scenario (Table 6), while the gap is relatively narrower in the high rate scenario (Table 5). This is
the case as both the stabilization losses and the trend losses are amplified under inflation targeting
and AIT strategies under reduced monetary policy space, while strategies with pronounced make-
up elements maintain low losses also under lower r∗. Thus, firstly, while the relative gains from
strategies with pronounced make-up mechanisms are also relevant in normal times, as captured by
the high rate scenario (long-run real rate of 2%), the relative gains from the conduct of make-up
strategies is less pronounced. Given the policy trade-offs associated with make-up strategies (see
section 6.4), the gains from a change in the monetary policy framework may thus not be sufficiently
large vis-à-vis the related costs. However, and crucially, when monetary policy space becomes re-
duced as the result of structural factors exerting downward pressure on the long-run real rate, the
cause for the make-up approach is significantly strengthened.

Alternative output target measure:
Finally, the baseline simulations were based on the output target measure in the monetary policy
rule as defined by yt

ypott

, as used, for instance, in Moran and Queralto (2018). We study in addition
an alternative output gap measure, specifically the unemployment gap (Lt

L̄
) following, among others

Anzoategui et al. (2019). The detailed simulation results are presented in Table 7 in Appendix
C. In sum, our results with respect to the performance and relative ranking of monetary policy
strategies also prevail under the alternative output measure and the respective mean biases and
losses are in similar range.
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6.3 Dynamics under inflationary shocks

We study next the dynamics under inflationary shocks emerging from both the demand- and the
supply-side. Figure 8 shows the response to an expansionary liquidity demand shock which simul-
taneously raises inflation and output.

Figure 8: Impulse responses to inflationary liquidity demand shock.

We find that TPLT permits the strongest expansion in aggregate output since it behaves outside
ELB episodes as a conventional Taylor rule and does not feature a make-up element. Crucially, this
enables also the strongest expansion in total factor productivity and the long-run trend path. TPLT,
however, also implies the most intense inflation increase, reflected in the most pronounced rise of the
price level. Other monetary policy strategies under consideration feature path-dependent elements
also in normal times, thus changing their response compared with the standard Taylor rule also
significantly outside the ELB. Specifically, these expansions in aggregate output are more moderate
under AIT, PLT and the hysteresis rule and generate also a weaker increase in technology stock.
Moreover, inflation responds less strongly. Under AIT and PLT this is due to the commitment of
partially (AIT) or fully (PLT) offsetting past overshootings in inflation by means of subsequent
episodes of below-target inflation, subject to a correspondingly dampening effect on the boom and
on the corresponding boost to long-run growth. Under the hysteresis rule (or technology Taylor
rule (TTR)), in turn, the commitment to realign long-run aggregate output implies that the central
bank will to some extent lean against the expansion, thus foregoing parts of the productivity gains.
This is also accompanied by lower inflation and the most sustained phase of inflation undershooting
among the considered strategies as the reversal of the aggregate output path and re-alignment with

38



trend is slowly-moving. The described dynamics under AIT, PLT and the hysteresis rule may give
rise to credibility issues, as discussed in more detail in section 6.4.

Figure 9: Impulse responses to inflationary supply shock.

Figure 8 showed the case of an inflationary demand shock which moved inflation and output in
the same direction. The response to inflationary supply shocks which raise inflation but decrease
aggregate output, as shown in Figure 9 by means of a technology shock, is, however of crucial
relevancy when evaluating the performance of monetary policy strategies. This applies above all
because of the potentially emerging risk of an excess increase in inflation and correspondingly, in
inflation expectations. Our results are as follows. TPLT and the Taylor rule, which as stated earlier
coincide outside the ELB, as well as the hysteresis rule lead to substantially more pronounced
inflation responses translating into a larger increase of the price level. The drop in aggregate
output, in turn, is relatively less pronounced under TPLT and the hysteresis rule. As a result,
the corresponding shortfall on the technology margin is relatively less severe. The hysteresis rule,
moreover, requires the full reversal of the latter and full realignment of the output path, thus
requiring additional accommodation and hence leading to the strongest and most persistent increase
in inflation.44 AIT and PLT, in turn, induce a significantly less pronounced inflation increase. The
initial overshooting is followed by a persistent phase of inflation undershooting which is more
pronounced under PLT since it aims at fully realigning the price level. Under AIT and PLT,
however, the fall in aggregate output is substantially amplified and the hysteresis effects to total

44For clarification, note that TFP in the impulse response charts refers to the endogenous component of TFP only
and hence does not include the strictly exogenous part driven by the technology shock.
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factor productivity and the long-run trend path emerging from the supply shock substantially
higher.

6.4 Trade-offs for monetary policy

We discuss next potential trade-offs for monetary policy underlying the respective make-up strate-
gies. More specifically, we demonstrate issues with respect to credibility, communication and mea-
surement underlying some strategies under consideration.

Credibility

An essential requirement for the effectiveness of a monetary policy strategy in practice is its cred-
ibility. Besides the usual issues emerging in this respect, we demonstrate a new challenge as to
credibility which is novel to the endogenous growth context, rooted in the response to inflationary
shocks underlying some strategies, as discussed in detail in section 6.3. As a key result emerged
that under symmetric strategies, i.e. AIT, PLT and the hysteresis rule, the departure from the
"bygones are bygones" approach prevalent under the Taylor rule also implies that monetary policy
cannot "look through" temporary increases in inflation (AIT, PLT) or respectively upward devia-
tions from the long-run output path (hysteresis rule). This property may lead to reduced credibility
of AIT, PLT and the hysteresis rule as economic agents may not fully believe that in the event
of an expansionary demand shock the central bank will offset the expansion in a similarly forceful
manner as in a recession, thus limiting the expansion in aggregate output and the boost to the
technology stock. Or, in the case of inflationary supply shocks, AIT and PLT imply that the
central bank would further reinforce the output drop, including an intensification of the long-run
hysteresis of the technology stock. Crucially, while this constitutes a general concern as to the
credibility of symmetrically designed make-up strategies, it is strengthened under the endogenous
TFP model given the implications for TFP and hence the long-run. By contrast under TPLT, the
implied "bygones" approach outside the ELB accommodates more the expansion induced by the
demand shock and reinforces less the downturn caused by the supply shock, thus in both cases
admitting considerably more pronounced gains in total factor productivity and thus the long-run
output path. Consequently, symmetric strategies may be subject to more pronounced credibility
issues than suggested by the previous literature given their implied tightening policy stance to in-
flationary shocks and the corresponding adverse output effect in not just a transitory manner, but
via the impact on the technology stock also in a permanent manner. The corresponding long-run
output costs inflicted under symmetric strategies may thus reduce their credibility as agents may
doubt the central bank would be willing to admit these losses in the event of inflationary shocks.

Communication

A prerequisite for the effectiveness of make-up strategies is that they are well understood by eco-
nomic agents which may not necessarily be given in practice. Depending on the respective make-up
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strategy different challenges may arise in this respect. As to the hysteresis rule, the concept of under-
utilization on the technology margin constitutes a central challenge given the increased complexity
underlying the technology gap compared with conventionally used measures of slack, such as the
unemployment rate. Regarding versions of AIT and PLT, understanding the averaging horizon
over which inflation is to equal target inflation may pose a challenge. Asymmetric strategies, such
as TPLT which feature an ELB-specific element may be easier to communicate as their make-up
element is confined to ELB episodes and their direct aftermaths, thus implying a relatively minor
shift in terms of monetary policy framework since inflation targeting is further on pursued outside
the ELB. With larger deviations of inflation from target confined to the ELB context, TPLT may
also be subject to a lower risk of misinterpreting temporarily higher (lower) inflation as a shift
towards a permanently higher (lower) inflation target, especially relatively to frameworks with long
memory.

Measurement

In order for any of the considered make-up strategies to be effective, the strategy also has to be
implementable by the central bank in practice. This requires sufficiently reliable identification and
tracking of the variables entering the monetary policy rule. Make-up strategies predominantly
focused on inflation, such as PLT, TPLT and AIT face relatively less difficulties in this respect
as inflation is generally easier to measure and the respective inclusion of inflation-based make-up
elements only require tracking inflation over a more prolonged time period. Moreover, inflation
measurement is part of the established tool set of central banks. Measurement is, by contrast,
substantially more challenging in the case of the hysteresis rule. Specifically, the empirical mea-
surement of the full output gap, i.e. including the underutilization on the technology margin,
poses a key challenge. Measuring potential output - a purely theoretical concept - has always
been subject to difficulties and high uncertainty and distinguishing between shifts in TFP which
may be reverted by means of monetary stimulus vis-à-vis structural shifts may prove substantially
challenging, above all in real time. Related concerns have been raised by Coibion, Gorodnichenko
and Ulate (2018) in the context of the Great Recession, demonstrating that declines in aggregate
output following pronounced recessions may be falsely interpreted as permanent and thus outside
the scope of monetary policy. These practical issues related to measurement and related imple-
mentability can be considered thus a substantial drawback underlying the hysteresis rule and an
argument in favor of the conduct of inflation-specific make-up strategies, above all of the strategies
which perform well in correcting the downward bias in long-run growth, i.e. PLT and TPLT (see
section 6). Hence, even if a central bank were to target the long-run GDP path, it may be desirable
to conduct a form of price level targeting, above all TPLT, in the absence of adequate output gap
measures as some of the inflation-specific make-up strategies with sufficiently long memory perform
well in terms of the technology stock and hence the long-run output path.
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7 Conclusions

This paper studies make-up strategies in a medium-scale New Keynesian DSGE model with en-
dogenous technology growth through R&D and technology adoption (Comin and Gertler (2006))
under the non-linearity of the effective lower bound (ELB). Due to the inherent cycle-trend in-
teraction, the operating environment, transmission mechanism, and scope of monetary policy are
altered under endogenous growth, strengthening the gains from make-up strategies relatively to in-
flation targeting as implied by Taylor-type rules. Hysteresis effects in TFP induce permanent scars
to the long-run trend, raising the costs of recessions. Moreover, the ELB induces both amplified
and permanent costs under endogenous growth. Monetary policy influences productivity-improving
investment and is thus non-neutral over the long-run. Moreover, due to the interaction between in-
flation and technology dynamics, inflation is less responsive to monetary stimulus, hence requiring
a relatively more aggressive stance at the ELB, while simultaneously lowering the costs of running
the economy hot. Inflation targeting as implied by the Taylor rule performs subpar in this envi-
ronment, in particular under low r∗, subject to pronounced stabilization losses as to the inflation
and the output target. Crucially, and novel to the literature, the Taylor rule induces significant
shortfalls in technology growth and the long-run trend.

We show that make-up strategies with sufficiently strong make-up element can significantly
reduce the losses as to inflation and output gap stabilization as well as the long-run trend losses
during ELB episodes. The strengths of make-up strategies is amplified under endogenous growth as
the real interest rate channel supports also productivity-improving investment and reduces long-run
hysteresis in the technology stock. In addition, make-up strategies transmit via a novel innovation
payoff channel through which the commitment to hold interest rates lower for longer raises the ex-
pected payoff from new innovations, hence boosting investment in R&D and technology adoption.
As to the performance under both demand and supply shocks, most make-up strategies outperform
inflation targeting as implied by the Taylor rule, where gains differ across strategies and are increas-
ing in the strength of the make-up element. While the performance of average inflation targeting
is increasing in the averaging window, all horizons studied deliver subpar performance relative to
inflation targeting under the inertial Taylor rule. Strategies with a strong make-up element, in
turn, i.e. price level targeting, temporary price level targeting as well as a hysteresis rule, deliver
markedly improved results on all margins, including the shortfall in the technology stock.

The make-up approach is subject to novel challenges under endogenous growth in the areas of
communication, measurement and, most notably, credibility. Strategies are prone to these pitfalls
by varying degrees, where temporary price level targeting, by treating bygones as bygones outside
the ELB, is most robust. Weakened credibility of some frameworks is founded in the underlying
response to inflationary shocks, implying that the central bank would either jeopardize procyclical
technology gains in demand-driven expansions, or in the case of supply shocks intensify the down-
turn and permanent scars to the long-run trend.
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