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Abstract

The thesis focuses on the estimation of the effective lower bound for the Czech

National Bank’s policy rate. It is the first attempt of this kind in the Czech

context and also one of few in the international scale. The effective lower

bound is determined by the value below which holding and using cash would

be more favourable than depositing money in a bank account with a negative

rate. This bound may be approximated based on costs of storage, insurance

and transportation of cash and also based on the loss of convenience associated

with cashless payments. We estimate that costs of the former lie in the interval

from 0.2% to 0.6%. The latter, costs of loss of convenience, are relatively high

in the Czech market as they attain around 1%. The estimate based on interest

charges which present a direct cost and decrease in the bank profitability asserts

slightly lower values, in particular with respect to a high share of deposits

and repo operations at the CNB. Altogether we get a value below -1%, in

the interval (-1.5%, 1.0%), under shorter term duration possibly lower, in the

interval (-2,0 %, -1 %). The second part of the thesis offers modelling of

transmission of interest rates. The results state that under the assumption of

the average transmission over the past years it would be necessary to decrease

the interest rate below its lower bound in order to provide sufficient monetary

easing. Therefore the CNB’s exchange rate commitment appears to be a more

appropriate and effective variant for achieving goals of monetary easing.
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Abstrakt

Práca sa zaoberá odhadom efekt́ıvnej dolnej hranice pre úrokové sadzby Českej

národnej banky. Ponúka prvý odhad tohto druhu v českom kontexte a i jeden

z mála dostupných v medzinárodnom kontexte. Efekt́ıvna dolná hranica je

determinovaná hodnotou, pod ktorou by bola držba a použ́ıvanie hotovosti

výhodneǰsie ako uloženie peňaźı na bankovom účte s negat́ıvnym úrokom.

Túto hranicu je možné približne odhadnúť na základe nákladov na usklad-

nenie, poistenie a transport hotovosti a tiež na základe straty pohodlnosti spo-

jenej s využ́ıvańım elektronických platieb. Odhadujeme, že náklady na prvú

položku dosahujú 0,2 až 0,6 % ročne. Náklady na stratu pohodlnosti spo-

jenú s bezhotovostnými platbami sú na českom trhu pomerne vysoké, dosahujú

až 1 %. Odhad za použitia úrokových platieb, ktoré predstavujú priamy

náklad a zńıženie profitability bank naznačuje mierne nižšie hodnoty, pre-

dovšetkým vzȟladom na vysoký objem depoźıt a repo operácii u ČNB. Celkovo

sa dostávame k hodnote pod -1 %, k intervalu (-1,5 %; 1,0 %), pri krátkodobeǰsom

trvańı i k (-2,0 %; -1 %). Druhá čašt práce ponúka modelovanie menovej trans-

misie úrokových sadzieb. Výsledkom je tvrdenie, že za predpokladu priemernej

transmisie v sledovanom obdob́ı by za účelom dostatočného uvǒlnenia menovej

politiky bolo potrebné zńıžǐt sadzby pod úroveň ich dolnej hranice. Preto sa

kurzový záväzok ČNB spätne jav́ı ako vhodneǰśı a efekt́ıvneǰśı variant k dosi-

ahnutiu ciělov menového uvǒlnovania.
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Since 2014, four central banks in Europe and the Bank of Japan have moved

their key policy rates into negative territory as one of unconventional policy

measures aimed at providing monetary stimulus. Doing so they disproves the

traditional view on the lower bound for nominal interest rates to be zero. In

fact, the lower bound on interest rates is given by the threshold below which

holding deposits on bank accounts is more expensive than holding cash. Even

though the cash is often characterized as a zero-yielding asset, storing large

amounts of cash is not costless and therefore the effective yield is negative, im-

plying that the effective lower bound on interest rates is also below zero. The

costs of holding cash consist of storage, transportation and insurance costs and

also the loss of convenience linked with the electronic transactions and deposit

holdings. To the best of my knowledge, some general estimates or estimates
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for other countries are available until now (e.g. Witmer & Yang, 2015). All of

the above-mentioned components of the total costs may, however, vary across

different economies. Therefore, the aim of this thesis is to estimate the effec-

tive lower bound (ELB) for the Czech National Bank’s policy rate with respect

to the specific characteristics of the Czech economy and market conditions as

precisely as possible.

Besides costs of holding cash, the expected duration of negative rates is im-

portant in determining the ELB. The longer the duration of negative rates,

the more probable converting into cash should be (Bean, 2013). Nevertheless,

no extraordinary movements have been observed in the concerned countries.

Other important point is related to potential measures preventing conversion

of reserves into cash, like fees for withdrawing excessive amounts of cash, ex-

change rate between paper currency and electronic money (Kimball, 2015 and

Agarwal & Kimball, 2015) or radical abolishing currency (Buiter, 2015), which

would lead to further decreasing or removing the ELB. Last but not least,

pass-through from changes in policy rates to retail interest rates (Bean, 2013)

should be mentioned. All these points will also be considered in the thesis.

Hypotheses

• The ELB for the CNB’s policy rate is below -1%.

• Insurance costs are the most important component determining ELB.

• Costs of loss of convenience are the most important component determin-

ing ELB.

Methodology

The ELB for the CNB’s policy rate will be estimated as a sum of particular

components of costs of holding cash, following general estimates and, if avail-

able, estimates for other countries, adjusting it for local conditions. Storage

costs of large amounts of cash are estimated by Jackson (2015), who assigns im-

portance to the size of bills (denominations): the higher denomination (in real

terms), the lower transportation and storage costs due to lower actual physical

amount. Witmer & Yang (2015) estimate storage costs (including substantial

insurance costs) using storage costs for precious metals or fees for exchange-

traded funds physically backed by gold or silver. The convenience of electronic

transactions is estimated e.g. by Koehane (2015) - proxied by fees associated
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with credit and debit card interchange fees. Schmiedel et al. (2012) estimates

social and private costs of cash (and other payment instruments).

Expected contribution

In the thesis I will estimate the ELB (an interval) for the CNB’s policy rate.

This may have important practical policy implications, especially in the current

state of world with very low or negative rates across Europe in the aftermath

of financial crisis. The ELB is essential in determining the point below which

a drastic move into cash would be provoked, financial sector activity be im-

paired (Jackson, 2015) and the impact of monetary policy would be reduced

(Alsterlind et al., 2015).

Outline

• Introduction and motivation

• Literature review and theoretical background

– Theory on the zero and effective lower bound

– Empirical evidence on negative interest rates

– Summary of existing estimates of ELB in the literature

• Methods and estimation (country-specific)

• Results: a numerical estimate (interval) of the ELB for the CNB’s policy

rate

• Conclusion: a summary of findings and their implications for policy and

future research
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Chapter 1

Introduction

In the years after the outbreak of the global financial crisis, central banks have

cut their policy rates, which are now at their historical minima, on average every

three days. Since 2012, several central banks in Europe and the Bank of Japan

have moved their key policy rates even further into the negative territory as

one of unconventional policy measures aimed at providing additional monetary

policy stimulus. Doing so they have disproved the traditional view that nominal

interest rates cannot fall below zero. That was implied by the concept of zero

lower bound (ZLB) which resides in the assumption that investors could always

switch from deposits to holding cash, which has often been characterized as an

asset with a zero yield. Under the ZLB, central banks are restricted in providing

further stimulus.

Despite this long accepted doctrine, holding and using cash, especially its

large amounts, is not costless and therefore the effective yield of cash is negative.

Thus the notion of effective lower bound (ELB) is introduced. The ELB on

interest rates is given by a threshold below which holding deposits with negative

interest rates is more costly than holding cash. The main aim and contribution

of the thesis is to estimate the level of this bound on interest rates below

which a flight to cash could be provoked, consequently causing ineffectiveness

of negative rates.

Specifically, we want to approximate the level of the costs of holding and

using cash which consist of storage, transportation and insurance costs and also

the costs of loss of convenience associated with electronic transactions. Some

general estimates or estimates for other countries are available (e.g. Witmer

& Yang 2016; Jackson 2015). All of the above-mentioned components of total

costs of holding cash may, however, vary across economies. The aim of this

thesis is therefore to estimate the level of the ELB for the Czech National
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Bank’s policy rate with respect to the specific characteristics of the Czech

economy and financial market conditions as precisely as possible.

Storage and insurance costs can be approximated by costs of storing and

insuring precious metals or fees for exchange-traded funds which are physi-

cally backed by precious metals, most frequently gold. Inconvenience of cash

payments can be approximated by the level of interchange fees (fees for the ac-

ceptance of card transactions). An interesting concept is offered by Schmiedel

et al. (2012) and their study on social and private costs of retail payment instru-

ments including comparison of costs of cash and electronic payments. Secondly,

a different approach approximates the ELB with respect to direct costs imposed

by interest charges on bank profitability.

We are interested primarily in two hypothesis: at first, whether the ELB

is below -1% and at second, whether the more important source of the ELB

are costs of storage and insurance or, alternatively, convenience of cashless

payments. Our results suggest the ELB is indeed below -1%. The costs of loss

of convenience are found to be significantly higher that the costs of storage and

insurance.

Besides costs of holding cash itself, the expected duration of negative rates

is important in determining the ELB. The longer the duration of negative rates,

the more probable converting into cash should be (Bean 2013). Nevertheless,

international experience has already proven that they may last several years

without any significant signs of a surge in the demand for cash, muted trans-

mission to money market rates and without disruptions in functioning of the

financial system.

During the estimation of the ELB we do not incorporate the possibility

that measures preventing conversion of deposits into cash have already been

proposed in the literature and could be employed, e.g. fees for withdrawing

excessive amounts of cash, exchange rate between paper currency and electronic

money, digital currencies of central banks or radical abolishing currency. That

could lead to further decrease of the ELB or even its complete removal, however,

this complex discussion is beyond the scope of the thesis.

The thesis may be divided into two notional parts: the first one, a quali-

tative analysis focused on discussion about negative rates and in particular on

determining the approximate level of the ELB, covering Chapters 2-4; and the

second one, a quantitative part focused on interest rate modelling in Chapter

5. Specifically, the thesis is structured as follows: in Chapter 2 we describe the

theory and literature review behind negative rates, ZLB and ELB, in Chapter
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3 international experience with negative rates is summarized and Chapter 4

contains the main part of the estimation of the ELB. Chapter 5 then includes a

VAR model aimed at modelling interest rate transmission - responses to mone-

tary policy shocks, and a complementary section which includes term structure

modelling of shadow rates, both of them suggesting the policy rate would have

to fall below its ELB from Chapter 4 in order to provide sufficient monetary

policy stimulus being it an only unconventional instrument used. Across the

thesis, terms ’cash’, ’currency’ and ’physical currency’ are all used in the same

meaning - physical currency, i.e. notes and coins in circulation.



Chapter 2

Theory and Literature Review

2.1 Zero and effective lower bound

We start the chapter with a description of fundamental terms used across the

thesis. At first, the zero lower bound (ZLB) is introduced. The ZLB stands

for the macroeconomic phenomenon which occurs when short term nominal

interest rates are at or very close to zero level. A central bank would prefer

to lower them more in order to provide monetary stimulus, but it is hindered

by perception that nominal interest rates cannot be negative - i.e. they are

already at their lower bound.

The concept and the issues linked with the ZLB were firstly used by Fisher

(1896) and followed by Keynes (1936) who several decades later established the

notion of liquidity trap. Below a certain level of interest rates almost everyone

prefers cash to holding a debt in order to avoid deflation. Economic agents

expect an increase of the interest rate in the future and hold money in order

to benefit in the next period. The consumption is therefore not sufficient to

return the market to equilibrium. In such situation, monetary policy becomes

ineffective as increased money supply do not decrease the interest rates further

and a central bank is not able to increase aggregate nominal spending. To cite

Keynes (1936), money becomes a ”bottomless sink for purchasing power”.

While at the time of Keynes era this was a purely theoretical concept de-

tached from the real data, it changed in the last decades markedly. At first,

Japan has experienced the era of almost zero short-term interest rate in the

1990s. Since the global financial crisis, extremely low nominal interest rates

have become a new standard in the field of monetary policy. The reason why the

lower bound is problematic for proper functioning of monetary policy appears
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in a situation when aggregate demand is remarkably depressed. Under very

depressed demand condition, the equilibrium real interest rate may be strongly

negative. Deriving from expectations augmented Fisher equation, when nom-

inal interest rate at zero, real interest rate is given by inflation expectations.

I.e.:

r =

{
r(Y, π) if r(Y, π) + πe > 0;

−πe r(Y, π) + πe = 0
(2.1)

Therefore, a central bank cannot achieve the real interest rate below −πe.
This, however, may not be sufficiently low in order to stimulate economy, espe-

cially if inflation expectations are low, causing further falls into recession. The

necessary solution is therefore to lower real interest rate by increasing infla-

tion expectations or by decreasing nominal interest rates further into negative

territory. In both cases conventional monetary policy ceases to be effective in

increasing inflation expectations and unconventional monetary policy measures

must be used.

The unprecedented situation in Japan during the nineties led to an abrupt

rise in research on monetary policy in the low inflation era, e.g. McCallum

(2000), Svensson (2000), Eggertsson & Woodford (2003), Woodford (2012),

Reifschneider & Williams (1999). Several approaches how to deal with ZLB,

so called zero interest rate policies (ZIRP), have been suggested in this liter-

ature and the effects of ZLB on macroeconomic stabilization and its welfare

implications were examined.

As for the welfare implications, Eggertsson & Woodford (2003) suggests

that the binding ZLB inevitably leads into lower welfare than would be achiev-

able without the constraint. According to him, the scale and severity of the

detrimental effect of the constraint depends on the expectations about future

policy. The key factor in successful dealing with the ZLB constraint is a central

banks’ commitment and the credibility of this commitment as perceived by the

private sector.

Similarly to Eggertsson & Woodford (2003), Reifschneider & Williams (1999)

show that non-negativity constraint may really cause conventional monetary

policy and its open-market operations to be ineffective and incur deflationary

spirals. Instead of following Taylor rule in setting monetary policy, Reifschnei-

der & Williams (1999) suggest its partial modification in the sense of incorpo-
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rating past constraints on policy. This, according to the authors, could almost

completely mitigate the potential detrimental effects of the binding ZLB con-

straint. Nevertheless, the assumption of perfect credibility of a central bank

has to be met in order for this policy to be effective.

This long-accepted ZLB concept was challenged by the need of further mon-

etary easing and essentially contradicted by the recent empirical experience

from several countries whose central banks’ policy rates have attained negative

values. Therefore, instead of the ZLB another term, the effective lower bound

(ELB), is introduced. The ELB marks a (negative) level below which a policy

rate cannot go and is given by the costs of holding cash. At interest rates

below the ELB, depositors and investors would start to hold sizeable amounts

of cash rather than accept negative yields on deposits/excess reserves, poten-

tially ”triggering a flight to cash” (e.g. Svensson 2009; Witmer & Yang 2016).

Without any measures (see the following Section 2.3) which would prevent any

flight to cash, the ELB constitutes the threshold below which interest rates

cannot fall. This restricts the central banks’ ability to achieve their inflation

targets using conventional policies.

In the aftermath of the crisis there was substantial uncertainty about the

impact of very low interest rates on market functioning (e.g. Bank of Canada

2015). This uncertainty has decreased in the recent years as the evidence

from jurisdictions with negative interest rates did not show any significant

signs of cash hoarding or disruptions to market functioning (more about the

international experience in Section 3). Nevertheless, the uncertainty about

how far into negative territory rates could go precisely without leading to these

undesirable consequences still remains.

The importance of proper examination of the lower bound situation as-

cended even more with the fact that the it appeared to be much more than the

momentary, transient situation. Reduction of call rates to zero in Japan did

not manage to overcome deflation in the late 1990s. Federal funds rate of 25

basis points did not manage to increase growth and inflation stuck below its

target and this interest rate lasted 7 years from December 2008 to December

2015 and another year till December 2016 at the level of 50 basis points. The

same is true for other developed countries struck by the global financial crisis

where nominal interest rates at their technical zeros have become a common

practice instead of a temporary solution. Restoration of interest rates to their

pre crisis level seems to be more than improbable in the following years as

current monetary policy cycle differs from the previous ones with sharper and
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swifter restoration.

It is not only the nominal interest rate that is at its minimum. There

is both international and Czech empirical evidence which suggests that the

neutral interest rate (natural equilibrium interest rate), consistent with GDP

growing at its trend rate and stable inflation, has declined over the past years

with a break starting with the beginning of the crisis, e.g. Belke & Klose

(2012). Franta et al. (2014a) explains a decrease in this variable in a small

open economy by a reduction in the country risk premium in the uncovered

interest rate parity equation. While during normal times lower natural rate do

not hamper monetary policy effectiveness, in recessions and with given inflation

targets the probability that nominal interest rates will hit the zero lower bound

increases with the lower natural interest rate (Jackson 2015; IMF 2014).

For the Czech Republic, the equilibrium real interest was estimated indi-

rectly in Horváth (2009) and although the crisis period is not covered in this

study, it shows declining pattern and converging to the euro area values. The

more recent CNB internal calculations in Franta et al. (2014a) estimated the

equilibrium interest rate to be 0.9% in nominal terms, i.e. -1.1% in real terms

adjusted for the inflation target. This is approximately consistent with Belke &

Klose (2012) and their estimate for the euro area. However, given the develop-

ments in the last years after these estimates it is possible that neutral interest

rate has attained even lower negative values.

Decreasing natural interest rate suggests to increase the inflation target.

Therefore, the ELB estimation is important also in the policy discussion con-

cerning the inflation target: if policy rates can be really reduced into the neg-

ative territory without a threat to financial stability, then there would be no

need for increasing the inflation target. As Buiter (2015) suggests, raising in-

flation target is inferior to eliminating ELB as once an economy hit the ELB,

raising inflation target will not help to escape from it.

2.2 Negative rates and their lower bound

In the recent years, a protracted period of low inflation and sluggish growth has

lead to a further need for the monetary policy stimulus. Under the loose term

of unconventional monetary policy several measures may be included, each of

them having both advantages and disadvantages and limits.

Negative interest rates were assumed to be constrained by banks and house-

holds because of the existence of physical currency, however, as Barr et al.
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(2016) points out, quantitative easing and forward guidance have also their

limits and do not have to be sufficient in fulfilling their objectives. Interest

rate expectations have been depressed already for a long time, limiting the ad-

ditional contribution of forward guidance. Quantitative easing decrease term

premium on sovereign bonds, but those are already at their historical mini-

mums and there is very probably a limit on decreasing them further too. Fur-

ther monetary policy stimulus is also constrained by a central banks’ restriction

or limitation to participate in sectoral allocation of credit, i.e. in purchasing

corporate bonds and equities. Fiscal policies which could potentially comple-

ment monetary policy easing are constrained by political stance and lag and

escalated levels of sovereign debt and other fiscal burdens.

Negative policy rates enable the real interest rate to adjust downwards closer

to its natural level and by that compensate for low inflation, flatten yield curve

and support inflation expectations to rise and aggregate demand to boost. Barr

et al. (2016) also suggests that acknowledging and communicating that policy

rates may become negative raises the efficiency of forward guidance as well as

enhances portfolio effects of quantitative easing (rebalancing into credit and

equity assets). Jobst & Lin (2016) confirms that negative rates are able to

rebuild signalling capacity of central banks by removing the ZLB. Besides the

attempts to make the monetary policy more accommodative and to achieve

inflation targets another objective of using negative rates is a decline in capital

inflows and reduction in the currency appreciation.

On the other hand, there are several possible drawbacks and forces ham-

pering the implementation of negative interest rate policy (NIRP), generally

summarized as the uncertainty associated with it as many risks cannot be

quantified yet given the limited empirical experience.

At first, NIRP may erode the bank profitability as negative rates are direct

charges on bank reserves at the central bank, which are moreover inflated by

quantitative easing or FX interventions, reducing margins of monetary financial

institutions. Pensions and life insurance may be especially affected given their

high proportion of long-term liabilities and short-term assets. Combined with

their defined-benefit promises (pension funds) and high-return guarantees (life

insurance), it may lead to insolvency and difficulty with fulfilling these promises

(e.g. Antolin et al. 2011).

At second, besides these direct costs of interest charges, the more negative

rates are, the more broader and essential are indirect costs resulting from di-

minishing profitability of banks since lending rates are assumed to fall more
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than deposit rates (Jobst & Lin 2016). The stickiness of deposit rates may lead

to substituting lower-cost wholesale funding for funding by deposits. Money

market wholesale rates follow declining policy rates and therefore these loans

offer cheaper funding but contribute to financial instability at the same time.

At third, the reaction of retail depositors to negative interest rates can be

considerably different than the reaction of commercial banks and large corpo-

rations given their different costs of substituting cash for deposits. Psycholog-

ical and irrationality aspects are more important in forming households’ lower

bound on deposit rates which can be really near or at zero. Thus a trans-

mission of negative rates to real economy may be asymmetric and incomplete.

Barr et al. (2016) questions also a possible difference in behavioural responses

to changes in negative and in positive interest rates: under negative rates, the

substitution effect (negative rates encourage spending since returns on savings

are low) could turn out to be smaller than the income effects (negative rates

provoke further saving since it is needed to save more to attain the same level

of income in future).

Moreover, the NIRP may heighten excessive risk-taking even more than

other easing instruments by indirectly encouraging the search for yield possibly

leading to increase in credit and asset prices.

Last but not least, the technical implementation of negative rates alone

could be costly and could encounter many operational and legal challenges,

for instance a need to renegotiate debt contracts with floating interest rates,

which reflects money market rates in normal times, or to redesign interest-

bearing securities at negative yields mainly due to difficulties in collecting in-

terest payments from creditors (holders) by debtors (issuers), as pointed out

by McAndrews (2015) and Garbade & McAndrews (2015).

NIRP may also provide unwanted incentives which would lead to the avoid-

ance of negative rates, e.g. an incentive to pre-pay or make excessive payments

on taxes, prepay debts (e.g. withdraw money from an account bearing a nega-

tive rate and pay a debt to credit card company before it is due and earn a zero

yield this way), or to collect debts slowly and delay cashing of cheques. With

respect to higher sensitivity of retail depositors (households) and their much

better ability to avoid negative rates, most of the central banks with negative

rates charge negative rates only to portion of reserves and portion of reserves

coming from retail depositors can be charged by zero interest rate.

The current literature is rich in research addressing zero lower bound and
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low or negative interest rates. On the other side, it rather lacks the proper

research which would explicitly and precisely determine the lower bound on

negative interest rates as the exact level which can be attained without causing

a surge demand for cash. Irrespective of the fact whether the authors agree

with the imposing negative policy rates as the method of monetary stimulus

or not, there is a growing consensus that lower bound is negative rather than

commonly assumed zero. Broad estimates suggests it may attain -2.0%, more

conservative estimates -1.0% (Jackson 2015).

An almost isolated country-specific research on this topic has been done

by Witmer & Yang (2016) who estimated Canada’s ELB. Based on evaluating

costs of transporting, storing and holding cash and inconvenience costs and

given the assessment of the market adaptation in other countries, their best

estimate lies in the interval between -0.75% and -0.25% what can be assessed

as a relatively conservative one. Despite the interval given, the conclusion of

the paper confirms the high level of uncertainty in general (Witmer & Yang

2016, p. 11):

We do not know with certainty where the ELB for the Bank of Canada policy

rate is, nor do we know precisely how long it could stay negative without causing

disruptions to the financial system. We do know that the ELB in Canada is

lower than the earlier estimate of 25 basis points. [...] Our current best estimate

is between -25 bps and -75 bps, with a median estimate of -50 bps.

Much less conservative is the recent report by Barr et al. (2016) who suggest

that rates could be cut to as low as -4.5% in the euro area, to -1.3% in U.S. and

to -2.5% in the United Kingdom without any critical risk of damage to banks’

balance sheets and interest margins. In average they assume that rates could

go ”as low as -3% and possibly even lower” while the technical difficulties

associated with the implementation could be dealt with. Their results are

based on calculating annual direct costs (annual interest charges). Differences

across countries stems from different ratios of reserves, on which negative rates

are applied, to total assets. Their results, very large in absolute terms are a

result of a tiered system where only a certain part of the reserves is subject

to negative rates. The calibration of tiers tries to be such that the stock of

reserves subject to negative rates is as small as possible but still large enough

to ensure transmission to money market rates.

The important parameter in determining the lower bound is certainly the

length of the period of negative rates: the longer this period lasts, the more

incentive to switch to cash. Based on the recent empirical experience in negative
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rate countries, however, Jackson (2015) suggests that as long as a positive

spread between borrowing and lending rates exists, the absolute level of interest

rates is of less importance for intermediaries. Bean (2013) is more conservative

with respect to the duration of negative interest rate and argues that, without

some imposed restrictions on convertibility of bank reserves into cash, rates

much below -0.5% for more than a year or two could initiate a more or less

rapid move into cash.

2.3 Ways to overcome the lower bound

Across the thesis, we use the term ELB as fixed and probably unsurpassable.

This is, however, a very limited point of view. There are already several sug-

gestions in the literature how to overcome the lower bound, i.e. measures which

would prevent unwanted consequences of negative rates like a flight to cash.

At first,a radical but logical solution on offer is to phase out cash (paper

currency) completely. Besides other pros like discouraging tax evasion, one of

the most renowned promoters of this theory Rogoff (2016, p. 1,4-5) summarizes:

[...] The zero bound has essentially crippled monetary policy across the ad-

vanced world for much of the past 8 years since the financial crash of 2008. If

unconstrained negative rate policy were possible, [...] central banks would never

run out of bullets. [...] The main obstacle to introducing negative interest rates

on a larger scale is legacy paper currency, particularly the large-denomination

notes that would be at the epicentre of any full-scale run from Treasury bills

into cash. [...] Phasing out paper currency is arguably the simplest and the

most elegant approach to clearing the path for central banks to invoke unfet-

tered negative interest rate policies should they bump up against the zero lower

bound on interest rates.

Other suggestions on some kinds of restrictions on the use of cash are pro-

vided for instance by Agarwal & Kimball (2015), Kimball (2015), Buiter (2015)

etc. The intuitive measure includes introduction of a fee for the use of cash,

e.g. a penalty for excessive cash holdings by banks or a higher fee on clients’

withdrawals. This is basically what was imposed by some central banks on

financial institutions. Even though this approach seems to be very intuitive,

it could also cause a number of problems. The fee on excessive cash holdings

may lead to the introduction or increase of withdrawal fees for banks’ clients

and consequently to the creation of effective exchange rate between cash and

electronic money. In countries with a high share of small shops with an only

possibility to pay in cash including Japan and when the value of cash would
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rise above the parity, the amount of such shops and therefore also an amount of

transactions in cash could rise as well. The effect of the policy measure would

be exactly adverse to the intended, leading to the ineffective monetary policy

transmission.

The different approach is promoted in papers by Agarwal & Kimball (2015),

Kimball (2015). They suggest not a fee, but a premium for clients’ withdrawals

leading to decrease in the relative value of cash and consequently decrease in

the use of cash. This would remove the lower bound without a need to change a

nature of financial system like in Buiter (2015) or Rogoff (2016). Buiter (2015)

suggests three ways how to overcome the lower bound: abolishing currency,

tax or subsidize currency and a variable exchange rate between currency and

deposits when decoupling the numeraire function of currency from its means

of payment/medium of exchange function. While complete abolishing of the

currency is still viewed as radical and is not probable within the short time

and carries several disadvantages like the loss of seigniorage for central banks

and the loss of anonymity, there are not so many technical obstacles that could

not be overcome in the latter two suggestions and also in partial abolishing of

high-denomination notes. Abolishing of high-denomination notes could avoid

excessive use of cash and cash hoarding by financial institutions, firms and

entities having large financial resources at disposal while allowing ”poor and

old” to use smaller denominations in cash.

Agarwal & Kimball (2015) also asserts that abolishing paper currency is not

necessary and all that is needed is to switch to an electronic money standard

and to have paper currency away from par. This could be implemented by a

time-varying fee on deposits of private banks at the central bank. The exchange

rate between paper currency and electronic money is coordinated by the central

bank and when negative interest rates below the lower bound, are no longer

needed, the central bank can return the exchange rate back to par.

Taxing currency is also not a novel idea: the ”stamp tax”, demurrage which

gradually decreases the value of currency held was proposed in Gesell (1916)

and is known also as Gesell tax. Keohane (2015) regards the Gessel tax, which

results in marginal price of money always reflecting negative rates, as unavoid-

able when the lower bound is hit. Menner (2011) asserts that the Gesell tax is

especially effective in low inflation economies rule and is successful in avoiding

liquidity trap without the need for high inflation.

An interesting and nouveau suggestion comes from Michael Bordo (2017) in

his proposition of design of sovereign digital currencies. They should cover and
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pull up all of the functions of paper curriencies: it should be an inexpensive

medium of exchange, a secure store of value and a stable unit of account. A

digital currency would bear an interest and a central bank could adjust it in

order to ensure price stability.

Each of the mentioned papers offer a profound description of their methods

how to overcome the lower bound. A more detailed description within literature

review is well beyond of the thesis. The important message is that the given

measures affirm that it is technically possible to overcome the binding lower

bound without causing negative rates to be ineffective.



Chapter 3

International experience with

negative rates

Before we approximate the effective lower bound for the CNB’s policy rate,

it is important to explore the most crucial conclusions from the international

experience with negative rates of other countries which already introduced the

NIRP.

At first, the international evidence of the past years has proven that the

lower bound is not zero, but lies somewhere in the negative territory. Until

today, nine central banks have imposed negative interest rates: the ECB and

the central banks of Bosnia and Herzegovina, Bulgaria, Denmark, Hungary,

Japan, Norway, Switzerland and Sweden. Table 3.1 provides the evolution of

their policy rates.

The form of the implementation of negative rates differ across countries.

The Bulgarian National Bank imposed a negative interest rate on banks’ ex-

cess reserves similarly to the Central Bank of Bosnia and Herzegovina which

introduced a fee for the banks’ surplus reserves above the obligatory reserves.

Given the policy regime of both central banks with the Euro as exchange rate

anchor, the negative rate was not implemented as a measure of active monetary

policy, but it was put into effect in order to transmit the ECB’s monetary pol-

icy stance and to avoid potential losses to the central bank. The policy of the

Norges Bank is not characterized as the true NIRP as well. They introduced

negative reserve rate in order to promote new lending, but it had little or no

influence money market rates and the key policy rate (sight deposit rate). The

case of Hungary is very similar as the key policy rate - three-month deposit

rate remains positive. The Hungary’s deposit rate is also the closest to zero
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Table 3.1: Central banks with negative interest rates

Central Bank Policy rate Date Rate (in %)

Central Bank Deposit rate 07/2016 -0.20
of Bosnia and Hercegovina

Bulgarian National Bank Deposit rate 01/2016 -0.30
03/2016 -0.40

Danmarks Nationalbank One week certificates of deposit rate 07/2012 -0.20
01/2013 -0.10
04/2014 0.05
09/2014 -0.05
01/2015 -0.20
01/2015 -0.35
01/2015 -0.50
02/2015 -0.75
01/2016 -0.65

ECB Overnight deposit facility rate 06/2014 -0.10
09/2014 -0.20
12/2015 -0.30
03/2016 -0.40

Central Bank of Hungary Overnight deposit rate 03/2016 -0.05

Bank of Japan Current account deposit rate 01/2016 -0.10

Norges Bank Reserve rate 09/2015 -0.25
03/2016 -0.50

Swiss National Bank Overnight sight deposit rate 12/2014 -0.25
01/2015 -0.75

Sveriges Riksbank One week reverse repo rate 02/2015 -0.10
03/2015 -0.25
07/2015 -0.35
02/2016 -0.50

Note: Japan’s negative deposit rate is technically not their key policy rate (that is the uncollateralizsed
overnight call rate), it is applied to the complementary deposit facility introduced in 2008. While the rates
for all other countries stated are deposit rates, the stated rate for Sweden is its repo rate; the deposit rate
on banks’ deposits at their accounts at the Sweriges Riksbank is even lower, attaining the level of -1.25%

since February 2016.
Source: National central banks
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amongst other countries.

As for the ECB, the negative interest rate is applied only to the current

reserves outside overnight deposits in the main refinancing operations, to which

zero rate is applied. In this way, a loosely defined tiered system is effectively

created and a one-seventh of current reserves is exempted from the marginal

policy rate, even though the ECB does not uses tiers officially (Jobst & Lin

2016). Denmark and Switzerland use a two-tier system, Japan uses a three-

tier system, while Sweden uses no tiers. From now on, the author will analyse

only the central banks which implemented negative interest rates as an active

monetary policy tool under NIRP, therefore excluding central banks of Bosnia

and Herzegovina, Bulgaria, Hungary and Norway due to reasons mentioned

above.

With respect to the objective of the implementation of NIRP, the countries

could be divided into two groups. The primary objective within the first group

consisting of the Euro area, Japan and Sweden is price stability and anchoring

inflation expectations. The second group consisting of Denmark and Switzer-

land intended to use NIRP as a measure to mitigate appreciation pressures and

consequently deflationary pressures by countering capital inflows. Countering

exchange rate pressure next to ensuring price stability was also the objective of

Hungary. Some of the central banks use other instruments next to the NIRP, in

particular asset purchase programmes (ECB, Japan, Sweden) and continuing

FX interventions (Denmark). Switzerland implemented NIRP simultaneously

with the exit from the minimum exchange rate target of Swiss franc to the

Euro.

Until now there have not been any conspicuous evidence that the negative

interest rate policy would cause a depositor flight to cash, significant volatility

or impairments to the market functioning. Financial stability has not been

compromised by using negative policy rates and transmission was smooth and

swift (Arteta et al. 2016; Alsterlind et al. 2015; Jackson 2015; Jensen & Spange

2015, inter alios).

Specifically, substantial increase in the use of cash was not indicated in any

of the countries, as can be seen in Fig. 3.1. Although year-on-year percentage

changes of the total amount of currency in circulation are positive in case

of Denmark, Switzerland and Japan, they have been such that through the

whole observed period with no exceptional increases after the implementation

of the NIRP. Most of the increase in currency in circulation can be explained

by its normal relation to interest rate movements: the amount of currency in
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circulation increases when interest rates decline, regardless of whether they are

positive or negative (Jobst & Lin 2016). The exception to this assertion is

Sweden where the amount of notes and coins in circulation has been constantly

falling since 2007.

Apparently current levels of interest rates do not provide incentives for a

flight to cash, i.e. they did not surpassed their lower bound. Nevertheless, as

was mentioned before, duration expectations play a significant role in determin-

ing where is the threshold below which it would be more advantageous to build

storage capacities instead of earning negative yields on excess reserves. The

ECB has hold the negative rates in effect continuously since June 2014, Den-

mark put it in effect already in 2012 (the period of return to slightly positive

rates in between was extremely short, lasting only five months). At the time

of writing it is possible to say that around four to five years of negative rates

have not proven to decrease expectations so that it would trigger incentives to

a move to cash.1

Figure 3.1: Currency in circulation (year-over-year changes in %)

Source: National central banks

The second important indicator are money market rates. it can be shown

1As mentioned in the previous chapter, there exist other ways of avoidance of negative
rates, for instance prepaying taxes. The amount which can be prepaid was however restricted
by Danish tax authorities.
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that money markets have continued to work smoothly and negative rates were

transmitted to real economy via reducing money market rates, there is no

indication that pass-through has been significantly weakened, as can be seen in

Fig. 3.2 where three-month money market rates are almost perfectly correlated

with the movement of monetary policy rates and all of them followed policy

rates into negative territory (except for Hungary which negative rates are,

however, only very slightly negative and as was mentioned above, Hungary has

not adopted the NIRP in the proper sense and is included for completeness

only).

Figure 3.2: Policy rates and money market rates (in %)

Source: National central banks

The last point of view considers commercial lending and deposit rates which

determine bank profitability. Jobst & Lin (2016) in their profound assessment

of the NIRP impact in the Euro Area find that lending rates for both the

corporate and retail segment were lowered. Deposit rates decreased to some

extent as well, allowing to preserve margins and increase credit growth. Nega-
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tive deposit rates are, however, usually charged only to large institutional and

corporate depositors and are not passed through to smaller retail depositors,

slackening transmission of the NIRP. Similarly, Witmer & Yang (2016) assert

that with respect to reluctance to pass negative rates to retail depositors and

decreasing bank profitability, the bank lending channel of transmission may

prove to be less powerful. Given the restricted transmission, there are indica-

tions that the effect of one-unit decrease of interest rates in negative territory

is likely to have a smaller effect than the same one-unit decrease of rates in

positive territory (e.g. Bean 2013; Jackson 2015).

In spite of that, Jobst & Lin (2016) assert that the effect of NIRP is so

far positive and the objectives of NIRP (Section 2.2) are being fulfilled (lower

funding cost, higher asset prices, enhanced signalling effect of monetary policy,

enhanced portfolio rebalancing channel, modest credit expansion, boosted ag-

gregate demand) while the concerns have not proven to materialize. The main

concern related to banks’ profitability has been mitigated until now. Jobst &

Lin (2016) estimated that in the Euro Area the effect was small, a decline of

50 basis points in rates caused 7 basis-point reduction in net interest margins.

Even in cases with sticky retail deposit rates, banks compensated the lower

margins by higher volume of lending and some slight increase in fees and com-

missions and profited from lower funding costs. Several researchers, however,

suggest that this compensation to previously higher net interest margins is

also limited, the impact on bank profitability is non-linear in further declines

of policy rates and the returns of lower rates are diminishing.

In terms of exchange rates, the effect of negative rates has been in general

restrained for the time being by continuing disinflationary environment. Low

and long-lasting negative rates were not sufficient at all to ensure depreciation of

Swiss franc after its strong appreciation after the SNB’s exit from the exchange

rate floor of Swiss franc to Euro. Similarly, negative rates in Japan were not

able to deter investors from moving money into yen as another ’safe haven’

and thus causing yen to appreciate. On the other hand, the ECB’s decision to

introduce negative rates was followed by expected reaction when the exchange

rate of the Euro against the U.S. dollar fell persistently over several months.



Chapter 4

The Czech Case

4.1 Monetary policy instruments

The CNB pursue its primary objective of price stability within the inflation

targeting regime using several monetary policy instruments. The CNB’s main

policy rate is the two-week (2W) repo rate. The 2W repo rate is an interest rate

used in the main monetary policy instruments - repo tenders within which CNB

accepts surplus liquidity from banks and in return transfers collateral in form

of eligible securities to them. In the reverse transaction on the corresponding

maturity date the CNB repays the principal plus interest given by the 2W repo

rate and the creditor bank returns the collateral to the CNB. Given the systemic

liquidity surplus in the domestic banking sector, the repo tenders serve almost

solely for absorbing liquidity. The actual level attains 0.05%. The corridor for

the 2W repo rate is formed by interest rates applied to automatic facilities -

the deposit facility and the marginal lending facility, standing facilities which

purpose is depositing or borrowing money to banks and which form the corridor

for short-term money market rates as well.

In the late 2012, monetary conditions with inflation well below its 2% target

and the longest recession in the Czech independent history required further

monetary policy easing (Franta et al. 2014a). In 2013 at the time of the decision

on exchange rate interventions, CNB’s g3 model indicated a need to decrease

nominal interest rates to -0.9%. Inflation forecasts indicated that inflation

might fall below zero, with the threat of a deflationary spiral. The CNB’s

policy rate, however, hit technical zero leaving no space for the monetary policy

easing.

As a consequence of the situation, in November 2013 the CNB started to
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use one-sided exchange rate commitment as an instrument to escape liquidity

and deflation trap. Since then, the CNB has intervened for several times on

the foreign exchange market in order to weaken the Czech koruna by buying

foreign currency and selling the koruna in return so that the exchange rate

stays ”close to CZK 27 to the Euro”. The amount of interventions since the

announcement of the exchange rate commitment to the end of the year 2016

has amounted to 33 348 mil. EUR. This has affected conditions in the market

described in the following sections.

4.2 Negative rates in the Czech market

Even though the 2W repo rate as the CNB’s main policy rate is positive,

negative rates, however, already exist in different parts of the Czech financial

market. Negative rates on government bonds, negative implied swap rates and

commercial interest rates will be examined in the following subsections.1

4.2.1 Government bonds

At first, Czech government bonds in which financial institutions may store

excessive money earn negative yields, more precisely all bonds with maturity

ranging from 1 month to 6 years; only the bonds with maturity over 7 years

yield slightly positive returns (as of December 2016). The development of the

government bond yields is depicted in Fig. 4.1.

For the first time in the history the yield on the basket of government

bonds with an average residual maturity of 2 years was negative in April 2015;

since July 2015 it has been negative constantly. As for the basket of bonds

with an average 5-year maturity, its yield turned negative two months later,

in September 2015. Since then there was a quarterly period of positive rates,

but then they have become negative again. The yield on government bonds

has been, however, affected by the exchange rate commitment and the negative

yields may reflect, at least partially, the speculative motive of foreign investors

who accepted negative yields in exchange for profits from expected currency

appreciation after the exit from the exchange rate commitment. Both the yield

of the basket of bonds with the average residual maturity of 10 years and 10-year

1All of the data are updated as of December 2016. With the exit from the exchange rate
commitment in April 2017 the situation is changing, but to monitor this is not the the aim
of the thesis.
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maturity Treasury bond yield (used as the long-term interest rate for assessing

convergence based on Maastricht criterion) remain positive. Nevertheless, they

offer only slightly positive returns of 0.49% or 0.37%, respectively.

Figure 4.1: Yields on the baskets of government bonds with different
average residual maturity

Source: CNB: ARAD database

4.2.2 FX swap-implied interest rate

An implied interest rate is an interest rate that is given by the difference be-

tween the spot rate and the forward or futures rate on the transaction.

Both three-month and six-month forward points for both currency pairs

EUR/CZK and USD/CZK have been already negative for relatively long time

(Fig. 4.2 and 4.3). A remarkable drop at the time of the beginning of the CNB’s

FX intervention in the November 2013 is observed, especially for the EUR/CZK

currency pair. Since then the forward points are constantly negative (except

for the shorter change in the first half of 2016), with two striking falls in the

second half of 2015 and the third quarter 2016. The forward exchange rate can

be calculated by dividing the forward points by 1000 and adding the result to

the spot rate. Therefore negative forward points imply that forward exchange

rate being below the spot rate. In other words, implied swap rate is negative,

meaning that a non-resident who has purchased Czech koruna but does not

want to invest in government bonds with negative yields is forced anyway to

pay for storing korunas for a given time period in exchange for Euros or U.S.

dollars. At the end of 2016, six-month implied swap rate was approximately
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-0.08% against the Euro and less then -0.3% against the U.S. dollar. Negative

rates are therefore a reality in the Czech market.

Figure 4.2: Forward points EUR/CZK with three- and six-month ma-
turity

Source: CNB ARAD database

Figure 4.3: Forward points USD/CZK with three- and six-month ma-
turity

Source: CNB ARAD database
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4.2.3 Selective fees of banks in the Czech market

Negative rates have been present also in the Czech banking market for several

months already. Several commercial banks have introduced selective fees on

deposits over certain limit, particularly on corporate and institutional deposi-

tors. It is a reaction induced by two factors, at first by negative rates imposed

by central banks in Western Europe and banks’ preparation for the quick ac-

commodation to prospective negative rates in the domestic market; at second

by negative interest rates on government bonds, in which banks can store their

excess funds.

Instead of a negative rate itself banks usually impose fees on deposits (a

fee on deposits is effectively just another form of a negative interest rate). The

more detailed overview of the current situation in the market can be found in

Table 4.1. The vast majority of banks except for several smaller banks have

introduced either fees for additional increases in deposits above certain limit

or above average balance or fees for over-the-limit deposits irrespective what is

the average balance or both.

Until now, negative interest rates have not been applied to smaller amount

deposits of retail clients. However, given the Western Europe experience from

the recent months, it does not seem truly unrealistic any more. Two German

banks (of regional importance) introduced fees on over-limit deposits of private

individuals. The longer there are conditions of low growth and negative policy

rates, the more probable it will be to pass negative rates on smaller amount

deposits or even to retail customers.
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Table 4.1: Fees on deposits

Bank Deposits affected1 Fee

Ceskoslovenska Obchodni Banka Fee for additional deposits if the deposit balance exceeds CZK 100 million2 0.15% of the differential balance
Ceska Sporitelna Fee for additional deposits if the deposit balance exceeds CZK 100 million2 0.15% of the differential balance
Komercni Banka Fee for client’s over-the-limit deposits in CHF above CHF 40 thousand 1% p.a.

Fee for client’s over-the-limit deposits in SEK above SEK 400 thousand 1% p.a.
Fee for client’s over-the-limit deposits in DKK above DKK 300 thousand 1% p.a.
Fee for client’s over-the-limit deposits in JPY above JPY 5 million 0.5% p.a.
Fee for client’s over-the-limit deposits in CZK above CZK 1 bilion 0.2% p.a.
Fee for client’s over-the-limit deposits in EUR above EUR 40 million 0.5% p.a.

Unicredit Bank Fee for additional deposits if the deposit balance exceeds CZK 100 million2 0.15% of the differential balance
Fee for client’s over-the-limit deposits in CZK above CZK 100 million2 0.5% p.a.
Fee for client’s over-the-limit deposits in EUR above EUR 3 million 0.5% p.a.
Fee for client’s over-the-limit deposits in CHF above CHF 100 thousand 0.5% p.a.

Hypotecni banka x x
Raiffeisenbank Fee for additional deposits if the deposit balance exceeds CZK 100 million2 0.15% of the differential balance

Fee for client’s over-the-limit deposits in CHF above CHF 1 million 1% p.a.
Fee for client’s over-the-limit deposits in JPY above JPY 100 million 1% p.a.
Fee for client’s over-the-limit deposits in DKK above DKK 3 million 1% p.a.
Fee for client’s over-the-limit deposits in SEK above SEK 3 million 1% p.a.
Fee for client’s over-the-limit deposits in EUR above EUR 1 million3 1% p.a.
Fee for client’s over-the-limit deposits in CZK above CZK 100 million3 0.5% p.a.

J&T Banka x x
Moneta Money Bank Fee for additional deposits if the deposit balance exceeds CZK 100 million2 0.15% of the differential balance
PPF banka Fee for additional deposits if the deposit balance exceeds CZK 100 million2 0.15% of the differential balance
Fio Banka Fee for additional deposits if the deposit balance exceeds CZK 100 million2,4 0.15% of the differential balance
Air Bank x x
Sberbank Fee for additional deposits if the deposit balance exceeds CZK 50 million2 0.18% of the differential balance
Equa Bank x x
Wuestenrot hypotecni banka x x
Expobank Fee for additional deposits if the deposit balance exceeds CZK 30 million2 0.15% of the differential balance

1 In most cases fees are applied to corporate sector, usually entrepreneurs, enterprises, public sector and other legal entities
2 Fees are applied if the deposit balance exceeds given amount as of 31 December and the deposit balance is higher than
the average deposit balance of the relevant year
3 Applied only to financial customers
4 Applied also to private individuals
We include all big, medium-sized and small commercial banks in the Czech market except for state-owned Czech Export Bank and Czech-Moravian Guarantee
and Development Bank and European-Russian Bank in insolvency. We do not include savings banks and branches of foreign banks.

Source: Banks’ price lists
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4.3 Effective lower bound

Finally, the following section focuses on estimation of the effective lower bound

for the CNB’s policy rate. The bound is given by the existence of cash which

restrict interest rate to fall far below zero. At the same time, holding and using

cash have some costs which induce that the bound is below zero. The costs of

holding cash could be specified as costs associated with storing, transporting

and insuring cash. The costs of using cash can be approximated by costs of

loss of convenience of using non-cash payments. The following subsections focus

more deeply on these particular sources of the ELB.

4.3.1 Storage, transportation and insurance costs

At first, storage, transportation and insurance costs comprise significant im-

pediments to provoking an abrupt move into cash near zero level. These costs

can be approximated with the storage costs for other stores of value, for in-

stance precious metals like gold, silver or platinum or other minerals like crude

oil.

At first, (Keohane 2015) assert annual costs of carry of gold are circa 0.2%.

Jackson (2015) uses the same value. However, based on physical characteristics

Keohane (2015) argues that crude oil may be the better approximation with

respect to similar physical characteristics (space occupied, resistance, etc.).

Depending on the type of storage, crude oil storage costs may attain values

from 1 to even 10%. I will, however, take the lower bound of this interval

closer to the value for gold.

At second, Witmer & Yang (2016) suggest that storage costs are 0.2-0.35%

for gold and 0.4-0.5% for silver (so the price is not linear in space as silver with

the same value occupies much more than two times space for gold). Jackson

(2015) asserts the costs of storage including insurance costs lie in the interval

0.2-1.0%. I assume these approximate values of costs of storing commodities

do not differ a lot across countries.

Besides it is highly impractical, the possibility of buying gold or other pre-

cious metal and storing it in a vault is very limited in the Czech republic,

provided only by the Czech Mint (see the later subsection) and several small

vault providers. In general, however, it is not anything extraordinary, with

large vaults located e.g. in Singapore, London, Zurich, Vienna or Hong Kong.

Besides safe deposit boxes other available options include convenient online
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bailment services and traditional full-service bailment companies. A signifi-

cant amount of gold can be stored cheaper in safe deposit boxes while online

bailment services are cheaper for storing silver and smaller amount of gold.2

The costs associated with precious metals should not include only storing,

but also costs of conversion - buying of precious metals and selling it back. Fig.

4.4 shows an example of costs of storage and total costs (storage and transac-

tion costs) by an online bailment provider based on the amount and length of

storage. The average annualized costs are declining in the quantity stored and

also in the length of time of storage, however, in order to approximate costs

of storing physical currency, which is liquid, the shorter time cost is a more

important value. The annual storage costs are in interval 0.12% to 0.42%, to-

tal costs for one year can increase up to 1.4%, based on the quantity. Large

volumes, which we are mostly interested in, incur storage costs of 0.12% and

one-year total costs (including transaction costs) of 0.22%. This is near to the

aforementioned values from Keohane (2015); Jackson (2015).

Figure 4.4: Average annualized storage and transaction costs of gold
with respect to the amount stored and length of storage
(online bailment)

Note: SC = storage costs; TC = total costs (storage and transaction costs); transaction costs are costs to
purchase and sell gold; calculated at current spot price; amounts in Euro

Source: BullionVault, author’s calculations

2The large providers of safe deposit box facilities are for example Certis (Singapore), Das
Safe (Vienna) and Metrosafe (London). The online bailment providers are Gold Republic
(Netherlands), GoldMoney (Jersey, UK) or BullionVault (UK). The large European full-
service bailment companies are e.g. Amsterdam Safe (Netherlands), Global Gold (Switzer-
land), Gold Made Simple (UK). The costs of online bailment providers are included here as
they are more relevant to Czech Republic given their independence on a user’s locality.
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If we preferred to be country-specific as far as costs of storing precious

metals is concerned, we would have to make conclusions based on fees of sev-

eral institutions providing such depository services. The Czech Mint (Ceska

Mincovna), an official and sole mint of circulating Czech coins, offers storing

of precious metals for the private investors as well. The costs are relatively

low, ranging from 0.003% to 0.15% depending on the value of a stored pre-

cious metal. However, after hypothetical hoarding of cash leading to increasing

demand for cash storage it is very likely that the storage and insurance costs

would rise (increased demand plus cost increases linked with building of new

capacities, etc.).

However, neither the amount of cash which can be stored (due to physi-

cal capacities) nor the amount which can be insured by insurance companies

(due to capacity, will, risk management) is infinite. Therefore I suspect the

current fees could be too low for determining costs of storing cash on a larger

scale. We can find the approximation of storage of gold also in commercial

bank investment products, e.g. ”Investment Gold as an investment product

of Komercni banka, a.s., which carries a storage fee for gold bullions of 0.3%

p.a. This is again in previously mentioned interval by Witmer & Yang (2016).

This, however, relates only to retail sector to which negative rates would not

be passed either.

Therefore in approximation of costs of cash by costs of storing of precious

metals I suggest the global (wholesale) estimates of costs of storing precious

metals are more relevant than specific (retail) data available for Czech republic,

therefore I will continue with the values from the available literature.

What can, however, ensure the more accurate estimate of the level of cur-

rency storage and transportation costs in a given country is the real currency de-

nomination. Currencies with larger denomination should be exposed to smaller

storage, transportation and insurance costs and vice versa (e.g. Jackson 2015).

For the sake of comparison, the largest banknote in Switzerland is 1000 CHF

(1027 USD), in the euro area 500 EUR (560 USD), in Denmark 1000 DKK (150

USD) and in the Czech Republic 5000 CZK (214 USD). In real terms (adjusted

by purchasing power parities, PPP) the situation is different (Fig. 4.5), with

the denomination of Swiss franc being 2.1 times larger than the largest denom-

ination of Czech koruna. Therefore, the storage costs should be higher for the

Czech koruna than for the Swiss frank, however, we do not assume the costs

to be higher by as much as the denomination is smaller as there are some fixed

costs associated with the transportation and storage which do not depend on
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denomination.

Figure 4.5: The largest denominations in real terms (PPP) in U.S.
dollars

Source: OECD, author’s calculations

This dependence on denomination was suggested by e.g. Jackson (2015),

who also asserts that costs of storage of cash may vary between between 0.2 an

1%. Given that the real value of the largest denomination of the Czech crown

is just slightly below the middle point of the interval of the compared largest

denominations, however, well above the mean value and even more above the

median. According to this, I estimate storage costs to attain the value in the

lower half of the interval provided by Jackson (2015), i.e. 0.2-0.6%.

In contrast to Jackson (2015), Witmer & Yang (2016) do not find this depen-

dence important. Under all their approximation methods - industry estimates

for wholesale cash storage, costs for storing precious metals and costs associated

with precious-metal-backed exchange-traded funds (ETFs) - they assert that

insurance costs, which do not depend on denomination substantially, are the

main component of costs of holding cash rather than the costs for the storage

itself and therefore currency denomination does not play a crucial role.

The next way of approximating storage costs operates with precious-metal-

backed ETFs (physically-backed ETFs), which are liquid financial instruments

for investing in precious metals stored in vaults. ETFs can be traded globally,

there are not any ETFs traded on Prague Stock Exchange with vaults located

in Czech Republic. Thus in Table 4.2 I provide an overview of fees of phys-

ically backed ETFs traded on the European stock exchanges (London Stock

Exchange, Deutsche Borse, Borsa Italiana) with vaults located in Europe.

Following Witmer & Yang (2016), we can assume that fund-management

fees and expenses are a small portion of the total fees, based on the fact that

overall fees for many equity ETFs are low, between 5 and 10 basis points.

Therefore it appears that an excess fee for physically-backed commodity funds

in comparison with non-physically-backed funds is a result of costs of storing

and insuring bullions in vaults. This can be then regarded as an approximation



4. The Czech Case 30

of costs of storing cash and indeed it is again similar to previous values of

publicly available costs of storing precious metals: the average fee for ETFs

is around 0.4%, subtracting 0.05-0.1% of management fees yield 0.3-0.35% of

storage and insurance costs.

Last but not least, in terms of the wholesale costs of storing cash, Wit-

mer & Yang (2016) asserts that the sum of dormant storage and insurance

costs can be up to 0.35% p.a. for the $100 denomination, but when insurance

costs are excluded, dormant storage costs could be less than 0.05% for the $5

denomination and even less than 0.01% for the $100 denomination.

Table 4.2: Precious-metal-backed ETFs

Replication
ETF Currency method Vault location MER (%)

ETFS Daily Hedged Physical Gold EUR bullion London 0.39
ETFS Daily Hedged Physical Gold GBP bullion London 0.39
ETFS Physical Gold USD bullion London 0.39
ETFS Physical Gold GBP bullion London 0.39
ETFS Physical Palladium USD bullion Zurich, London 0.49
ETFS Physical Platinum USD bullion Zurich, London 0.49
ETFS Physical PM Basket USD bullion Zurich, London 0.44
ETFS Physical PM Basket GBP bullion Zurich, London 0.44
ETFS Physical Silver USD bullion London 0.49
ETFS Physical Silver GBP bullion London 0.49
ETFS Physical Swiss Gold USD bullion London 0.39
Gold Bullion Securities USD bullion London 0.4
Gold Bullion Securities GBP bullion London 0.4

Source: ETF Securities

4.3.2 Loss of convenience

Interchange fees

One of the hypothesis of this thesis is that the more important portion of costs

of cash comes from costs of inconvenience of using cash, i.e. costs of loss of

convenience of electronic payments, rather than from the costs of storage, trans-

portation and insurance costs in the previous subsection, which have proven to

be relatively well above -1%.

The convenience stemming from the usage of electronic money instead of

cash is often proxied by interchange fees. Interchange fees are fees for using

different types of cards and processing card payments which are normally set by

operators of payment cards schemes, for instance MasterCard or Visa. Each

time a consumer buys something using a credit, debit or prepaid card, the
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retailer’s bank (the ”acquiring bank”) pays this fee to the consumer’s bank

that issued the card (the ”issuing bank”).

Since retailers are not involved in price-setting process, they have usually

no possibility to influence the level of the fees. Consequently it may be assumed

they incorporate interchange fees in the final prices charged to consumers. As-

suming consumers are aware of the fact that the higher price is a consequence

of these fees (and they accept it), we may conclude that these fees are roughly

equal to their utility from using different kinds of electronic payments instead

of cash payments. Thus the loss of this convenience must be included in costs

of using cash too.

The current state is, however, significantly affected by the Regulation on in-

terchange fees for Card-based payment transactions (Regulation (EU) 2015/751

of the European Parliament and of the Council of 29 April 2015). Until it en-

tered into the force, interchange fee levels were both higher and different across

different Member states of the EU. Currently, the Regulation caps these fees

for the most frequently-used cards (in effect since December 2015) and imposes

transparency obligations (in effect since June 2016). The Regulation sets the

maximum level of interchange fees for consumer debit cards to 0.2% and for

consumer credit cards to 0.3% of the value of the transaction.

Nevertheless, since our interest lies in determining the effective lower bound,

the regulated level of fees is of a lower informative value and interchange fees

from the period before the Regulation came into legal force will be considered.

The Regulation has a large impact and in the Czech Republic especially

since the country had one of the highest average level of interchange fees: in

2014, the average fees charged by Visa were 1%, by MasterCard even 1.1%,

what made them one of the highest in the EU after Germany, Croatia, Portugal

and Romania 3. Even though these fees may be assessed as excessive and often

hidden 4 in a sense that not all consumers are fully aware that they are end

payers, the fact that they were present in the market for a long time before

the Regulation suggests that they can be used as a proxy for the value of

convenience of card payments. The fees for commercial cards which are not

affected by the Regulation, are even higher, with the average around 1.5% of

the value of a transaction.

The magnitude of the loss of the convenience is the result of consumer

3http://instabill.com/wp-content/uploads/2016/08/Euro-Interchange-Final.pdf and
http://www.lexology.com/library/detail.aspx?g=83ca26ba-0ff0-467e-85f0-bc5e42759cae

4http://europa.eu/rapid/press-release MEMO-16-2162 en.htm
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preferences and behaviour. On the one hand, the number of electronic trans-

actions per households is much lower in the Czech Republic than in leading

countries (300 in Scandinavia versus 70 in the Czech Republic annually), the

share of ATM cash withdrawals is higher than the European average and the

share of electronic POS transactions smaller (see Table 4.3 for comparison).

On the other hand, the Czech Republic is one of the top-performing countries

in using contactless payments (contactless debit and credit cards, stickers, key

fobs, smartphones, etc.) According to LTP (2016) there are 0.79 contactless

cards per person, what is much above the European average.5 76% of the

POS terminals are contactless, whereas the European average is approximately

21%. Gajdos (2016) points out that 60% of all in-store payments were contact-

less in 2015. Data by MasterCard says that even 77% of in-store transactions

processed by Mastercard were contactless in 2015. In comparison with other

Central European countries, the figure was 55% in Poland, 40% in Hungary

and 38% in Slovakia (Smart Payment Association 2016). This may increase a

notional value of convenience of electronic payments.

Arango et al. (2011) show that consumer preference for cash depend on

speed or convenience, merchant acceptance and low costs and given these char-

acteristics, cash is still strongly dominant for low transaction amounts up to 25

dollars. Mooslechner et al. (2012) finds the share of cash payments in Austria

decreased from 86% to 67% in volume over the period 1996-2011. Moreover,

an active user of contactless payments does not have any incentive to use cash

even for small transaction amounts. Besides that, the aim of the Regulation is

to endorse the usage of contactless payments what leads to the question how

further spreading and advancements in this technology could affect the cash

holdings. According to Fung et al. (2012), the active usage of contactless pay-

ments leads to decrease in the ratio of cash purchases to total expenditures

by 14% in volume and 13% in number of transactions. With a high share of

contactless payments the trend should not be different in the Czech Republic.

On a sample of 13 advanced economies, Amromin & Chakravorti (2009) find

that the transactional demand for cash has indeed decreased, most notably the

demand for smaller denominations. They also find out the demand for small

denominations is not affected by the short term interest rate, while with the

demand for large denominations the situation is just opposite: it is not affected

by the adoption of electronic POS payment systems but it is significantly af-

5Let’s Talk Payments (LTP) is one of the top online destination for insights and data-
driven research in innovations in payments and expanding FinTech space.
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fected by the short term interest rate. A decrease in the interest rate by one

percent leads to increase in ratio of large denomination currency to GDP by

0.131.

In summary, high preference for cashless and contactless payments in Czech

Republic and declining transactional demand for cash stemming from that is in

accord with the tolerance of high interchange fees and the value of the loss of

convenience associated with electronic payments for retail users could be even

higher than proposed purely by interchange fees, i.e. slightly above 1.0 - 1.5%.

This is well above the costs of storage or insurance of cash.

Table 4.3: Payment transactions per type of terminal (value of trans-
actions in 2015)

E-money card-
ATM cash ATM cash POS loading/unloading E-money payment

Country withdrawals deposits transactions transactions transactions

Sweden 17.9% 0.0% 82.1% 0.0% 0.0%
United Kingdom 25% 0% 75% 0% 0%
France 25.0% 4.6% 70.3% 0.0% 0.0%
Netherlands 26.9% 13.3% 59.7% 0.0% 0.0%
Finland 27.6% 1.5% 70.8% 0.0% 0.0%
Portugal 30.0% 5.6% 62.6% 1.0% 0.9%
Belgium 32.5% 15.2% 52.1% 0.1% 0.1%
Estonia 38.0% 20.9% 41.1% 0.0% 0.0%
Italy 42.6% 35.1% 17.5% 3.3% 1.6%
Spain 44.3% 9.0% 46.8% 0.0% 0.0%
Luxembourg 44.7% 55.1% 0.0% 0.0% 0.0%
Ireland 45.9% 7.5% 46.6% 0.0% 0.0%
Latvia 50.1% 26.0% 23.7% 0.0% 0.0%
Austria 55.3% 15.8% 28.6% 0.2% 0.1%
Germany 56.0% 15.9% 28.1% 0.0% 0.0%
Slovenia 56.4% 0.9% 42.6% 9.1% 1.4%
Poland 58.0% 9.0% 33.0% 0.0% 0.0%
Croatia 59.5% 5.3% 35.2% 0.0% 0.0%
Czech Republic 60.8% 5.9% 33.3% 0.0% 0.0%
Malta 61.5% 2.4% 36.1% 0.0% 0.0%
Hungary 71.5% 1.2% 27.2% 0.0% 0.0%
Slovakia 73.0% 0.2% 26.8% 0.0% 0.0%
Romania 79.4% 4.8% 15.7% 0.0% 0.0%
Greece 80.0% 4.2% 15.3% 0.3% 0.2%
Bulgaria 85.2% 0.6% 14.2% 0.0% 0.0%

Denmark, Cyprus, Lithuania omitted because of missing/incorrect data

Source: ECB (2016)

Social and private costs of different payment instruments

A similar concept to the one which estimates the lower bound on negative rates

via interchange fees was developed by Schmiedel et al. (2012) who estimated

the social and private costs of retail payment instruments for 13 EU countries

in the study. In this sense, social costs are defined as total costs of producing

a respective payment that different stakeholders are exposed to. According to
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his conclusions, the social costs of cash payments constitute almost half of the

total social costs of all payments and on average have the lowest unit costs

per transaction. In the measure of costs per transaction, cash payments are

followed closely by debit card payments. However, some countries represent an

exception and cash does not yield the lowest unit costs (Schmiedel et al. 2012).

More than in the total costs of retail payments we are interested in its

decomposition into costs of particular payment instruments. Even though this

decomposition is not available on the country level, at least interval values are

available. The average costs associated with cash payments per 1 euro of sale

is 0.023 euro, i.e. 2.3%, ranging from 1.3 and 3.4%, so even the minimum is

substantially above 1%. The number may be lower in the countries where the

cash payments are used more frequently, what the Czech Republic is definitely

is - the volume percentage of cash payments out of all payments in the country

is 76.89% while the EU27 average is 59.72%. On the other hand, the percentage

in terms of value is 1.91% what is below the EU27 average of 2.16% and well

below the 3.7% average among the participants of the study.6 Given these

adverse effects we consider the mean value of 2.3% as the reasonable estimate

of social costs of cash payments in the Czech Republic.

In order to get more precise numbers, it is possible to compare the Czech

Republic with Hungary, which is the only country with better granularity of

the data and belongs to the same cluster.7 In comparison to other countries in

the study, Hungary has below average costs of cash, therefore the costs of cash

in the Czech Republic could be slightly lower than average as well.

Non-cash payment instruments incur costs as well and therefore relative

costs of cash can be determined as a difference between costs of cash payments

and costs of other types of payments. Card payments carry approximately the

same unit costs as cash payments but with a relatively large difference between

debit and credit cards. Cheques, direct debits and credit transfers are the least

expensive per 1 euro of sale as none of them exceeds the costs of 0.005 per

one euro of sale. Credit transfers are relatively the most important cashless

payment service with a share almost 70% on the total number of transactions

and their average unit costs is 0.2%. This implies that the social costs are 2.1

percentage points higher than the social costs of credit transfers.

The second most frequently used cashless payment instrument is a card

6ECB Statistical Data Warehouse
7Countries are clustered based on the variables: social costs to GDP, GDP per capita, pay-

ment cards per capita, average card transaction value, cash/cheque/card/direct debit/credit
transfer payments per capita, POS terminals/ATMs per capita.
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payment with 27% share. The average unit costs of debit card payment, which

are less costly, are 0.017 per euro of sale, with minimum of 0.008 and maximum

0.035. By subtracting the average values we get a result that the social costs of

cash are 0.6% higher than the social costs of credit card payments and therefore

the negative rate of -0.6% should not surge any move to cash.

4.3.3 Direct costs of negative rates

The second approach, different to the first one from the previous subsection,

tries to evaluate the direct costs of the NIRP imposed on the financial sector.

These direct costs consist of an interest charge on reserves subject to negative

rates. We follow a procedure suggested by Barr et al. (2016), who calculates an-

nualized interest rate charges and compare them with the size of the aggregate

balance sheet. Using monthly data on reserve stock and the volume of repo

operations (depending on what is subject to negative rates in given countries)

the approximate annualized interest charges (costs) are calculated for countries

using the NIRP. The relation can be expressed simply by:

C =
1

T

T∑
t=1

volumet ∗ IRt

assetst
(4.1)

where C (costs) is the average ratio of annualized interest charges to total

assets, volume are reserves/deposits/repo volumes subject to negative rate, IR

is interest rate and assets are total amount of assets in the financial sector.

The amount of reserves which is subject to negative rates is individual for

each country. In Switzerland, only deposits at the sight deposit account at

the SNB which are above the exemption threshold set are subject to negative

rates. The exemption threshold is set as minimum reserves requirement times

20 minus/plus increase/decrease in cash holdings in the reporting period.8 A

similar principle applies in Denmark where the amount on reserve balance

on a current account remunerated at current-account rate (currently 0.0%)

is limited and the excess amount must be deposited in certificates of deposit

which yields -0.75%.9 As for the Sweden, direct annual costs are calculated

as charges on debt certificates issued by Sweriges Riksbank at the repo rate

(currently -0.5%), charges on fine-tuning transactions at the repo rate minus 0.1

percentage points and also charges on deposit facility which accrues the deposit

8https://www.snb.ch/en/mmr/reference/mbnz 20150501/source/mbnz 20150501.en.pdf
9https://www.nationalbanken.dk/en/monetarypolicy/instruments/Pages/default.aspx
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rate (-1.25%).10,11 In Japan, total reserves are divided into three categories:

basic balance (pre-existing), macro add-on balances and policy-rate balance

(new reserves). Negative interest rate of -0.1% is applied only to policy-rate

balances.

It was found out that the highest costs inflicted on banking sector are

in Switzerland, approximately 0.03% of total assets of the aggregated sector

(Table 4.4). Barr et al. (2016) come to the same conclusion. In other countries

the costs are considerably smaller.

Table 4.4: Direct costs of negative rates

Ratio of annualized
Reserves subject interest charges

Total reserves to negative rates Total assets to total assets

Switzerland 412.90 116.34 3 185.23 0.027%
Denmark 203.04 140.83 7 870.69 0.012%
Sweden 227.78 227.78 12 286.76 0.009%
Japan 297.35 23.80 990.54 0.002%

Note: In billions of local currency, except for Japan (trillions).

Averages over periods of the NIRP, for Denmark only since 2015/01

Source: National central banks, author’s calculations

Lacking better evidence, we will assume that Switzerland is already at the

lower bound, i.e. maximal possible direct costs are 0.03% of total assets of the

aggregated sector annually. Using this value as a limit, the interest rate which

would lead to the same relative costs is calculated for the Czech Republic. I

use monthly data on monetary statistics over the period 2013-2016 available

from the CNB’s ARAD database (Table 4.5).

For the Czech Republic, several options are calculated as reported in Table

4.6. At first, I calculate the interest rate which would correspond to 0.03%

annual costs if it was imposed only on deposits in standing deposit facility

(under the current non-tier regime when all deposits yield the same discount

rate). This suggests the policy rate (discount rate in this case) could go to

-0.46%.

The second and third option calculates the level of interest rate if the nega-

tive rate is applied in addition to (excess) reserves on the current account with

10http://www.riksbank.se/en/Monetary-policy/To-steer-interest-rates/How-does-the-
Riksbank-control-interest-rates/

11In comparison to the volume of debt securities issued, the deposit facility plays only
marginal role and the costs are minimal.
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Table 4.5: Monetary statistics, Czech Republic

Total assets O/N deposits Reserves Excess Repo
at CNB (required+excess) reserves operations

2013 4 996.11 133.04 58.35 1.99 285.28
2014 5 345.38 216.59 61.67 2.21 420.63
2015 5 638.74 455.68 70.22 6.06 300.79
2016 6 019.38 683.74 92.17 22.79 453.93

Note: Yearly averages. In CZK billions.

Source: ARAD database

the CNB and to the repo operations.12 This leads to results of -0.38% and

-0.21%, respectively. The latter number is of the largest interest as the key

policy rate is the repo rate.

The forth option introduces a tiered system under which only 25% of reserve

stock is subject to negative rate, what should ensure sufficient transmission

of negative rates into the real economy. 25% level is suggested by Barr et al.

(2016) based on the experience in foreign countries - in Switzerland, the amount

of reserves subject to the negative rate has varied typically between 20-30%.

With this tiered system, both the discount and repo rate could go down as low

as -0.84% or -0.9% (depending whether required reserves are excluded from

the stock subject to negative rates). Given the fact that a tiered system in

certain forms is used in all countries with the NIRP (except for Sweden), I

assume this could be also a form used by the CNB in a hypothetical situation

of negative rates; therefore I find this number of approximately -0.9% to be the

most realistic estimate amongst other specified options.

The fifth option shows potential rate when 2-17% of the national GDP is

subject to negative rates. 17% of the GDP has been subject to negative rates

in Switzerland on average, however, given the large size of the Swiss reserve

stock Barr et al. (2016) suggests a benchmark of 2% of GDP since in the Euro

area it was shown up that imposing a negative rate on just 2% of GDP could be

sufficient in order to keep money market rates relatively close to the negative

policy rate. The mean value of the interval is slightly below -1%.

Table 4.7 provides comparison of floor policy rates from Barr et al. (2016).

The rates could go really low, especially under tiered regimes. Only the esti-

mates for the US and UK are higher given their higher reserves to assets ratios

(in this aspect they are similar to the Czech Republic). In comparison to these

12Here I assume the discount rate to attain the same value as the repo rate as at present.
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Table 4.6: How low can negative rates go - Czech Republic

Items subject to negative rates:
25% of 2% - 17% of

O/N deposits O/N deposits O/N deposits [O/N deposits GDP
+ reserves + reserves + reserves

+ repos + repos]

-0.46% -0.38% -0.21% -0.84% -1.97% - -0.23%
(-0.45%) (-0.23%) (-0.90%)

Note: rates calculated with amounts of excess reserves in brackets

Source: Author’s calculations

values even the lowest bound appearing in the Czech estimates seems to be

relatively conservative. However, these numbers do not impose negative rates

on repo operations, only on deposits at central banks.

Table 4.7: How low can negative rates go - international comparison

Items subject to negative rate:
Under 25% of reserve 2% of GDP
existing regime stock

Euro Area -1.36% -4.64% -4.52%
Japan -3.45% -0.60% -3.45%
US -0.20% -0.78% -1.30%
UK -0.35% -1.38% -2.69%
Sweden -1.25% -5.00% -3.27%

Note: planned QE (Japan, Euro Area, Sweden) is not accounted for.

The values of negative rates would be higher after accounting for it.

Source: Barr et al. (2016)

4.3.4 Technical and legal problems of negative rates

it is important to note that besides point estimate of the ELB, there can be also

some technical and legal problems associated with the potential implementation

of the negative rates. Costs of these problems could move the ELB back closer

to zero.

Franta et al. (2014a) argue that besides it is impossible to go below a par-

ticular threshold for negative interest rates because of a ”strong preference for

cash”, legal constraints on introducing negative rates also exist. Legal con-

straints are also mentioned by Malovaná (2014) and include especially certain

by-laws where the penalty interest is defined as a multiple of the CNB discount
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rate. Therefore, without the change of these laws and by-laws negative rates

would imply that the penalty for debtors in arrears is in fact negative, in other

words, creditors would have to start paying money to debtors (Franta et al.

2014a). Variable rate loans are also priced at the PRIBOR rate plus a constant

value (bank’s margin) what could decrease intended interest payments.

Nevertheless, we assume that this is not a sufficient argument for rejecting

the negative interest rates as a potential UMP tool in the case of Czech Republic

without further examination. By-laws or contracts can be adjusted or simply

exempt from the effect of negative interest rates. Moreover, this arguments

applies only when it would be assumed the negative rates are transferred to

end agents in the chain. The international experience shows that technical

problems can be overcome.

4.3.5 Summary

Table 4.8 summarizes the main finding of the section. At first, the costs of

storage and insurance lies in the interval (0.2%, 0.6%). The largest component

of the ELB are the costs of loss of convenience given by the interchange fees,

what confirms one of our initial hypothesis. It is very probable that they attain

values above 1% in the Czech Republic. Summing up these two components

together we can come up to 1.5%. Similar values are attained when the concept

of social costs is used.

The mean value of the second approach is slightly less than one per cent

with wide intervals. Averaging two approaches lead to the mean value of 1.2%.

High costs of loss of convenience probably cause even the lower interval to

attain one per cent. On the other hand, higher share of assets which would be

potentially subject to negative rates pull the value closer to zero.

In summary, we suggest the ELB for the CNB’s policy rate is below -1%, the

most reasonable estimate suggest -1.2%. Given the high uncertainty around a

point estimate, we suggest the ELB lies in the interval (-1%, -1.5%).

The exact value depends on how long-lasting the negative rate is. With

shorter time duration, the estimate could be less conservative and the rate

could go down even more, possibly up to (-1.5%, -2%) with some kind of a

tiered system. On the other hand, with very long duration and/or without a

tiered system, the rate is probably close to -1% or even closer to zero, around

-0.4% as suggested by the second approach.
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Table 4.8: Summary table - components of ELB

Min Mean Max

A
p

p
ro

ac
h

1 Costs of storage and insurance 0.2 0.4 0.6

Loss of convenience
Interchange fees 1.0 1.1 1.5

Social costs 0.6 1.4 2.1

Total Approach 1 1.2 1.5 2.1

A
p

p
ro

ac
h

2

Direct costs to profitability 0.2 0.9 1.9

Average 1.0 1.2 1.4



Chapter 5

Quantitative analysis

In the previous chapter we estimated the approximate lower bound on policy

interest rates in the Czech Republic. In this chapter, we would like to proceed

with the evaluation of the role and strength of an interest rate channel in

the Czech economy and possibly compare with the effect of the exchange rate

commitment as an unconventional measure used from November 2013 to April

2017.

At first, we estimate the transmission of interest rate and responses of other

macroeconomic variables to its changes in a monetary vector autoregression

(VAR) model. By means of cumulative impulse response functions the approx-

imate decrease in interest rate, which would be required to equate the effect of

exchange rate commitment, is calculated.

The second section can be viewed as a complementary analysis and focuses

on interest rate term structure modelling at the zero lower bound which is

frequently used to estimate shadow rates under unconventional monetary poli-

cies. Within a specification of the Nelson-Siegel model we can reveal a currency

option effect from the observed yield curve data, construct the shadow yield

curve and shadow rates and also estimate a lower bound on interest rates with

respect to the observed yield curve.

5.1 Interest rate transmission in a vector autore-

gression model

Estimating the effects of monetary policy on real economy via a vector autore-

gression (VAR) model has already been a part of the economic literature for

the long time and has become a benchmark in monetary policy transmission
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modelling. As for the Czech Republic, we could mention for instance Borys

et al. (2009), Holub et al. (2008) or Havránek et al. (2010). In comparison to

those estimates, the aim of the models in this thesis is to contribute in several

directions, at first, to employ a wider time span of data, at second, to include

macroeconomic variables of Euro Area as block exogenous variables into a sim-

ple monetary VAR model and last but not least, to apply a non-linear type of

models in order to capture ZLB periods. As far as results and interpretation

is concerned, the aim is to quantify the effects of changes in a short term in-

terest rate and to compare them with the effects of the CNB’s exchange rate

commitment.

5.1.1 VAR model for a small open economy

Given that the Czech Republic is a small open economy strongly intertwined

with the surrounding European economies, it seems to be important to control

for the effect of Euro Area developments. Imposing block restrictions, under

which a foreign block of variables has an impact on domestic variables but

a shock into domestic variables is assumed to be too small to impact foreign

variables, was suggested by many studies focused on small open economies, e.g.

Maćkowiak (2006); Cushman & Zha (1997); Zha (1999). Zha (1999) points

out that ignoring the block exogeneity may lead to erroneous results. As far

as the research on the Czech economy is concerned, relevant studies include

those by Havránek et al. (2010), who examine interactions of financial and

macroeconomic variables, and Konečný & Kucharčuková (2013), who examine

links between the real and financial sector in a non-linear Bayesian VAR with

block restrictions.

The structural form of the model with exogenous blocks may be written as:

A(L)y(t) = ε(t) (5.1)

where A(L) is an m×m matrix of coefficients with the lag operator, y(t) is

an m× 1 vector of observed variables and ε(t) is an m× 1 vector of structural

disturbances or shocks. With two blocks, the equation is:[
A11(L) A12(L)

A21(L) A22(L)

][
y1(t)

y2(t)

]
=

[
ε1(t)

ε2(t)

]
(5.2)

with m1 domestic variables and m2 foreign (exogenous) variables. Vectors
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of variables yi as well as disturbances εi have dimensions mi×1, the dimension

of matrices Aij(L) is mi ×mj.

Block restrictions are included by imposing the restriction on matrix A pos-

tulating that domestic variables have no significant effect on foreign variables:[
A11(L) A12(L)

0 A22(L)

][
y1(t)

y2(t)

]
=

[
ε1(t)

ε2(t)

]
(5.3)

Shocks in this model specification are identified by Choleski decomposition.

In comparison to that, Borys et al. (2009) uses both a recursive and struc-

tural VAR with a slightly different identification scheme and both with and

without inclusion of exogenous variables. Jarociński (2010) in his comparison

of responses to monetary policy shock in the East and the West of Europe

also includes foreign variables treated as exogenous variables in order not to

mistake monetary authorities’ responses to external developments for domestic

monetary policy shocks.

5.1.2 Baseline model

We start with a simple VAR model with a block of foreign exogenous vari-

ables (VARX) as a baseline model of the analysis. The choice of the model is

motivated by the aforementioned studies by Havránek et al. (2010) and Borys

et al. (2009). The results by Borys et al. (2009) point out that a structural

VAR with an alternative identification scheme and a Bayesian VAR yield very

similar results as a VAR model estimated in a reduced form. Moreover, the

authors suggest that even a model without exogenous European variables pro-

vides sensible and similar results. On contrary, other type of models like a

factor-augmented VAR proved not to be appropriate for this kind of estima-

tion. Therefore, we assume this relatively simple VAR model specification is

suitable to be employed as the baseline model for the Czech data. The model

in a reduced form is following:

Yt = α0 + A1Yt−1 + · · ·+ ApYt−p +B1Xt−1 + · · ·+BqXt−q + Ut (5.4)

where Yt ∈ Rk represents endogenous variables, Xt ∈ Rm is a vector of
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exogenous variables, α0 is a vector of intercepts, the Aj and Bj are k × k and

m×m coefficient matrices, and Ut ∈ Rk is the vector of errors.1

In order to identify structural shocks from the reduced form model we em-

ploy the recursiveness assumption by specific ordering of the variables. The

choice of the variables and their ordering is also motivated by the aforemen-

tioned studies where monetary VAR was applied. Five variables in the fol-

lowing ordering are used: GDP per capita as a measure of economic activity,

Harmonised Index of Consumer Prices as the aggregate price level, one-month

PRIBOR rate as the short-term interest rate and the CZK/EUR exchange

rate. Euro area foreign variables vector consists of Euro Area GDP per capita,

Harmonised Index of Consumer Prices and the short-term money market rate.

The source of the data is the Czech National Bank’s ARAD database for the

Czech data and Eurostat for the Euro Area data. All of the data are available

at monthly frequency except for GDP, which is interpolated by the temporal

disaggregation method.2 All of the variables are used in logs, except for the

interest rate which is used in levels. In such a transformation, the system is

stable and further interpretation of impulse responses is straightforward. Data

are plotted in Fig. A.1 and A.2. The notation of variables:

y′(t) = (GDPCZ
t , HICPCZ

t , IRCZ
t , CZEURCZ

t )

x′(t) = (GDPEU
t , HICPEU

t , IREU
t )

The model includes only data up to November 2013 in order to isolate the

effect of exchange rate commitment, i.e. the data spans from January 1999M1

to 2013M10.

The lag length is selected based on information criteria: both Hannan-

Quinn and Schwarz information criteria suggest lag order 3, Akaike information

criterion and Akaike’s Final Prediction Error suggest 6 lags. In order for model

to stay parsimonious, we continue with using 3 lags. The system is stable as

all eigenvalues of the companion matrix lie inside the unit circle (Fig. A.3).

As Lutkepohl (2005) suggests, stationarity of the series in a VAR model is not

indeed necessary when VAR satisfies stability condition as a whole. Moreover,

1The only difference of this specification in comparison with a structural VAR with block
restrictions as specified in the previous paragraph is that here we do not estimate a VAR
structure for exogenous variables itself. However, this is both not in our primary interest
and moreover the results proved to be very similar.

2The method is available in R Studio in tempdisagg package. Several methods of disag-
gregation (Chow-Ling, Denton-Chollette,...) are offered, yielding very similar results.
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several studies advise to utilise additional information encompassed in levels

over the differences, e.g. Stock & Watson (1988) amongst the most influential

ones. Model diagnostics is available in Fig. A.4. Based on visual inspection, the

model fits data well and there is no significant systematic pattern in residuals in

the ACF/PACF function. The parameter stability cannot be rejected by OLS-

CUSUM test which computes the empirical fluctuation process (Fig. A.5).

Since we are interested primarily in the interest rate transmission, only the

impulse response with IR as a shocked variable are reported graphically. Given

the log transformation of variables in this specification, let us denote the model

as VARX-log. Fig. 5.1 shows the cumulative orthogonal impulse response func-

tions for a three-year period ahead. We can interpret IRFs in the following way:

one unit shock to IR (units are %) leads to x-unit response of log GDP, what

approximates to 100*x % change in GDP. After three years, expansionary (con-

tractionary) monetary policy expressed by one unit negative (positive) shock

to the short-term interest rate would lead to 1.6% increase (decrease) in GDP.

The response of GDP is, however, relatively persistent and non-cumulative IRF

does not converge to zero after three years. After five years, the cumulative

IRF is around two times as large. The cumulative effect on consumer prices is

slightly negative (no price-puzzle), but is not significantly different from zero

as the confidence interval is rather wide. The effect on CZ/EUR exchange rate

is negative as expected - after three years, the cumulative response to one unit

shock in IR causes 1.3% decline in the exchange rate, even though the effect is

less statistically significant. The own response of IR converges to one approxi-

mately after 20 months. Both in direction and magnitude, the results are very

similar to those by e.g. Havránek et al. (2010). The non-cumulative IRFs are

available in Fig. A.6.

In comparison, according to Opatrny (2016), which is to the best of my

knowledge the only study which explicitly quantifies the effects of exchange

rate commitment on macroeconomic variables, the exchange rate commitment

was estimated to cause 2% of growth of GDP over two years of the commit-

ment. In our VAR model, during 24 months period the effect accumulates to

circa 0.7% change in GDP, i.e. the shock should be almost three times larger

to equalize it. This would be, however, well below the estimated ELB from the

first part of the thesis. In other words, given the average responses over the

past 15 years, decrease of the CNB’s policy rates to negative territory would

not provide enough stimulus and would not be so effective as the exchange rate

commitment. As for the HICP, Opatrny (2016) estimates the exchange rate
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commitment had rather insignificant effect.

Figure 5.1: Cumulative impulse response functions - VARX-log model

Source: author’s calculations

Different specifications and robustness check

Next to the first baseline model with all variables in log-levels except for IR,

we estimate also models with different specification to check for the robustness

in the responses of main variables of interest. At first, the same VARX model is

estimated directly with year-on-year growth of GDP and HICP (therefore de-

noted as VARX-growth model) instead of GDP and HICP in log-levels. Given

that differences in logs approximate percentage change in the variables, IRFs

should accumulate to the same number. The results are displayed in Fig. A.7.

Indeed the results are basically the same, especially as far as GDP is concerned.

The response of HICP shows a slight sign of price puzzle in the beginning, how-
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ever, is not statistically different from zero. The effect on CZ/EUR exchange

rate is slightly smaller.

As a robustness check, we use also real effective exchange rate (REER)

instead of the CZ/EUR rate. All of the results proved to be very similar,

except for the response of REER itself, which is, given the construction of the

index, of the opposite sign.3 In the case of non-stationary variables there exist a

suspicion of cointegration. In our case cointegration is indeed suggested by the

Johansen procedure at 5% significance level (both with maximal eigenvalue

statistics and trace statistics), with rank equal to one or two depending on

specification. However, the model yields rather couterintuitive results (e.g.

impulse to GDP is positive) and the system is not stable. Therefore we stick to

the baseline model which is also supported by the literature focused on Czech

data.

5.1.3 Non-linear models

In the long-lasting period of binding ZLB, several suggestions to model mone-

tary policy transmission via non-linear VAR models have arisen in the literature

in order to capture asymmetric responses to shocks in different periods as ZLB

can be viewed as a structural break.

With respect to data and estimation objectives, VAR models with non-

linear nature can be estimated in various specifications, e.g. classes of threshold

models, Markov switching or time-varying parameters models.

In terms of methodology, non-linear VAR models the MA representation

is also no longer linear in shocks and impulse response functions depend on

both size and direction and on whole history of the series, i.e. they are state-

dependent. The literature on non-linear IRF was pioneered especially by Koop

et al. (1996) and followed by Potter (2000) by defining generalized impulse

response functions (GIRF). A nonlinear IRF is treated as the difference between

a pair of conditional expectations of the variables given a non-zero shock and a

zero shock at the current period. While the orthogonalized IRFs are sensitive

to ordering of variables, GIRFs are invariant to that. GIRFs compute the

mean impulse response function. If one variable is shocked, other variables also

change as is implied by the covariance. GIRF intergrate all other shocks and

compute the mean response (Pesaran & Shin 1998). The GIRFs are indeed

usual IRFs computed with each variable as the first one in ordering.

3Results on robustness checks are available on request.
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A short review of literature focused on monetary VAR models with some

types of non-linearities introduced follows. At first, Iwata & Wu (2006) propose

a structural VAR model with a censored variable in order to estimate exoge-

nous monetary policy shocks (e.g. quantitative easing) when interest rates are

constrained at zero and asserts that the responses of macroeconomic variables

to a standard monetary policy shocks are different when interest rates are low.

The censoring rule on the short-term interest rate is:

Rt =

{
R∗t if R∗t ≥ c,

c otherwise
(5.5)

where R is the nominal short-term rate and R∗ is a latent variable measuring

a stance of monetary policy and c is a lower bound. They estimate the model

on Japanese data and report responses for two regimes - when the interest rate

(call rate) is positive and when it is zero.

In Iwata & Wu (2006) it is found that when interest rates are stuck at zero

and a central bank continues to keep it as an operational target, the effect of

policy actions on output is not full - specifically, it accounts only for 50% of the

full response. However, an exogenous monetary shock (quantitative measure)

leads almost to a full response when the target is switched to money growth

under the ZLB.

The second class of models is covered in e.g. Fujiwara (2006), who focuses on

determination of a structural break in monetary policy effectiveness by using

a Markov switching VAR model (MSVAR) employed on Japanese data. An

advantage of a Markov switching model resides in the fact it is not necessary

to make prior assumptions about timing of breaks and identify a threshold

variable and the regime switches are identified endogenously within a model.

The equation of the model with two regimes is:

Yt =

{
υ1 +B1

1Yt−1 + · · ·+B1
pYt−p + A1Ut, if st = 1

υ2 +B2
1Yt−1 + · · ·+B2

pYt−p + A2Ut, if st = 2
(5.6)

where Bi is the the coefficient matrix, Ut is a vector of disturbances and st

follows the discrete time and state stochastic process of a hidden Markov chain.

The stochastic process which determines switching/persistence of regimes is

defined by transition matrix:

P =

(
p11 p12

p21 p22

)
(5.7)
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where pij is the probability of regime j occurring next period given that the

current regime is i.

As proved in Fujiwara (2006), such a model may be well suitable in applica-

tions such as that on Japanese data with already long periods of zero rates and

probably more frequent regime switches. It would be, however, less suitable

for Czech data, where we do not assume switches between regimes but possibly

only one structural break between continuous periods of either high and low

interest rates.

The contribution of Fujiwara (2006) resides also in employing regime depen-

dent impulse response functions as proposed by Ehrmann et al. (2003) instead

of responses which account for endogenous regime shifts as his aim is to compare

responses across regimes. Similarly to Iwata & Wu (2006), he finds out that

the effect of monetary policy expansion is weaker after the structural change of

the ZLB, i.e. less effective at influencing macroeconomic variables than it was

before.

The third approach to non-linear modelling consists of threshold models

(TVAR). Balke (2000) applies a structural TVAR model with two credit regimes

(regular and tight) on U.S. GDP data and finds different effects of monetary

policy shocks on output in two regimes. Similarly, Atanasova (2003) adopts

a TVAR model with credit constrained and unconstrained regimes on the UK

data finding the same asymmetries. Weise (1999) uses logistic smooth transi-

tion vector autoregression model (LSTVAR) to model the asymmetric effects

of monetary policy. Smooth transition VAR or time-varying VAR models are

more suitable for capturing continuous changes over time.

Probably the most relevant piece of work for our estimation is the study

by Franta et al. (2014b) and Konečný & Kucharčuková (2013) who estimate

a threshold Bayesian VAR model with block restrictions on the Czech data

to study the feedback impact of financial sector variables on macroeconomic

variables. The advantage of threshold models is that the threshold value is

estimated endogenously and endogenous switching between models is allowed.

The threshold variable itself is chosen exogenously what provides an intuition

about a source of non-linearities but can be also a disadvantage, especially when

the nature of non-linearities is uncertain (Konečný & Kucharčuková 2013).

TVAR model can be specified as:

Yt = A1Yt +B1(L)Yt−1 + (A2Yt +B2(L)Yt−1)I(ct−d > γ) + Ut (5.8)
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where Yt is a vector of variables, B(L) are lag polynomial matrices and Ut are

structural disturbances. ct−d is the threshold variable determining a regime,

and I(ct−d > γ) is an indicator function that equals one when the threshold

variable ct−d is above threshold value γ and zero otherwise.

Franta et al. (2014b) investigate the possible change of the monetary policy

transmission in a time-varying parameters VAR model. On the contrary to

the foreign studies they conclude that the monetary policy transmission has

remained relatively stable in terms of credible intervals.

All of these studies, both Czech and foreign, estimate asymmetries with

respect to regimes of positive vs. zero or high vs. low interest rates. Given

that the experience with negative rates is very short it is difficult to estimate

whether the transmission and responses to shocks are significantly different even

in foreign countries. Nevertheless, we suggest at least a distinction between

transmission of positive and technical zero rates can be of significant help,

therefore we continue with a TVAR model for the Czech Republic. A threshold

model was chosen as probably the most straightforward way with respect to

our objective.

A TVAR model is estimated on the same data and same transformations

as the baseline model (VARX-log). A threshold variable of our interest is

the short-term interest rate IR. Teräsvirta (1994) asserts that both testing for

linearity and model specification build on the presumption of known autore-

gressive structure. As summarized in Hejlova (2014), the current literature

most often asserts it should be done using linear models. Thus the same lag

structure as in the baseline model is used.

In the very first step of TVAR estimation, we check for suspected non-

linearity otherwise a threshold model would have no justification. Non-linearity

is confirmed by several procedures. At first, the univariate approach to testing

linearity in a threshold variable proposed by Hansen (2000) is used and linearity

is rejected (see Fig. A.8).4 The second approach to testing for univariate non-

linearity includes Casdagli test via locally linear forecasts and delta test based

on conditional mutual information and both of them suggest non-linearity (Fig.

A.9 and Table A.1).5 Finally and most importantly, multivariate extension of

the linearity against threshold test from Hansen (1999) with bootstrap distri-

bution is used. The null hypothesis of linear VAR is rejected against TVAR

4Hansen’s procedure is implemented by his STATA ado-file thresholdtest.ado available at
http://www.ssc.wisc.edu/~bhansen/progs/progs_threshold.html

5The second approach is implemented in tsDyn package available in R.

http://www.ssc.wisc.edu/~bhansen/progs/progs_threshold.html
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with three regimes, TVAR(3), at smaller than 0.01% significance level, against

TVAR with two regimes, TVAR(2), at 10% significance level (Table A.2). We

will estimate both versions and compare.

We estimate two version of the model - at first with the time period ending

in 2013 at the time when exchange rate commitment started in order not to

allow this period to affect estimates of the interest rate channel, at second with

a full sample up to the end of 2016 in order to account for longer period of the

ZLB and potentially a different threshold value detected. However, it is found

out the threshold value(s) are identical irrespective of whether the last months

are included or not. In TVAR(2) a threshold value is estimated to be 2.76%.

Konečný & Kucharčuková (2013) in his model with financial variables finds a

threshold value to correspond to roughly 1.8% of three-month PRIBOR.

In TVAR(3) model, thresholds are 3.79% and 2.75%. The middle regime

covers only a short period (12%) of a hump in the interest rate between 06/2007

and 12/2008. Detaching this period into another regime seems reasonable and

in accord with the intuition and at the same time does not affect the other

two regimes drastically. Therefore we continue with the TVAR(3) model. The

first regime (high interest rates) covers around 24% of the sample, the second

regime (low interest rates) covers 64%. Fig. 5.2 shows the results of grid search

for the model. Given the relatively high value of the threshold we see that the

model has not detected the technical zero period as a separate regime. This

can be caused by its still relatively short duration or by the fact that there is

indeed no significant asymmetry in ZLB periods.

For a TVAR model, non-linear generalized IRF (GIRF), which loosen linear

properties of orthogonalized IRF, are usually reported in the literature.6 Fig.

5.3 shows the GIRF of TVAR model in the high and low regime.

Rather unexpectedly, in the low regime (solid lines), the cumulative re-

sponse of both GDP and HICP to the shock in IR has a larger magnitude

than in the high regime (dashed lines). Nevertheless, as we showed in the

baseline model, the response of HICP was not statistically significant and for

the GDP the difference is almost negligible (0.015 vs. 0.019 after 36 months)

and very similar to the response in the baseline model (0.016). The response

of CZ/EUR, however, is rather puzzling and of opposite direction as in the

baseline model. However, when comparing, it is important to have in mind

6To the best of my knowledge, GIRF for TVAR models are typically not available in
freeware statistical software packages. I use the GIRF function which is an external user-
written code for tsDyn package written by Alexander Haider, available at https://github.
com/MatthieuStigler/tsDyn_GIRF.

https://github.com/MatthieuStigler/tsDyn_GIRF
https://github.com/MatthieuStigler/tsDyn_GIRF
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that here we report GIRFs which integrate out variation in all variables after

a shock to one variable caused by correlated residuals while the orthogonalized

IRFs in the baseline VAR control for the correlation among residuals. We can

still, however, make conclusions about symmetry or asymmetry in responses

across two regimes.

Figure 5.2: Grid search and threshold value in the TVAR model

Source: author’s calculations

In summary, this non-linear approach to VAR modelling showed that there

are potential dissimilarities in responses to shocks in different regimes depen-

dent on the level of interest-rate, however, the magnitude proved to be rela-

tively small and we cannot confirm its significance in terms of credible intervals.

Even with the longer ZLB period examined, the results are similar to those from

Franta et al. (2014b) suggesting the stability of the monetary policy transmis-

sion. The cumulative response of GDP are similar across regimes and also

similar to responses within the baseline model. Therefore, to make conclusions

about the interest rate channel we stick to the baseline model which proved to

be the most robust one.
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Figure 5.3: GIRF of the TVAR model

Note: dashed line = high regime, solid line = low regime
Source: author’s calculations
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5.2 Shadow/LB term structure model

In discussion about negative rates, monetary policy stance and determining

lower bound, the concept of shadow policy rates and shadow yield curves should

not be omitted. The aim of the shadow rates is to reflect the true monetary

policy stance together with its transmission to interest rates with longer ma-

turity when official policy rates are constrained at zero or very near zero and

unconventional monetary policy measures are employed. In the recent period,

several authors noticeably contributed to the zero lower bound term structure

modelling literature, especially Krippner (2012; 2015b; 2016), Wu & Xia (2016),

Christensen & Rudebusch (2014) and Lombardi & Zhu (2014). In the following

analysis I will pursue the Krippner’s framework.7 The benefit of these models

is that besides estimating shadow short term rates and currency option effects,

which is the difference between ZLB and shadow yield curve, they are able to

estimate a lower bound on interest rates endogenously within the model given

the market data on the actual yield curve.

Krippner (2012) defines a shadow yield curve as a hypothetical yield curve

which would exist if physical currency was not available, i.e. he removes the

effect of the possibility to switch to investments in physical currency. Then a

shadow short rate is the policy rate which would correspond to an estimated

shadow yield curve if the rate could be negative. Krippner (2012; 2015b) uses

bond option pricing techniques in order to model the value of holding physical

currency at the ZLB. In other words, the currency option effect is a value of

an option covering the possibility that rates could be negative.

Next to the shadow rates, Krippner (2012) also produces estimates of the

monetary policy stimulus and the expected time to zero (when the expected

path of negative short term rate will increase to zero) and suggests that the

effective monetary policy stimulus is greater when the shadow rate is lowered

from a positive level than when lowering already from a negative level, which is

7The first reason of choosing this framework is the great extent of documentation provided
by Leo Krippner in his book Krippner (2015b) as well as at the website of the Reserve bank
of New Zealand. A MATLAB code is available from http://www.rbnz.govt.nz/research-and-
publications/research-programme/additional-research/measures-of-the-stance-of-united-
states-monetary-policy/matlab-code-for-krippner-2015-shadow-zlb-term-structure-model
which enables relatively easy application of the model to other countries likewise. The
second reason is the higher robustness of its two-factor term structure model than that of
the three-factor model by Wu & Xia (2016) (Krippner 2015a). While a three-factor model
is flexible and its fit to data is very close, it inherently carries the high sensitivity of shadow
rates estimates both to the lower bound parameter, maturity span, etc.
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consistent with many authors’ suspicions about non-linear interest rate trans-

mission at negative levels.

Across his papers, Krippner uses an arbitrage-free Nelson-Siegel model

(ANSM) as a popular, frequently used subclass of Gaussian affine term struc-

ture models (GATSM). The chosen specification of the ANSM model contains

two factors (state variables), Level and Slope, which represent the shadow yield

curve. The lower bound is equivalent to the effect of a call option on shadow

bonds with a strike price based on the lower bound for interest rate. The lower

bound mechanism can be written as:

r(t) = max {rL, r(t)} (5.9)

where r(t) is the lower-bounded short rate, r(t) is the shadow short rate and

rL is the lower bound on interest rates. The shadow forward rates are:

f(t, u) = L(t) + S(t) · exp(−φu) + V E(u) (5.10)

where L(t) and S(t) are the Level and Slope state variables (factors) which

follow a correlated vector Ornstein-Uhlenbeck process, u stands for maturity

and V E is the volatility effect.8 The process followed by state variables is:

xt = θ + κ[θ − xt−1] + σ (5.11)

where xt is a vector of state variables, κ is a mean-reversion matrix and σ is a

volatility matrix. Volatility effect V E is a function of elements of the volatility

matrix σ and the parameter φ.

The shadow short rate (u = 0) is then a linear function of two factors:

r(t) = L(t) + S(t) (5.12)

The associated lower bounded forward rates are:

f(t, u) = rL+(f(t, u)−rL) ·Φ
(
f(t, u)− rL

ω(u)

)
+ω(u) ·φ

(
f(t, u)− rL

ω(u)

)
(5.13)

8In comparison, a three-factor ANSM model has the form:

f(t, u) = Lt + St · exp(−φu) +Bt · φu · exp(−φu) + V E(u)

with three state variables: Level, Slope and Curvature.
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where Φ(·) is the cumulative unit normal probability density function and φ[·]
is the unit normal probability density function and ω(u) is:

ω(u) =
√
σ2

1 · u+ σ2
2 ·G(2φ, u) + 2ρ12σ1σ2G(φ, u) (5.14)

and

G(φ, u) =
1

φ
(1− exp(−φu)) (5.15)

Lower-bounded interest rates are calculated using lower-bounded forward

rates using the term structure equation:

R(t, τ) =
1

τ

∫ τ

0

f(t, u)du (5.16)

Shadow interest rates are calculated in the same way from shadow forward

rates:

R(t, τ) =
1

τ

∫ τ

0

f(t, u)du (5.17)

The integral is simple average of f(t, u) up to τ .

The ZLB/currency option effect O is then simply:

O(t, τ) = R(t, τ)−R(t, τ) (5.18)

The model is estimated using iterated extended Kalman filter. The state

equation is:

xt = θ + exp(−κ∆t)(xt−1 − θ) + εt (5.19)

and the vector form measurement equation:

Rt = R(xt,B) + ηt (5.20)

where B is the set of 11 parameters to be estimated by the ANSM model:

B = {rL, φ, θ1, θ2, κ11, κ12, κ21, κ22, σ1, σ2, ρ12}. The lower bound rL may be

chosen to be fixed or estimated within the model.

For technical details and precise description of the mathematical procedure

see e.g. Krippner (2015b) or Krippner (2012).

In order to estimate the model for the Czech Republic, I use input data on

Czech government zero yield curve available at Thomson Reuters Datastream.

The data covers period from April 2007 to April 2017 and are of daily fre-
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quency.9 The estimation appears to be relatively sensitive to the maturity span

used. I use a maturity span consisting of maturities M = {1, 2, 3, 5, 7, 10, 20}
similar to that used by Krippner (2015b), M = {0.25, 0.5, 1, 2, 3, 5, 7, 10, 30}
and likewise by Wu & Xia (2016), M = {0.25, 0.5, 1, 2, 5, 7, 10}. I use the lower

bound on interest rates rL as a variable estimated within the model and not

given exogenously as this is one of the variables of interest. Fig. 5.4 depicts

the input data, Fig. 5.5 the estimated shadow rates.

In Fig. 5.6, 5.7 and 5.8 we observe that the currency option effect is very

large at the short end of the yield curve and is decreasing in time to matu-

rity. This is consistent with Krippner (2012): physical currency provides great

protection against negative rates, pushing the nominal rates up. For longer

maturities, even if shadow rates are positive, the currency option effect still

exists and accounts for possibility that shadow rates could move to negative

values but is much smaller. In 2016, the model estimates that shadow rates are

slightly negative even at the long end of the yield curve; in that case, the op-

tion effect is higher along all maturities (Fig. 5.7). The negativity of estimates

may, however, be pushed down when the lower bound parameter is more above

or below the yield curve data on the shorter end, as in that case the model

reduce the weight on those data and produce a more negative estimate of the

Slope variable. This could be also the case here, as in the last years the yield

curve for shorter maturity was more negative then the estimated lower bound

parameter.

Fig. 5.8 depicts average option effects across past years. While the shadow

rate and currency option effect in years 2014-2016 accounts for the effect of un-

conventional monetary policy measure in a form of exchange rate commitment

(this is indeed an aim of shadow rates modelling), the estimated shadow yield

curve structure up to 2013 capture the pure currency option effect at the ZLB,

i.e. effect of the existence of physical currency increasing nominal rates and

forming the ELB. The effect starts at roughly 1% at short term and decreases

to 0.4% for longer terms. Finally, the model estimates the lower bound on

interest rate at -0.22%. When including also 15-year maturity data, the lower

bound moves to -0.3%. Even though this is not the lower bound in the same

sense as it was used in the previous parts of the thesis, it offers an interesting

insight on potential lower bound with respect to the market yield curve data.

9However, during computations they are transformed to monthly frequency due to less
computational burden. The original MATLAB code was adjusted in a way that it adds
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Figure 5.4: Yield curve data

Source: Thomson Reuters, author’s calculations

Figure 5.5: Shadow rates

Source: author’s calculations based on Krippner (2015b)
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Figure 5.6: Shadow yield curve and currency option effect (2013)

Source: author’s calculations based on Krippner (2015b)

Figure 5.7: Shadow yield curve and currency option effect (2016)

Source: author’s calculations based on Krippner (2015b)
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Figure 5.8: ZLB/Currency option effect

Source: author’s calculations based on Krippner (2015b)

shadow rates, lower-bounded rates and currency option effect to originally reported shadow
short term rate.



Chapter 6

Conclusion

The thesis provides the first publicly available estimate of the ELB for the

CNB’s policy rate. The ELB constitutes a limit on potential of negative rates

by setting a threshold below which a flight to cash could be provoked and the

negative rate would become ineffective together with causing disruptions to the

financial system.

The estimate considers several approximations in order to capture the value

as precisely as possible. The ELB is given particularly by the costs of holding

and using cash. Those are approximated via costs of storage and insurance

of precious metals, costs of commodity-backed exchange traded funds and also

the costs of loss of convenience of cashless payments. The second method tries

to capture direct costs to bank profitability caused by negative rates and set

their acceptable level.

Besides the estimate itself, the thesis provides a short assessment of interna-

tional experience with negative rates that supports the view that markets are

able to adapt to unconventional negative rates. Neither a dramatic surge in the

demand for cash nor other disruptions to financial system has been identified

until now indicating the ELB has not been hit yet.

There is still relatively big uncertainty about the exact value of the ELB.

Keeping this mind, the current best estimate of the ELB is the interval (-1%, -1.5%).

This is in line with our initial hypothesis that the ELB is below -1%. We also

confirm that in the Czech conditions the largest portion of cost of holding and

using cash are the costs of loss of convenience with electronic payments.

The exact value depends on how long-lasting the negative rate is. With

shorter time duration, the estimate could be less conservative and the rate

could go down even more, possibly up to (-1.5%, -2%) with some kind of a
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tiered system. On the other hand, with very long duration and/or without a

tiered system, the rate is closer to -1% or even closer to zero.

As suggested by Witmer & Yang (2016), with respect to the uncertainty

associated with the point estimate, it is recommended to further monitor the

demand for cash, transmission of policy rates and functioning of the financial

system in foreign countries in order to detect information that negative rates

are approaching their lower bound and based on that update an estimate for

the Czech Republic.

The second half of the thesis then provides a quantitative analysis of in-

terest rate transmission in the form of a VAR model. Within it, we have not

detected any significant asymmetries of the transmission between regimes of

high and low interest rates. At the same time we have shown that in order to

provide sufficient monetary policy stimulus as was provided by the exchange

rate commitment the policy rate would have to decrease below or at least at

the level of its lower bound. The last section complements our analysis by

state-of-the-art term structure modelling which offer insight into shadow in-

terest rates, currency option effect and the lower bound approximated with

respect to financial market yield curve data.

There are several potential extensions of the thesis. At first, for practical

use of a central bank, the estimate itself can be further updated with newly

available information from foreign countries with negative rates. An interesting

extension could cover inclusion of the estimated negative ELB into a dynamic

general equilibrium model to model its transmission, as suggested e.g. by Jobst

& Lin (2016). Carrying out a payment survey similar to those in Schmiedel

et al. (2012), which would estimate the social and private costs of single pay-

ment instruments specifically for the Czech Republic, could be an ambitious

future possibility that could help in updating the ELB estimate.
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Borys, M. M., R. Horváth, & M. Franta (2009): “The effects of monetary

policy in the Czech Republic: an empirical study.” Empirica 36(4): p. 419.

Buiter, W. (2015): “It’s Time to Remove the Lower Bound on Interest Rates

and Here’s the How-To.” Conference on Removing the Zero Lower Bound

on Interest Rates, London 18th May 2015.

Christensen, J. H. & G. D. Rudebusch (2014): “Estimating shadow-rate

term structure models with near-zero yields.” Journal of Financial Econo-

metrics p. nbu010.

Cushman, D. O. & T. Zha (1997): “Identifying monetary policy in a small

open economy under flexible exchange rates.” Journal of Monetary economics

39(3): pp. 433–448.

Di Narzo, A., J. Aznarte, & M. Stigler (2016): “Nonlinear time series

models with regime switching.” R package documentation .

Di Narzo, F. (2008): “Nonlinear autoregressive time series models in R using

tsDyn version 0.7.” R package vignette.

ECB (2016): “Payment Statistics: General Notes.” ECB Statistical Data

Warehouse.

Eggertsson, G. B. & M. Woodford (2003): “Optimal Monetary Policy

in a Liquidity Trap.” Working Paper 9968, National Bureau of Economic

Research.

Ehrmann, M., M. Ellison, & N. Valla (2003): “Regime-dependent impulse

response functions in a Markov-switching vector autoregression model.” Eco-

nomics Letters 78(3): pp. 295–299.



Bibliography 65

Fisher, I. (1896): “Appreciation and Interest.” Publication of the American

Economic Association XI(4).

Franta, M., T. Holub, I. Kubicova, K. Smidkova, & B. Vasicek (2014a):

“The Exchange Rate as an Instrument at Zero Interest Rates: The Case of

the Czech Republic.” Research and Policy Notes 3, CNB .

Franta, M., R. Horvath, & M. Rusnak (2014b): “Evaluating changes in

the monetary transmission mechanism in the Czech Republic.” Empirical

Economics 46(3): pp. 827–842.

Fujiwara, I. (2006): “Evaluating monetary policy when nominal interest

rates are almost zero.” Journal of the Japanese and International Econo-

mies 20(3): pp. 434–453.

Fung, B. S., K. P. Huynh, & L. Sabetti (2012): “The impact of retail pay-

ment innovations on cash usage.” Technical report, Bank of Canada Working

Paper.

Gajdos, M. (2016): “In the lead, yet still catching up.” Visa Vision .

Garbade, K. & J. McAndrews (2015): “Interest-Bearing Securities When

Interest Rates are Below Zero.” Liberty Street Economics (blog), Federal

Reserve Bank of New York .

Gesell, S. (1916): The Natural Economic Order. Peter Owen Ltd. Translated

by Phillip Pye, 1958.

Hansen, B. (1999): “Testing for linearity.” Journal of Economic Surveys

13(5): pp. 551–576.

Hansen, B. E. (2000): “Sample splitting and threshold estimation.” Econo-

metrica 68(3): pp. 575–603.
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Appendix A

VAR analysis - supplementary

material

A.1 Linear VAR

Figure A.1: Plots of model variables - Czech variables



A. VAR analysis - supplementary material II

Figure A.2: Plots of model variables - Euro Area variables

Figure A.3: Stability of VAR



A. VAR analysis - supplementary material III

Figure A.4: Diagnostics - fit and residuals of VARX-log model



A. VAR analysis - supplementary material IV

Figure A.5: Parameter stability in VARX-log model



A. VAR analysis - supplementary material V

Figure A.6: Impulse response functions - VARX-log model



A. VAR analysis - supplementary material VI

Figure A.7: Cumulative impulse response functions - VARX-growth
model

Source: author’s calculations



A. VAR analysis - supplementary material VII

A.2 Non-linear VAR

Threshold VAR

Figure A.8: Hansen test for non-linearity in IR

Figure A.9: Casdagli test of non-linearity in IR

Note: Run by command llar. The relative error for the given embedding state-space made by by
forecasting time series values with a linear model is computed. If minimum error is reached at relatively
small length scales, a global linear model may be inappropriate (Di Narzo 2008; Di Narzo et al. 2016).



A. VAR analysis - supplementary material VIII

Table A.1: Delta test of linearity in IR

eps
m 0.9652 1.9304 2.8956 3.8608

2 0.9802 0.0099 0.8911 0.5545
3 0.0099 0.0099 0.0099 0.1683
4 0.0198 0.1287 0.0099 0.9901

Note: Bootstrap based p-values reported; m = vector of embedding dimensions, eps = vector of length
scales

Table A.2: LR test of linear VAR against TVAR(1) and TVAR(2) in
TVAR-log model

TVAR-log 1vs2 1vs3

Test 109.06 270.171
P-Value 0.10 0.00

TVAR-gr 1vs2 1vs3

Test 203.5816 391.1154
P-Value 0.004 0

Note: Bootstrap based p-values reported; m = vector of embedding dimensions, eps = vector of length
scales
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