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The Housing Sector over Business Cycles: Empirical Analysis and DSGE
Modelling

Jan Brůha and Jiří Polanský ∗

Abstract

In this paper, we analyse the dynamics of the housing sector over business cycles. First, we pro-
vide an empirical analysis of the relationships between housing sector data and the main macroe-
conomic variables both on Czech data and on a sample of advanced economies. We document
that in most countries the housing sector co-moves with the rest of the economy. In the past, the
Czech housing market showed temporary episodes during which the housing sector was seemingly
disconnected, but since 2005 the housing sector has become more cyclical. Second, we develop
a cascade of increasingly complex DSGE models to assess the relative merits of each additional
mechanism. Contrary to the popular framework with collateral constraints, we concentrate on
the housing sector as an additional production sector via the standard supply and demand mecha-
nisms. Our results confirm that these standard mechanisms are sufficient to replicate the observed
comovements of housing market variables.

Abstrakt

V tomto článku analyzujeme dynamiku cen nemovitostí určených k bydlení v rámci hospodář-
ských cyklů. Nejprve se zabýváme empirickou analýzou vztahu mezi sektorem nemovitostí ur-
čených k bydlení a hlavními makroekonomickými proměnnými v ČR a na vzorku vyspělých
ekonomik. Ukazujeme, že ve většině zemí se tento sektor pohybuje souběžně se zbytkem eko-
nomiky. Česká data ukazují existenci období, v nichž se tento sektor choval nezávisle na zbytku
ekonomiky, ale od roku 2005 je více sladěn s hospodářským cyklem. Dále konstruujeme kaskádu
dynamických stochastických modelů všeobecné rovnováhy s rostoucí mírou složitosti a posuzu-
jeme relativní význam každého přidávaného mechanismu. Na rozdíl od studií, které se zakládají
na finančním omezení, modelujeme sektor nemovitostí určených k bydlení jako další produkční
sektor pomocí standardních nabídkových a poptávkových mechanismů. Naše výsledky ukazují, že
tento přístup je schopen vysvětlit pozorovaný́ souběžný vývoj ukazatelů trhu s bydlením.
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Nontechnical Summary

The housing sector has become one of the most widely discussed topics in contemporary macroe-
conomics. Economists are interested in understanding the links between the housing sector and
the rest of the macroeconomy and explaining the observed comovements between house prices and
macroeconomic aggregates. This paper contributes to this discussion and is composed of two parts.

First, we provide an empirical analysis of the relationships between housing data (house prices,
housing production and inputs into the construction sector) and the main macroeconomic variables
both on Czech data and on a sample of advanced economies. We document that in most advanced
countries the housing sector strongly co-moves with the rest of the economy. In the past, the Czech
housing market showed temporary episodes during which the housing sector was seemingly discon-
nected. Based on the literature, we describe these episodes and argue that one can expect the cyclical
properties of the Czech housing market to more closely resemble those of advanced economies in
future.

Second, we develop an increasingly complex cascade of DSGE models that incorporate the housing
sector. These models are used to assess what is needed to model the housing market. Contrary
to the popular framework with collateral constraints, we concentrate on the housing sector as an
additional production sector via standard supply and demand mechanisms. Our results confirm that
these standard mechanisms are sufficient to replicate the observed comovements of housing market
variables and we conclude that special features such as collateral-constrained households are not
needed to get the model to fit the data. The paper also discusses the relevance of various modelling
approaches to fitting and explaining the data, especially the role of the utility function.
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1. Introduction

Macroeconomic issues associated with the housing sector are among the most widely discussed top-
ics in current macroeconomic analysis. The Great Recession and the associated fall in house prices
have intensified this interest. Both academics and policymakers have started to enquire about the
links between the housing sector and the rest of the macroeconomy and the underlying causes of the
observed comovements between house prices and macroeconomic aggregates. An understanding of
these issues will help answer important policy questions such as ‘Do house prices amplify business
cycles and should we care strongly about them?’ and ‘Should monetary policy react strongly to
booms and busts in house prices?’. The answers to these questions depend on our understanding of
the channels between the housing market and the macroeconomy, which means that the macroeco-
nomic linkages of the housing market are of utmost importance.

The objective of this paper is contribute to this important debate. The paper focuses one particular
aspect, namely the dynamics of the housing market over the business cycle. There are two main
contributions.

The paper starts with an empirical analysis of the comovements between housing sector data and
economic activity. We collect data on a sample of advanced countries from two main sources (Euro-
stat and the Bank for International Settlements) and analyse how various housing sector indicators
are related to economic activity over the business cycle. We find that for a typical country, house
prices, housing and construction production and inputs into the housing sector are cyclical and
slightly more volatile than the output cycle.

We then analyse the Czech housing market data in more detail. We find that some, but not all,
housing sector data were disconnected from output dynamics over the business cycle and we identify
and discuss specific episodes where this disconnect was most spectacular. Nevertheless, we argue
that the alignment of the Czech housing sector with the business cycle has increased over time and
we conjecture that the disconnect observed in the earlier period was due to the initial transition
conditions and to a specific episode related to EU entry. In that respect, the Czech housing market
has recently started to resemble the situation in typical advanced economies, i.e. it has become
strongly cyclical.

The second part of the paper is model-based. We ask whether the comovements can be replicated by
standard demand and supply factors (such as technology shocks) in a consistent general equilibrium
framework. To contribute to this enquiry, we present a cascade of increasingly complex models
which explicitly incorporate the housing sector and we compare their performance. The cascade
starts with a typical DSGE model carefully calibrated for a small open economy like the Czech
Republic. Additional features of the housing sector are added in each extension. We then evaluate
the merits of each extension. We conclude with suggestions for modelling the housing sector using
DSGE models.

The paper is organised as follows. Section 2 discusses related literature. Section 3 contains the
empirical analysis. Section 4 describes the models investigated, while Section 5 describes their
properties. The last section 6 concludes. Appendices contain additional materials.
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2. Literature

As we noted above, understanding housing price determinants seems to be important for central
banks. The spectacular fall in house prices before and during the Great Recession caused a surge
of interest in this topic. House price fluctuations are associated with business cycle dynamics, and
some economists even claim that house prices are the business cycle Leamer (2007).

Various approaches have been proposed to explain and model the observed statistical association,
and structural macroeconomic models have been built to replicate observed features, to shed light
on house price dynamics and to assess the role of policy in mitigating house price fluctuations. We
can divide the modelling effort into several streams. One of the most popular macroeconomic ap-
proaches is centred on the ground-breaking paper by Iacoviello and Neri (2010), who argue that
house price fluctuations, which are the result of preference shocks, contribute in a significant way to
economic fluctuations, i.e. that exogenous house prices are the source of business cycles through fi-
nancial imperfections. The alternative explanations propose that house price fluctuations are merely
a symptom, rather than a cause, of the business cycle, as in Davis and Heathcote (2005). Moreover,
expectations about future economic growth are the source of house price dynamics in Kahn (2008)
and Tomura (2010). Finally, some papers claim that significant surges and busts in house prices
are due to disagreements among agents about fundamentals – see Tomura (2013) and Piazzesi et al.
(2007).

The lack of a consensus is unfortunate, as different mechanisms naturally have different implica-
tions. If house prices cause business and financial cycles, it is reasonable to consider including
them in monetary, or more generally stabilisation, policy objectives, because house price stabilisa-
tion would then help to reduce economic fluctuations with all their social costs.

If, however, house prices are a mere symptom of cyclical fluctuations, then it is less obvious why sta-
bilisation policy should react to them. Of course, a situation may arise where house prices threaten,
for example, financial stability, and in such case policymakers may react in an appropriate way. But
such an idiosyncratic reaction, however appropriate in some situations, is not the same as making
house prices part of the systematic policy function.

Finally, if studies asserting that house price fluctuations are caused by behavioural failures (ir-
rationality) are right, house prices should be the domain of financial literacy policy rather than
macroeconomic stabilisation policy. Again, under this hypothesis, macroeconomic policymakers
may find it necessary to react to house price fluctuations in some special situations, but the response
should not consist in changing the systematic part of macroeconomic policy.

For this reason, it is important to analyse the mechanisms underlying the observed relationship
between house prices and macroeconomic dynamics.

As stated above, Iacoviello and Neri (2010) is the workhorse of structural macroeconomic mod-
els with a housing sector and financial frictions through collateral-constrained households. They
develop and estimate a DSGE model with a rich housing sector that contains two important fea-
tures typical of the housing market. On the supply side, they capture different trends and cyclical
properties of house prices and investment relative to other prices and other components of aggre-
gate demand. On the demand side, collateral constraints affect borrowing capacity and allow for
spillovers from the housing market to consumer spending. This collateral effect works as follows.
In the first phase a rise in house prices increases the value of property as loan collateral, leading to
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credit expansion. This expansion increases aggregate demand, which, in turn, fosters a temporary
rise in economic activity.

The popularity of the Iacoviello and Neri (2010) framework has resulted in a number of followers
who have used this framework to enquire about important monetary policy issues.1 The empirical
relevance of this framework was confirmed by Christensen et al. (2009) on Canadian data. On
the other hand, Tonner and Brůha (2014) use the Iacoviello-Neri framework and extend the CNB’s
g3 core forecasting model. They find that for realistic calibration, house price fluctuations do not
have a significant impact on consumption or output. They conclude that for the Czech Republic,
the mechanism that links the housing sector with the rest of the economy through the collateral
constraint is not important. This is in line with the empirical study by Brůha et al. (2013a).

There are interesting alternatives. For example, Bajari et al. (2013) propose a model with het-
erogeneous agents to study the interaction between house prices, housing choice and consumption
through the life cycle. They find significant evidence for non-separability between consumption and
housing in the utility function.

2.1 Empirical Studies

Although macroeconomic structural modelling is dominated by models with credit-constrained
households (although with the exceptions outlined above), empirical microeconomic studies do not
unanimously find support for a credit channel between house price fluctuations and the consumption
choice of households.

Campbell and Cocco (2007) on UK data find that although there is a link between the financial
market (easing)2 and house prices (positive effect), they do not confirm the collateral effect of
house prices on consumption. Attanasio et al. (2009) provide evidence on UK data that the collateral
channel is probably not the source of the comovement between house prices and consumption and
identify expectations as the likely cause. This is because the estimated effect is roughly the same
for both homeowners and renters, which casts the credit constraint channel in doubt. Likewise,
McCarthy and McQuinn (2013) on Irish data find significant responses of consumption to house
price shocks, but not through any form of credit constraint.

Cooper (2013) is one of the few empirical papers to report a significant collateral channel, but unlike
the above-mentioned studies it does not control for household characteristics (home ownership) and
therefore we consider the identification less plausible than the above-mentioned studies.

There has been some interesting research on the relation between the macroeconomy and the hous-
ing market in the Czech Republic, too. Hlaváček and Komárek (2011) use econometric analysis to

1 For example, Walentin and Sellin (2010) aim at quantifying the role played by housing collateral in the monetary
transmission mechanism, specifically the impact of the loan-to-value ratio. They find that the component of the
monetary transmission mechanism becomes stronger the higher the loan-to-value ratio is. A change in the maxi-
mum loan-to-value ratio from 85% to 95%, all else being equal, implies that the effect of a monetary policy shock
is increased by 4% for inflation, 8% for GDP and 24% for consumption. Lambertini et al. (2010) analyse housing
market boom-bust cycles driven by changes in households’ expectations. They investigate the role of expectations.
They find that, in the presence of nominal rigidities, expectations on both the conduct of monetary policy and
future productivity can generate housing market boom-bust cycles that resemble data features. Increased access to
credit generates a boom-bust cycle in most variables only if it is expected to be reversed in the near future.
2 This channel has been confirmed by a number of subsequent studies and is intuitive: the decision to buy a house
is usually made by young and financially constrained agents, so alleviation of the financial constraints on such
agents results in increased demand.
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enquire about the macroeconomic determinants of house prices. Brůha et al. (2013a) use a matching
estimator to estimate the effect of house price changes on the consumption, savings and indebted-
ness of households, with an identification strategy based on house ownership and spatial patterns of
house price changes. They find little evidence for the effect of house price changes on consumption.

3. Empirical Analysis

This part of the paper contains the contribution to analysing the comovements between housing
sector data and economic activity. In the first part of this section we carry out the analysis on a
set of advanced economies, while the second subsection concentrates on the Czech data. We are
mainly concerned with house prices and housing construction quantities and also with labour inputs
into the housing sector. On the other hand, we do not discuss wages in the construction sector.
This because wages, unlike hours worked or employment, do not display a clear cyclical pattern in
most advanced countries (Abraham and Haltiwanger, 1995; Brůha and Polanský, 2015). There are
several possible reasons for this, but we do not discuss them here.3

3.1 International Data

In this part of the paper, we provide international evidence on the comovement between housing
market variables and economic activity using data from advanced countries. We deliberately use a
large cross-section of countries since the length of the relevant time series is typically not impres-
sive. If we find that some feature is stable across countries, we can be more certain that this is a
genuine feature of market economies, not just an outcome of statistical chance.

Our dataset consists of the following countries: Austria, Belgium, Bulgaria, Croatia, the Czech
Republic, Cyprus, Denmark, Estonia, Finland, France, Germany, Greece, Hungary, Iceland, Ireland,
Italy, Japan, Latvia, Lithuania, Luxembourg, Malta, the Netherlands, Norway, Poland, Portugal,
Romania, Slovakia, Slovenia, Spain, Sweden, Switzerland, the UK and the U.S. Our sample starts at
1980Q1 and ends at 2014Q1. Although some countries have data right from 1980, not all countries
have all the time series available. We therefore include a particular country in our sample only if it
has the relevant time series with a length of at least 12 quarters. For most macroeconomic series,
our data come from Eurostat.

First, we investigate the cyclicality of house prices in advanced countries. We therefore compute
sample correlations of the cyclical component of output with house prices. We concentrate on
the cyclical component from each series since we are interested in business cycle dynamics.4 It
is difficult to obtain good and long house price data series for a large sample of countries. We
are aware of two sources: Eurostat and the BIS.5 The Eurostat data should be methodologically
homogeneous6, but they have the disadvantage of starting at 2005 for almost all countries. The BIS

3 The reader may consult Brůha et al. (2013b), who describe several issues associated with (whole-economy) wages
which one should take into account carefully during real-time forecasting. The evolution of average measures can
be affected by wage distribution effects or tax optimisation, and we conjecture that these factors may be responsible
for hindering wage cyclicality.
4 By default, we isolate cycles using the Christiano and Fitzgerald (2003) filter. As a robustness check we also
consider the Lesser filter (known in macroeconomics also as the Hodrick-Prescott filter (Hodrick and Prescott,
1997) and the results are almost the same. We will be happy to provide details upon request.
5 Sources: national sources, BIS Residential Property Price database,
http://www.bis.org/statistics/pp.htm.
6 See http://epp.Eurostat.ec.europa.eu/cache/ITY_SDDS/EN/prc_hps_esms.htm for the data
methodology.
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Figure 1: Cyclicality of House Prices

-6 -4 -2 0 2 4 6
-1

-0.8

-0.6

-0.4

-0.2

0

0.2

0.4

0.6

0.8

1

ρ(Real GDP
t
,House prices real (BIS)

t+k
)

k
-6 -4 -2 0 2 4 6

-1

-0.8

-0.6

-0.4

-0.2

0

0.2

0.4

0.6

0.8

1

ρ(Nominal GDP
t
,House prices (BIS)

t+k
)

k

-6 -4 -2 0 2 4 6
-1

-0.8

-0.6

-0.4

-0.2

0

0.2

0.4

0.6

0.8

1

ρ(Nominal GDP
t
,House prices (Eurostat)

t+k
)

k
-6 -4 -2 0 2 4 6

-1

-0.8

-0.6

-0.4

-0.2

0

0.2

0.4

0.6

0.8

1

ρ(Real consumption
t
,House prices real (BIS)

t+k
)

k

 

 

Interdecile range
Interquartile range
Median
Mean
Czech Republic

dataset contains longer series for some countries, but the series are not fully harmonised despite
serious efforts to choose as similar series as possible from each country. The BIS dataset contains
both nominal series and real series (deflated by the CPI), while the Eurostat house price data contain
only nominal indices. We therefore compute three types of correlations: (i) the nominal BIS data
index versus nominal GDP, (ii) the real BIS data index versus real GDP and (iii) the Eurostat index
versus nominal GDP. The results are almost the same for all three types of comparison, which could
have been expected as the cyclical dynamics are dominated by real movements. Finally, we consider
(iv) the correlation of real house prices with real consumption.

The results can be seen in Figure 1, which shows the correlation of the cyclical component of output
with the cyclical components of various house price indices at lags ranging from -6 quarters to 6
quarters. In the figure, we display the mean and median correlations and also the interquartile and
interdecile ranges for the cross-section of countries in the sample. Moreover, we display the sample
correlation for the Czech data. Apparently, house prices are cyclical. A more detailed analysis
based on individual countries reveals that the house price cycle usually lag the output cycle.7 The
Czech Republic is in accordance with the other countries in this respect, as its correlations peak at
k = 2 (real variables) or k = 1 (nominal variables).8

The correlation of house prices with real consumption usually peaks with the lag of several quarters,
and the point estimate of the maximum of this correlation is slightly lower than for the correlation
of house prices and output. Our understanding of this finding is that, if nothing else, it does not
point to the collateral channel, because if the collateral channel were responsible for the cyclicality
of house prices, one would not expect the correlation of consumption with house prices to peak
typically after the correlation of house prices with output.

7 To keep the paper as short as possible, we do not present figures for individual countries (except for the Czech
Republic). These figures can be provided on request.
8 This is because the Czech house price data in both datasets start in 2005, i.e. the 2002–2004 episode is not
included. This issue will be described later.
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Figure 2: Elasticity of House Prices (Cyclical Frequencies)
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Being a measure of cyclicality, the correlations are silent on the relative variances. It may also be
revealing to look at the regression coefficient9 as a measure of the elasticity of a variable to the
cycle. Elasticity measures how much one variable is responsive to movements in another rather
than the intensity of comovement, which is measured by correlation.10

The median (and mean) regression coefficient peaks at 1, which means that in an ‘average’ country,
house price cyclical dynamics are volatile to about the same degree as the output cycle. In the
Czech Republic, the house price cycle is slightly less volatile than the output cycle, but still, the
Czech Republic is not an exceptional country in this regard.

As noted above, all these conclusions remain valid if we use the Lesser-Hodrick-Prescott filter to
isolate the cyclical components. The situation is different, however, if we analyse the growth rates.
Then, both the cyclicality (correlations) and the elasticity disappear. For the case of correlations,
this is illustrated in Figure 3. This phenomenon is caused by the nature of the difference filter,
which amplifies the short-run dynamics,11 i.e. the noise in both series, which, in turn, lowers both
measures of interest.

9 The regression coefficient is defined as ryx = cov(y,x)/var(x) and it is obviously linked to the correlation coeffi-
cient ρx,y as follows: ryx =

√
var(y)/var(x)ρx,y. Hence, for a given correlation, the regression coefficient is high if

the variance of y is high relative to the variance of x.
10 One can easily imagine a situation of high correlation and low elasticity (if the movement in one variable is
perfectly synchronised with that in the second variable, but the former variable is much less volatile) and a situation
of low correlation but high elasticity (if one variable responds strongly to the second one, but is subject to other
orthogonal driving forces).
11 One sometimes encounters objections to the isolation of specific frequencies using linear filters, with the implicit
suggestion that growth rates are somehow ‘better’ as they are not subject to ad-hoc filtration. We do not share this
view: the differencing of a time series also involves the application of a linear filter, which has its own transfer
function. And this transfer function rises from zero at frequency ω = 0 to 2 at frequency ω = π , which means that
it amplifies high frequencies.
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Figure 3: Correlation of Growth Rates of House Prices and Output
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Another important dimension of the data is the output of the construction sector, or more specifically
buildings (we are not interested in civil engineering projects). We can also consider other related
variables, such construction dwelling permits, which should in principle be a forward-looking indi-
cator. Figure 4 shows the correlation of the volume of constructed buildings12 and dwelling permits
measured both by number and by square metres. For comparison, we also include office permits
measured by square metres.13

In all countries, including the Czech Republic, the building volume is a cyclical variable. In a
typical country, permits and building volumes both lag by one quarter, while in the Czech Republic
the lag is about two quarters. In most countries, all these variables are very elastic: the standard
errors of the cyclical parts of these variables are usually several times higher than the standard error
of the output cycle (see Figure 5). In other words, prices in many countries are more cyclical but
less elastic to the cycle than the quantities considered here. Again, one can consider growth rates
instead of cyclical components, but as with prices the growth rates are less correlated.

Finally, we look at the correlation of cycles in labour input into construction and output cycles. For
the purposes of this paper, it would be nice to have labour inputs going only into house construction,
but such data are not available to us. Therefore, we use three measures: (i) persons employed in the
subsector of the construction sector related to buildings, (ii) hours worked in the same subsector and
(iii) hours worked in the whole of NACE F (construction in the national accounts). For comparison,
we also include total hours worked14 according to the national accounts. The results are presented
in Figure 6.

12 See http://epp.eurostat.ec.europa.eu/cache/ITY_SDDS/EN/sts_esms.htm for a description of the
data.
13 Construction of offices is also a part of building construction, and we are interested in knowing whether office
permit dynamics are very different from dwelling permit dynamics to gauge what might be hidden in the dynamics
of building volumes.
14 Brůha and Polanský (2015) and Ohanian and Raffo (2012) find that hours worked are more cyclical than the
number of persons employed.
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Figure 4: Correlation of Construction Output and Real Output (Cyclical Frequencies)
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Figure 5: Elasticity of Construction Output to Output Cycle
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Figure 6: Correlation of Labour Inputs into Construction Sector and Output (Cyclical Frequen-
cies)
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In a typical country, employment and hours worked in construction as well as total hours worked are
cyclical variables, lagging behind the cycle by one or two quarters. In the Czech Republic, labour
input into NACE F as a whole is acyclical, due to civil engineering.

In the next subsection, we show that the Czech housing sector data are similar in many respects to
what is observed in advanced countries, i.e. they are synchronised at business cycle frequency.

3.2 Czech Economy Data

The preceding subsection described the stylised facts for a sample of advanced countries. In this
subsection, we concentrate in more detail on Czech data, as for the Czech Republic we were able to
collect more detailed and longer time series than those available in international databases.

For modelling purposes, we consider it more appropriate to link our model-based house prices to
the observed time series of flat (apartment) prices rather than house prices in the Czech Republic.15

The reason for this choice is the following: flats are the dominant way of living in larger towns
and cities, where their prices should reflect business cycles. House prices, on the other hand, are
influenced by several factors which we do not focus on. Examples include demographic factors,
job opportunities in rural areas and the development of railways and highways allowing for long-
distance commuting.16 Also, houses in villages and small towns are built by residents who usually
plan to live there. Since trade in these houses is not deep, house prices are not subject to business
cycles as much as flat prices in cities are.

15 The international datasets contain an average of the two.
16 In the Czech Republic in the 1990s, there was a significant surge in demand for new houses on the outskirts of
big cities (in satellite villages). We assume that this tendency is no longer dominant, since this type of ‘commuter’
has started to again prefer smaller towns with good public transport connections and public services.
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Figure 7 depicts the quarter-on-quarter per annum (q/q, p.a.) growth rate of flat prices for the whole
economy and for the economy excluding Prague, and of flat prices in Prague. The evolution (and
thus the economic story) of each time series is similar in all cases, allowing us to choose the whole
economy index as our observable for house prices.

Figure 7: Flat Prices (q/q, p.a.)
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The evolution of flat prices can be divided into several historical episodes. First, the beginning of
the series shows relatively high (although volatile) growth in flat prices, followed by a drop in 2003.
The significant rise in flat prices in 2002 is often attributed to expectations of increased demand
for apartments after the Czech Republic’s expected entry into the European Union in May 2004
(see Hlaváček and Komárek, 2009). The popular story then continues that during 2003, when it
became clear that there would no massive inflow of EU citizens into the Czech Republic, flat prices
decreased sharply. Thus, the data may contain an irrational surge in house prices (an irrational
bubble) which was pricked in 2003.

Second, the 2004–2006 period is characterised by a gradual recovery of flat prices. This was fol-
lowed by a steep increase in 2006–2007. The growth of flat prices stayed high during the first half
of 2008, maybe reflecting the significant economic boom the Czech economy was undergoing at the
time. The developments in 2007 and 2008 are sometimes referred to as a bubble (see Hlaváček and
Komárek, 2011) due to the magnitude of the increase. And third, the Great Recession caused a deep
slump in flat prices. From 2010 onwards, flat prices are (on average) decreasing, possibly waiting
for a recovery of the Czech economy.

In Figure 8 we compare flat prices in the Czech economy with inflation and real-economy gaps. Flat
prices (on the left-hand axis) are much more volatile than headline and monetary policy-relevant
inflation (both on the right-hand axis). Moreover, their comovement is not strong. In the right
panel, we compare flat prices (on the left-hand axis) with the GDP and consumption cycles (both
on the right-hand axis). We interpret the evidence in the figures as follows: first, the comovement
between flat prices and the GDP gap is strong. This may indicate that flat prices in the Czech
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economy reflect the cycle and demand-driven factors. Second, despite this comovement, flat prices
decoupled from GDP in 2002–2003, possibly indicating a bubble. Third, the comovement between
flat prices and consumption is less strong than that between flat prices and GDP. This does not
support the existence of strong wealth channels.

Figure 8: Comovement of Flat Prices with Inflation and Real-Economy Gaps
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To sum up, prior to 2005 house prices were driven by forces other than cyclical fluctuations alone.
Since 2010, prices have been more aligned with the cycle.

As a measure of volumes in the Czech Republic we choose the time series of construction produc-
tion in the housing sector. In general, we want a variable which captures the dynamics of new house
construction or investment in the housing sector. This is the main reason why we are not interested
in linking the housing stock implied by the model to some observed counterpart. Due to the high
possible uncertainty and difficulty in measuring the housing stock in an economy, we focus on con-
struction production, which should bear more information about business cycles. This is equivalent
to the investment-capital law of motion in production sectors.

Figure 9 shows the correlation histogram of flat prices (dot-Ph) with the GDP gap, the consumption
gap (C-gap), MP-relevant inflation (dot-Pc) and the housing construction gap (Hbar-gap).17 The
figure shows a relatively significant correlation between flat prices and the business cycle (the GDP
gap). The correlation between flat prices and inflation or the consumption gap is negligible.18 These
panels confirm that flat prices reflect business cycles and do not indicate significant wealth effects
in the Czech economy. The last panel shows that housing construction lags behind prices. This can
be partly explained by the fact that construction investment is linked more strongly with GDP.

17 The gaps are acquired using the band pass filter (Christiano and Fitzgerald, 2003) at 6–32 quarter frequency. As
a check, we use the HP filter (Hodrick and Prescott, 1997) with the standard value for the smoothing parameter
(λ = 1,600), which gives similar results.
18 The high negative correlation in the four-period lag is probably caused by a previous cycle.
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Figure 9: Correlation of Flat Prices with Inflation and Real-Economy Gaps
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Figures 10 and 11 present a detailed inspection of construction production. The comovement (the
third panel in 10) between housing construction and economic activity is relatively strong, except in
2003–2004. Moreover, construction lags behind the GDP gap in 2006–2009, but evolves contempo-
raneously from 2010 onwards. This can be explained by the rapid increase in housing construction
in 2006, when the Czech business cycle (then in a boom phase) switched to a more robust position.
As the impact of the recession was not anticipated in real time, the lag of housing construction in
2009 can be explained by construction firms’ expectations of a rapid return to economic growth and
also probably by the fact that it was less costly to finish some construction projects than to stop
them. Since 2010, construction developers seem to have been careful to follow the business cy-
cle.19 Figure 11 presents the correlation between the housing construction gap and several variables
and shows that housing construction lags behind the GDP gap, does not co-move strongly with the
consumption gap and MP-relevant inflation, and also lags behind house prices.

All in all, although the housing market has become cyclical, the correlations between housing mar-
ket variables and macro aggregates are not always impressive even at business cycle frequencies.
We argued that the relatively low correlations (compared to advanced countries) may be due to short
time series that are contaminated by the particular episode of 2002–2004 (see above for a discus-
sion). Nevertheless, we still think that the housing market dynamics are dominated by standard
demand and supply effects that can be related to the real economy. Moreover, given the recent
developments, we consider it likely that the Czech housing sector will move closer to the cyclical
patterns observed in advanced countries.

19 The latest development (change in behaviour) is one of the reasons why we do not incorporate time-to-build
housing investment (Kydland and Prescott, 1982) into the model described in the next sections.
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Figure 10: Housing Construction
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Figure 11: Correlation of Housing Construction with Real-Economy Gaps and Flat Prices
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4. Models

In this section, we introduce a cascade of DSGE models containing the housing sector. To keep the
analysis concise, we focus mainly on the motivation behind the model structures, our assumptions,
and subsequent optimisation problems. The first-order conditions can be found in Appendix A. We
start with the baseline framework without the housing sector and then continue with several model
extensions in the next subsections. The complexity of the models gradually increases.20

The notation of the models is as follows:

• Bars denote economy-wide variables, which are considered to be exogenous from the per-
spective of optimising households and firms. We therefore refrain from using indices for the
continua of monopolistic competitive households and firms in order to provide a more lucid
description of the model. All individual households and firms are assumed to be too small to
affect aggregate variables.

• All models are derived up to the first order, then a symmetric equilibrium is assumed, e.g.
C̄t =Ct for aggregate consumption.

• Dots over variables denote quarter-on-quarter (q/q) growth rates.

• Tildes over variables denote denomination in foreign currency.

4.1 Baseline Model

The baseline framework (Figure 12) is inspired by the g3 model (Andrle et al., 2009) in terms of
its overall structure and some important features. We consider this framework to be suitable for
modelling the Czech economy, and it can thus be used as a starting framework for the housing
sector extensions.21 Although our baseline model is rather simpler than g3, i.e. it does not contain
regulated prices, quality of goods and so on, it inherits most importantly g3’s balanced growth path
with long-run real exchange rate appreciation and export-specific and openness technologies. These
features are important for capturing Czech stylised facts and also significantly reduce the drifting of
structural parameters due to structural changes and the ongoing convergence process of the Czech
economy (Tonner et al., 2011). Also, the model contains a cascade of nominal rigidities within its
production structure, which, together with local currency pricing, implies multiple stages of gradual
exchange rate pass-through (Andrle et al., 2009).

4.1.1 Households
Households consume, make investment decisions, supply differentiated labour, rent capital and trade
domestic government bonds. Also, they own all firms in the domestic economy and thus receive
dividends (or finance those firms internally).

Formally, they maximise a utility function separable in logarithmic consumption with external habit
formation (Abel, 1990) and linear leisure (Hansen, 1985) subject to the budget constraint and a

20 Although we analyse a different topic, we are inspired by the structure of the paper by Schmitt-Grohé and Uribe
(2003).
21 The model has also proved itself to be useful for regular forecasting during turbulent times such as the Great
Recession (Brůha et al., 2013b).
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Figure 12: Model Structure – Baseline
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downward-sloping labour demand curve:22
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where E0 is an expectations operator conditional on the information available up to period 0, Ct is
real consumption, C̄F

t ≡ exp(εC
t )C̄t−1 denotes external habit formation with habit (demand) shocks

εC
t , It is real investment, Kt is the capital stock, Bt denotes domestic government bonds, Lt denotes

hours worked, Wt is the nominal wage, Rt is the domestic interest rate, Qt denotes rent from cap-
ital, PC

t is the consumption deflator, PI
t is the price of investment, Tt denotes lump-sum transfers,

Φt denotes dividend payments, λt is the shadow price of wealth, λ K
t is the price of capital,23 aL

t
is a temporary process for labour supply shocks, βτ is the discount factor, χ is a habit formation
parameter, φL is a parameter scaling hours worked in the utility function, δK denotes the capital de-
preciation rate, ηK is an investment adjustment costs parameter, α is the long-run aggregate growth
of the economy and α I determines the long-run growth of real investment.
22 The Calvo-Yun setup (Calvo, 1983; Yun, 1996) with a full indexation scheme for Phillips curve derivation is
used for all monopolistically competitive sectors in all models. During model development, we also used a setup
with quadratic costs of price adjustment (Rotemberg, 1982a,b; Beneš et al., 2009), which yielded similar dynamics.
23 Note that the law of motion of capital is inserted into the budget constraint.
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The downward-sloping labour demand is

Lt =

(
Wt
W̄t

)−νw

L̄t ,

where νw is the elasticity of substitution among differentiated labour types.

4.1.2 Domestic Intermediate Firms
There is a continuum of domestic intermediate producers. Using hired labour and rented capital
from households, firms produce differentiated intermediate goods, which are used consecutively in
the next stage of production (final-goods sectors).

Domestic intermediate producers minimise their costs subject to the Cobb-Douglas production tech-
nology

min
kt ,Lt

E0

∞

∑
t=0

(
t

∏
τ=0

βτ

λt
λ0

)[
Qtkt +WtLt +qY

t (Yt −aY
t k1−γL

t (AtLt)
γL)
]
,

where Yt is domestic intermediate output, aY
t denotes total factor productivity (TFP), kt is the capital

stock substituted into period t, i.e. kt ≡ Kt−1, qY
t denotes nominal marginal costs in intermediate

production, At is labour-augmenting technology,24 γL denotes the share of labour in production and
∏

t
τ=0 βτ

λt
λ0

is the nominal pricing kernel.25

Also, domestic intermediate firms maximise their profits subject to the downward-sloping demand
curve and the Calvo-Yun setup with a full indexation scheme:

max
Yt ,PY

t

E0

∞

∑
t=0

(
t

∏
τ=0

βτ

λt
λ0

)[
PY

t Yt −qY
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]
,

where PY
t is the price of domestic intermediate goods. The downward-sloping demand curve is

Yt =

(
PY

t
P̄Y

t

)−νy

Ȳt ,

where νy is the elasticity of substitution among differentiated domestic intermediate products.

4.1.3 Intermediate Importers
A continuum of importers costlessly differentiate a single foreign bundle.26 Due to the local cur-
rency pricing, imported goods are sticky in the domestic currency.

24 The two technology shocks are allowed to have different persistence. Introducing labour-augmenting (Harrod-
neutral) technology is necessary to ensure a balanced growth path of the model (Barro and Sala-i-Martin, 2004).
25 Since firms are owned by households, the firms’ discount factor contains the marginal utility of real wealth (Dib,
2001). Andrle et al. (2009) define a kernel between periods s and t as β s−t λs

λt
. Since β is not a constant in our case,

the kernel is modified to ∏
s
τ=t+1 βτ

λs
λt

.
26 Following Andrle et al. (2009), there is a continuum of countries in the world, where one of them is the home
country. In the first step, a continuum of exporters in each country compete only within their own country, which
results in a single bundle from each country. In the second step, an international bundler packs all these bundles
together into a single good, which is subsequently differentiated costlessly by a continuum of importers in each
country.
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Importers maximise their profits analogously to domestic intermediate-goods producers, i.e.

max
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)[
PM

t Mt −P∗t Mt

]
,

where the downward-sloping demand curve and the indexation scheme are analogous to the previous
case. Nominal marginal costs P∗t are world prices in the domestic currency.

4.1.4 Consumption Goods-Producing Firms
Each consumption goods-producing firm uses domestic and imported intermediate inputs via Leon-
tief technology.27 Each firm minimises its costs of production

min
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where YC
t and MC

t are domestic and imported intermediate goods, which are used for the production
of consumption goods, and AX

t is export-specific technology, which makes the use of imported
goods less productive and more expensive (Andrle et al., 2009).

Profit maximisation (price setting) is analogous to other production sectors. Firms in each final
goods-producing sector are monopolistically competitive and face a downward-sloping demand
curve with a full indexation scheme

max
Ct ,PC
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]
.

4.1.5 Government Goods-Producing Firms
Government goods-producing firms use only domestic intermediate goods for their production pur-
poses. The production technology is

Gt = Y G
t ,

where Gt denotes real government consumption and Y G
t is the part of domestic intermediate pro-

duction used for the production of government goods.

Profit maximisation is of the same form as in previous cases, i.e.

max
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∞

∑
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(
t
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λt
λ0

)[
PG

t Gt −qG
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]
,

where the downward-sloping demand curve is analogous to that for other final goods-producing
sectors.
27 Using CES production technology instead of the Leontief function does not have any significant effects on the
behaviour or performance of the models.
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4.1.6 Investment Goods-Producing Firms
The investment goods-producing sector faces similar optimisation problems to consumption goods-
producing firms, i.e.
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4.1.7 Export Goods-Producing Firms
As for the consumption and investment sectors, final export goods are produced from both domestic
and imported intermediate goods. Due to local currency pricing, export prices are sticky in the
foreign currency
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4.1.8 Forex Dealers
The UIP equation is derived under the assumption that foreign bond traders face quadratic trading
costs, i.e.

max
B∗t
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βτ
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)
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2
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t (B∗t )

2

]
,

where St is the nominal exchange rate, B∗t denotes foreign government bonds, R∗t is the foreign
interest rate and ζ is a parameter governing trading costs denoted by ℑ

uip
t .

4.1.9 Monetary and Fiscal Policy
The central bank targets year-on-year inflation four periods ahead via open market operations

logRt = ρR logRt−1 +(1−ρR)

[
logR+ψ log

(
Ṗyy

t+4
Ṗyy

)]
+ ε

mp
t ,
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where
Ṗyy

t+4
Ṗyy is the deviation of year-on-year inflation four periods ahead from the target, ρR is the

parameter governing interest rate smoothing and ψ is the weight on the deviation from the target
capturing the reactiveness of the central bank. As the model contains the national accounts, the
consumption deflator appears in equation (A.1). To simplify the framework we assume that the
consumption deflator equals the CPI in each period.

Fiscal policy is Ricardian. Nominal government consumption is linked to nominal private consump-
tion

log

(
PG

t Gt

PC
t Ct

)
= ρG log

(
PG

t−1Gt−1

PC
t−1Ct−1

)
+(1−ρG) log

(
PGG
PCC

)
+ ε

G
t .

4.2 Extension I: Houses Fall from the Sky

First, we capture a hypothetical situation in which the quantity of houses is exogenous – as if houses
fall from the sky. Such a framework, although unsuitable for practical purposes (historical filtration
and forecasting), can be considered a very first confrontation with real house price data. Of course,
such a model does not contain a mechanism for explaining volumes.

Compared with the baseline model, households have direct utility from ownership of houses.28

Also, households can trade their houses (the equilibrium, of course, implies zero net trade). The
structure of the model is presented in Figure 13, where the green lines depict flows associated with
the housing sector.

We index utility from houses using parameter η , which can vary from 0 to infinity. By manipulating
this parameter, one can model different situations, such as housing as a luxury or inferior good
relative to non-durable consumption:

max
Ct ,Bt ,It ,Kt ,Lt ,Wt ,Ht

E0

∞

∑
t=0

(
t

∏
τ=0

βτ

){
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t−1)+
φH exp(εH

t )H1−η

t
1−η
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t (1−Lt)

−λt

[
PC

t Ct +PI
t It +Bt +λ

H
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+λ
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[
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(
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)δK

+
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1
αα I −1

)2
Kt−1

]]}
,

where Ht denotes the stock of houses, εH
t is a housing preference shock, λ H

t ≡ PH
t is the price of the

housing stock,29 φH is a scaling parameter and η is the utility curvature with respect to the stock of
houses.

The process for the amount of houses is an exogenous AR(1) defined as follows:

logHt = ρH logHt−1 +(1−ρH) logH + ε
H
t ,

where ρH is an autoregressive parameter and ε
H
t is the exogenous shock.

28 Throughout the paper, we do not distinguish between houses and flats and denote their volume as ‘houses’, ‘the
stock of houses’ or ‘the housing stock’.
29 We denote house prices by λ H

t (instead of PH
t ) to be compatible with the rest of the housing sector models

presented in the next subsections.
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Figure 13: Model Structure – Houses Fall from the Sky

Black lines – real flows, red lines – financial flows, green lines – housing sector
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4.3 Extension II: Houses Are Produced from Intermediate Output

In the second extension, we assume that new houses are produced from domestic intermediate out-
put. As in other production sectors in the model(s), new house-producing firms are monopolistically
competitive and owned by households. After new houses are produced, they become a part of the
housing stock Ht (via the law of motion), which enters the utility function in the same way as in
the previous model. Also, households do not trade or rent the stock of houses. The structure of the
model is shown in Figure 14.

4.3.1 Households
The optimisation problem of households is

max
Ct ,Bt ,It ,Kt ,Lt ,Wt ,Ht ,h̄t
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,

where λ H
t is the price of the housing stock, Ph̄

t is the price of new houses, h̄t denotes new houses
and ηH is an adjustment cost parameter, and αH determines the long-run growth of newly produced
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Figure 14: Model Structure – Houses Are Produced from Intermediate Output

Black lines – real flows, red lines – financial flows, green lines – housing sector

Households

Domestic intermediate
producers

Consumption

Rest of the 
World

Imports

Labour

Domestic economy Foreign debt

Capital

Government Exports

Intermediate 
importers

Production
flows

Investment

Exports

Rent

Wages

Capital stock

Dividends

Profit
Y+M+C+G+I+X+h

New houses

House stock

houses. The law of motion for the housing stock is analogous to the one used for the capital stock,
i.e. the modified adjustment cost function of Kim (2003) used by Andrle et al. (2009) in the g3
model.

4.3.2 New House-Producing Sector
Similarly to the government goods-producing sector, monopolistically competitive firms produce
new houses only from domestic intermediate goods. The production function is therefore

Y h̄
t = h̄t ,

where Y h̄
t denotes the part of domestic intermediate goods Yt which is used for the production of

new houses.

4.4 Extension III: Houses Are Produced from Sector-Specific Inputs

In the next extension we assume that new houses are produced from sector-specific inputs. Besides
providing labour and capital to domestic intermediate firms, households supply labour and rent
construction capital to firms which produce new houses. Newly produced houses become a part of
the housing stock, which is an argument of households’ utility function. The construction capital is
transformed (via a law of motion) from housing investment final goods. We assume that firms which
produce housing investment final goods are monopolistically competitive and use only domestic
intermediate goods as their production input. The structure of the model is shown in Figure 15.
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Figure 15: Model Structure – Houses Are Produced from Sector-Specific Inputs

Black lines – real flows, red lines – financial flows, green lines – housing sector
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4.4.1 Households
Households supply sector-specific labour and capital to new house-producing firms. They receive
payments for these inputs (sector-specific wages and rent) and also dividends from both types of
newly introduced firms, i.e. new house-producing firms and housing investment-producing firms.
On the expenditure side of the budget constraint they purchase new houses and housing investment.
Households maximise a utility function which has the form

max
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,

where `t denotes labour in the housing sector, Wt is the nominal wage in the housing sector, It
denotes real housing investment, PI

t is the housing investment deflator, QtKt−1 is households’
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income from the rented capital stock, λK
t is the price of construction capital, a`t is a labour supply

shock in the housing sector and φ` is a scaling parameter.

4.4.2 Production of New Houses
A continuum of monopolistically competitive firms produce new houses by hiring labour and renting
capital from households. Based on the Cobb-Douglas production technology, the cost minimisation
is

min
κt ,`t

E0

∞

∑
t=0

(
t

∏
τ=0

βτ

)[
Qtκt +Wt`t +qh̄

t (h̄t −ah̄
t κ

1−γ`
t (At`t)

γ`)
]
,

where Q is the rent from construction capital, κt ≡Kt−1 is the construction capital substituted into
period t, qh̄

t denotes nominal marginal costs, ah̄
t is a sector-specific TFP shock and γ` is the labour

share. We assume that there is only one labour-augmenting technology in the model, i.e. At is the
same as for domestic intermediate producers.

Firms maximise their profits subject to the downward-sloping demand curve and the Calvo-Yun
setup with a full indexation scheme

max
h̄t ,Ph̄

t
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∞

∑
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]
,

where

h̄t =

(
Ph̄

t

P̄h̄
t

)−νPh̄

¯̄ht .

4.4.3 Housing Investment Goods-Producing Firms
Monopolistically competitive firms produce housing investment final goods only from domestic
intermediate goods. The production function is

YI
t = It ,

where YI
t denotes the part of domestic intermediate goods Yt used for the production of new houses.

Profit maximisation is

max
It ,PI

t

E0

∞

∑
t=0

(
t

∏
τ=0

βτ

λt
λ0

)[
PI

t It −qI
t It

]
,

where qI
t denotes nominal marginal costs.

4.5 Extension IV: Houses Are Produced from Sector-Specific Inputs and Land

As an extension of the previous version of the model, we incorporate land into the model. House-
holds can trade in land and also rent it to new house producers, who use it as a third production
input (besides labour and capital). The structure of the model is presented in Figure 16.
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Figure 16: Model Structure – Houses Are Produced from Sector-Specific Inputs and Land

Black lines – real flows, red lines – financial flows, green lines – housing sector
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4.5.1 Households
In contrast to the previous model, households supply land to new house-producing firms and receive
rent. They can also trade in land. The utility maximisation is

max
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,

where PL
t is the price of land, Lt denotes land and QL

t is the rent from land.
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4.5.2 Production of New Houses
Firms use construction capital, labour and land to produce new houses. They minimise their pro-
duction costs

min
κt ,`t ,Lt
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]
.

The profit maximisation has the same form as in the previous model, except that the nominal
marginal costs of the new house-production process qh̄

t are now a function also of the costs of
renting land from households.

4.6 Extension V: Non-separable Utility Function

In this framework we assume a non-separable utility function of households in consumption and
ownership of houses. We choose the model in which houses are produced from intermediate output
due to its medium complexity among the four housing sector extensions. The rest of the assumptions
(model structure, pricing behaviour etc.) are unchanged.

4.6.1 Households
Households maximise utility, which has the form
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The scaling of Ht in the utility function reflects the need for stationarity of the model steady state.
However, it should be noted that – in addition to this pragmatic reason – the scaling used can serve
as a device for modelling slowly changing preferences about the relative desirability of housing
services.

The external habit formation is

Fג̄
t ≡


exp(εC

t )

[(1−φH)C̄−ρns
t−1 +φH

(
H̄t−1
AH

t−1

)−ρns
] −1

ρns

 if ρns 6= 0

exp(εC
t )

[
C̄1−φH

t−1

(
H̄t−1
AH

t−1

)φH
]

if ρns = 0

.
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4.7 Calibration of Models

This section discusses the calibration of the models. Since the housing sector implementation is an
extension rather than a new model, we first set the baseline framework parameters that are common
across all the housing sector extensions. We distinguish, and calibrate successively, four groups of
parameters, namely (i) the calibration of the BGP, (ii) other deep parameters defining the steady
state, (iii) adjustment costs and persistence parameters, and (iv) standard deviations of structural
shocks and measurement errors. After this, we proceed to calibration of the housing sector exten-
sions.

Balanced Growth Path

The model has a balanced growth path, along which all the model variables either are constant
or grow at some growth rate. The aggregate growth is set to 3.5%, which is relevant for (real)
consumption, government spending, investment and real wages. The long-run growth of exports
and imports is set to 7%. The domestic inflation target is 2% in annual terms, which corresponds
to the CNB’s current target for MP-relevant inflation. The foreign inflation target is also 2%. The
steady-state nominal appreciation rate is set to 2.4% a year.30 The steady state for domestic and
foreign interest rates is 3%. The long-run value of foreign GDP growth is 1.8%.

Deep Parameters

The deep parameters are set with respect to the data and model properties. The steady state of the
discount parameter β is set to 0.99 in annual terms. The share of labour in domestic intermediate
production γ is 0.7. We set the capital depreciation parameter δ to 0.015, which implies depreciation
of 6% in per annum terms.31 The scale parameter of hours worked in the utility function φN is set
to 0.34. The habit formation parameter χ is 0.7, reflecting the inertia of consumption dynamics in
the data. There are seven parameters for the elasticities of substitution among differentiated goods
and labour types. Given the data uncertainties and lack of micro data analyses, they are set to 6, so
the average markup is 20% in each sector. The Leontief shares for imported production components
are 0.12 for consumption production (ωC), 0.27 for investment production (ωI) and 0.60 for export
production (ωX ).32

Adjustment Costs and Persistence Parameters

The calibration of adjustment costs and persistence parameters determines the business cycle prop-
erties of the model. The weight on the deviation of inflation from the target in the reaction function
ψ is 2, which ensures that inflation returns to the target within the MP horizon (approx. 4–6 quarters
ahead). The Calvo parameter for inflation in the consumption sector is 0.65, implying a stickiness

30 This value was set with respect to the past evolution of the Czech economy. Although the value of this parameter
is currently probably rather lower, due, for example, to the ongoing convergence process, we do not change it.
31 Christiano and Vigfusson (2003) estimate the depreciation rate at 0.73, which is larger than would seem plausi-
ble. They discuss this issue in greater detail.
32 Note that these parameters do not correspond to the overall import intensities in the economy. For example, the
import intensity of investment is set to 60%.
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lasting around three quarters.33 The Calvo parameter for wage-setting is 0.8, as wage stickiness
is higher than price stickiness in the Czech economy.34 Except for the Calvo parameter for the
government goods-producing sector (0.75), the rest of the sectors are assumed to have higher flex-
ibility. Specifically, the value for the import sector is 0.6, export sector stickiness is calibrated to
0.55 and the Calvo parameters in the investment and domestic intermediate sectors are set to 0.5.
The adjustment cost parameter for investment (ηK) is 0.2. The persistences of the domestic interest
rate (ρR) and exchange rate (ρS) are set to 0.75 and 0.7 respectively. The persistence of government
spending is 0.9. The persistence parameters for exogenous (technology) processes range between
0.1 and 0.7. The persistence parameters for foreign variables are 0.75 for the foreign interest rate
and foreign demand and 0.3 for foreign inflation.

Housing Sector Parameters

We do not need to change any deep parameters when incorporating the housing sector. For simplic-
ity, we solve the models numerically. This implies that the values of some of the parameters may be
relatively sensitive in order for the model(s) to have a solution. We tested this ‘robustness’, and the
‘boundaries’ turned out to be relatively far from our calibration for the parameters tested, even for
the most complex models. Also, we do not implement any strong or contentious assumptions into
the models. For example, we do not assume the presence of house prices in the reaction function
of the central bank (the CB targets inflation only) and we assume the same values of housing sector
parameters as for their standard counterparts.35

We thus set the housing sector parameters in line with the baseline model. Specifically, the share
of labour in the production function is 0.7 and the investment adjustment cost parameter for the
housing sector law of motion is also 0.2. We assume a 20% markup for monopolistically compet-
itive firms and the same stickiness of wages and investment prices (Calvo parameters 0.8 and 0.5
respectively). The rate of depreciation is 0.0115. The Calvo parameter for prices of new houses is
0.6, implying slightly higher flexibility than in the consumption sector. In the model with land, we
assume that land has a 5% share in the Cobb-Douglas function, implying a 0.25% share for capital.
The housing sector parameter η is set to 1 as a benchmark. This value implies that the marginal util-
ities of consumption and housing have the same shape. We discuss the results of this and alternative
assumptions in the next part of the paper.

33 There are some empirical papers which deal with nominal price rigidities. In the Czech case, Murárik (2011)
uses the detailed database from the Czech Statistical Office. He finds that the average period without a price change
is between 6 and 11 months for the whole consumption basket. The lower value is the result of a direct calculation,
whereas the upper value stems from an implicit calculation concerning data uncertainty. He claims that the ‘true’
period probably lies near the upper bound. These values are in line with Nakamura and Steinsson (2008), who
estimate a range of 8–11 months for the US economy.
34 This is consistent with the empirical analyses by Babecký et al. (2008) and Druant et al. (2012) and with the
setting in (Andrle et al., 2009).
35 The only exception is the rate of depreciation of construction capital, which, for numerical reasons, is calibrated
at a value slightly lower than the rate of depreciation of the baseline model capital stock.
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5. Model Properties

This section presents the properties of the models and compares their performance on data. For the
simulation of the model (impulse responses) and the derivation of the model moments, we used the
IRIS toolbox (Beneš et al., 2014). All figures are given in the Appendix.

5.1 Impulse Responses

In this part we present the impulse responses of our models. We divide this subsection into three
parts. First, we discuss impulse responses to ‘standard shocks’ among several models. Specifically,
we compare the IRFs of the baseline model with the housing sector extensions. Second, we compare
the impulse responses to housing sector shocks. Since a number of these shocks increase with the
complexity of the housing sector in each model, we select the most common shocks. Specifically,
we are interested in a housing preference shock, a cost-push shock to prices of new houses and a
housing technology shock. And third, we solve the models for multiple parameterisations to show
the sensitivity of housing sector variables.

We denote our cascade of models containing the housing sector as follows: Baseline is the model
without the housing sector, fS denotes the model with an exogenous number of houses, fY denotes
the model in which houses are produced using the domestic intermediate good, fKL denotes the
model in which houses are produced from sector-specific labour and capital, fKLP denotes the
version of the model with land, and finally fYns is the model with non-separable utility in which
houses are produced using the domestic intermediate good.

Impulse Responses to Standard Shocks

Figure B.1 shows the reactions of the model variables to a monetary policy shock. After an interest
rate increase, consumption, investment expenditure, exports, imports and nominal wages fall. The
nominal exchange rate appreciates, implying additional anti-inflationary pressures in the economy
via lower import prices. The MP shock implies a decrease in new house construction and in both
housing sector prices (house prices and prices of newly constructed houses). The incorporation of
the housing sector does not change the responses of the other model variables.36 The reaction of
housing sector variables is similar across the model frameworks: because the MP shock is contrac-
tionary, it also suppresses housing demand, hence lowering house prices and house production. This
is a realistic feature.

Figure B.2 shows the impulse responses to a habit shock. Consumption expenditure increases.
Since investment spending and exports are almost untouched, the higher consumption leads to an
increase in imports. Facing inflationary pressures stemming from domestic demand, the central
bank increases interest rates, although this reaction is relatively moderate as we assume a non-
persistent shock. The volume of new houses decreases negligibly in more complex models due
to both an increase in the interest rate and a substitution effect towards consumption. The same
effects explain why house prices decrease slightly in all the models. The producer prices of new
houses increase if the houses are produced from domestic intermediate goods (because the price of

36 In general, we welcome this result, as we do not regard the housing sector as a factor which should change the
behaviour of the (model or real) economy significantly. On the other hand, we do not consider the specific situation
of a pricking of a bubble (together with a deep recession) and its adverse effects on banks’ balance sheets.
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domestic intermediate goods, dot_Py, increases as well), but decrease if houses are produced from
sector-specific inputs (because of the substitution effect).

Figure B.3 presents a total factor productivity shock. Since the economy is temporarily more pro-
ductive, intermediate output rises. Consumption and net exports increase, while investment ex-
penditure falls slightly.37 The monetary authority cuts the interest rate to push the lower headline
inflation back to the target. The nominal exchange rate depreciates temporarily.38 Because of the
demand effect, house prices and the production of new houses both increase, but because of the
higher productivity, the producer prices of new houses decline.

Figure B.4 presents the model behaviour after a cost-push shock to headline inflation. After such a
shock, consumption expenditure decreases and investment expenditure temporarily increases due to
substitution effects. The nominal exchange rate depreciates due to the inflation differential between
the home and foreign economy (relative PPP theory). The monetary authority increases interest
rates to bring inflation back to the target. House prices react to the increase in overall inflation in
the economy, although their reaction is slightly smaller. The construction of new houses rises, while
their prices show a hump-shaped response.

Figure B.5 presents the impulse responses to a wage-push shock. Household consumption and ex-
ports fall, while investment expenditure rises slightly due to the substitution effect. Since wage
growth is not supported by higher productivity and thus creates inflationary pressures in the do-
mestic intermediate sector which spill over into headline inflation, the monetary authority increases
interest rates and hence the nominal exchange rate appreciates. House prices decrease. The size
of the reaction of new house construction differs between the fY version (where it corresponds to
consumption expenditure) and the fLK and fLKP models, where this sector is more isolated from
the domestic intermediate sector. Moreover, the producer price of new houses initially increases in
the fY version (as the intermediate good is now more expensive) but decreases slightly in the fLK
and fLKP models.

Figure B.6 shows the impulse responses to a UIP shock. The depreciated nominal exchange rate
implies inflationary pressures in the import intermediate sector. The central bank increases interest
rates to bring inflation back to the target. Net exports increase and consumption and investment
expenditures fall due to the production switch and higher import prices. The responses of new
house production are negligible. House prices fall in reaction to the lower domestic demand and
higher interest rates.

Figure B.7 shows the impulse responses to a foreign interest rate shock. The exchange rate depreci-
ates due to the negative interest rate differential, and import price inflation increases. The monetary
authority hikes interest rates to bring headline inflation back to the target. Net exports increase and
consumption and investment expenditure fall. Similarly to a UIP shock, house prices decrease in
response to the lower domestic demand and the monetary tightening. The price and volume of new
houses fall with similar magnitude.

Figure B.8 presents the impulse responses to an increase in foreign prices in the foreign currency.
Since there is a negative inflation differential, the exchange rate appreciates. Net exports increase

37 In the closed economy version of the model, a positive TFP shock implies an increase in both consumption and
investment.
38 In contrast to a (permanent) labour-augmenting technology shock, a transient TFP shock implies higher supply
of goods (with respect to the steady state of the economy). Given the same foreign demand, the real exchange rate
must depreciate for the economy to be able to sell more exports in foreign markets.



32 Jan Brůha and Jiří Polanský

after the shock. The central bank increases domestic interest rates slightly.39 The shock has only
limited effects on housing sector variables; house prices decrease (due to lower domestic demand).

Figure B.9 shows the reaction of the model variables to a foreign demand shock. Consumption,
investment, net exports and nominal wages increase. Domestic intermediate inflation rises. The
exchange rate appreciates and import price inflation falls. Since the anti-inflationary pressures
from the imported goods sector outweigh the inflationary pressures from the domestic economy,
the monetary authority lowers interest rates. House prices increase in reaction to the higher domes-
tic demand. Both new house production and new house prices increase, although the magnitude is
relative small since the shock primarily affects exports.

Figure B.10 shows the reaction of the model variables to a shock to the discount factor. Imports and
consumption (through their significant import content) fall, implying negative domestic demand
pressures. The monetary authority reduces interest rates to bring inflation back to the target and
hence the nominal exchange rate temporarily depreciates due to the negative interest rate differen-
tial. House prices increase as households switch current consumption expenditure for housing (and
investment) demand. The production of new houses rises and the (producer) price of new houses
falls.

All in all, we think that the extended models produce reasonable stories and the introduction of the
housing market does not destroy the conventional wisdom of New Keynesian economics.

Impulse Responses to Housing Sector Shocks

Figure B.11 presents the impulse responses to a shock to households’ utility from the stock of
houses (a housing preference shock). After the shock, which approximates higher demand for
housing, house prices increase in all the models. The production of new houses rises, but the size
of this increase is much lower due to the model mechanisms (the new house production process as
compared to the immediate reaction of house prices). The price of new houses also rises, but the
increase is negligible. The magnitude of the reaction of the standard variables is small in all the
models except for the framework with a non-separable utility function, as we do not incorporate
strong assumptions such as house price (inflation) targeting or about the specification of the produc-
tion process. In the extension with a non-separable utility function, since consumption is linked to
the housing stock, households increase their consumption in reaction to the increase in house prices.

Figure B.12 shows the reactions of the model variables to a cost-push shock to prices of new houses.
Higher prices of new houses push new house volumes (construction) downwards and marginally
increase house prices. Similarly to the previous case, the reactions of other variables are negligible
for practical purposes.

Figure B.13 presents the impulse responses to a housing technology shock. Since the shock im-
proves the new house production process, the volume of new houses increases and the prices of
new houses fall. Except for the fS and fYns models, the reaction of house prices is negligible.
In the model with a non-separable utility function, house prices increase and so does households’

39 There are two channels with opposite effects for the domestic interest rate response. First, the higher foreign
inflation implies inflationary effects and the central bank, ceteris paribus, increases the interest rate to prevent the
economy from importing higher inflation. Second, since the nominal exchange rate appreciates, it creates, ceteris
paribus, anti-inflationary pressures in the model.
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consumption and investment expenditure. This increase in economic activity, coupled with higher
nominal wages, mitigates the anti-inflationary pressures from the lower prices of new houses. Thus,
the reaction of the central bank is larger in the fY model than in the same framework with a non-
separable utility function.

To sum up, there are two important findings. First, incorporating the housing sector into a DSGE
model need not (negatively) affect the behaviour of the model in a way that would significantly
change the impulse responses of the baseline framework, provided, at least, that one does not make
any strong assumptions regarding the central bank’s objectives or include any additional linkages
or sectors. Second, although the fY and fLK(P) models imply different model mechanisms and
assumptions, their behaviour is relatively similar, allowing researchers to choose the specification
they prefer. Of course, we do not aim to explicitly capture the differences between the same types
of characteristics in standard sectors and their housing sector counterparts. For example, we assume
the same steady-state and Calvo parameters for wages in both the standard and housing sectors. We
believe that in the majority of cases, such objectives (differences) are academic issues rather than
regular real-time forecasting topics (due to a wide range of uncertainties). We are thus concerned
more with the calibration of key housing sector parameters (see the next part) than with model
selection.

Impulse Responses – Comparing Parameterisations of the Utility Function

In this subsection we show the impulse responses to multiple parameterisations of the housing cur-
vature parameter in the utility function. In the impulse responses of the previous part, we assumed η

calibrated to 1. In this part of the paper, we discuss various parameterisations of the utility function,
especially coefficient η .

For the sake of brevity, we show and comment on two selected impulse responses: the impulse
response to the labour-augmenting technology shock and the impulse response to the housing pref-
erence shock (see Figures B.14 and B.15). This is done for the version of the model with houses
produced using the intermediate sector.

There are two main results. First, different values of η do not change the responses of standard vari-
ables to standard shocks. After housing sector shocks, the responses of standard variables change,
but the magnitudes of these changes are negligible. Second, a different curvature of η implies a
change in the magnitude of the reactions of housing sector variables. Thus, in line with the pre-
vious part of the paper, one can set the volatilities of housing sector variables with this parameter
instead of using any strong assumptions. Preserving the impulse responses of the baseline model
for standard variables is a promising feature. For models with sector-specific inputs, the results are
qualitatively similar, with one caveat: the models with sector-specific inputs have stability problems
for low values of η .

5.2 Forecast Error Variance Decomposition

As an additional model diagnostic, we report the forecast error variance decomposition (FEVD) for
selected models. We are mainly interested in the number of shocks that drive the main variables of
interest (both the main macroeconomic variables and the variables related to the housing market).
The motivation is that if the main macroeconomic variables are driven by ‘standard’ shocks (such
as technology) and the housing variables are driven by housing sector shocks, our quest to explain
the housing market via standard demand and supply mechanisms will be unsuccessful. Moreover,
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it would mean that house price fluctuations are not influenced by economic cycles and other driving
forces are in place. Given the conclusions in the empirical part of the paper, such a result would be
unsatisfactory.

First, in Table 1, we present the FEVD for model fY under our preferred calibration. The curvature
parameter η is calibrated to 1. In the rows, dot_C is real consumption growth, dot_I is real invest-
ment growth, dot_W denotes nominal wage growth, dot_Pc is headline inflation, R is the domestic
interest rate, dot_Ph denotes growth of house prices, dot_Phbar is growth of prices of new houses
and dot_Hbar is the production of new houses. In the columns, A denotes labour-augmenting tech-
nology shocks, MP is a monetary policy shock, Pc denotes a cost-push shock to headline inflation,
W denotes wage-push shocks in the wage Phillips curve, R∗ is a foreign interest rate shock, β de-
notes shocks to the discount factor, C is a habit shock, AY denotes TFP shocks, UIP denotes UIP
shocks, H is a housing preference shock, AH is a housing technology shock and Ph̄ is a cost-push
shock in the Phillips curve of prices of new houses.

Table 1: Forecast Error Variance Decomposition (Model fY, η = 1)

A MP Pc W R∗ β C AY UIP H AH Ph̄

dot_C 0.56 0.08 0.00 0.01 0.09 0.05 0.18 0.00 0.00 0.00 0.00 0.00
dot_I 0.75 0.00 0.00 0.00 0.08 0.00 0.00 0.00 0.00 0.00 0.00 0.00

dot_W 0.23 0.01 0.01 0.72 0.01 0.00 0.00 0.00 0.00 0.00 0.00 0.00
dot_Pc 0.00 0.02 0.93 0.00 0.02 0.00 0.00 0.01 0.00 0.00 0.00 0.00
dot_S 0.02 0.17 0.00 0.07 0.45 0.00 0.00 0.02 0.18 0.00 0.00 0.00

R 0.02 0.80 0.04 0.01 0.09 0.00 0.00 0.02 0.00 0.00 0.00 0.00
dot_Ph 0.72 0.11 0.02 0.01 0.11 0.00 0.00 0.00 0.00 0.00 0.00 0.00

dot_Phbar 0.00 0.01 0.01 0.04 0.01 0.00 0.00 0.05 0.00 0.00 0.29 0.57
dot_Hbar 0.74 0.02 0.01 0.03 0.02 0.00 0.00 0.01 0.00 0.00 0.15 0.01

From the table, it is clear that most housing sector variables are driven by technology, which also
explains the standard macroeconomic variables. This confirms that our objective to explain house
price fluctuations by standard mechanisms is successful. Moreover, we thereby avoid the tendency
of some DSGE models to head towards a degenerate research programme in which new shocks are
constantly added to drive newly added variables (Farmer, 2010).

Obviously, the FEVD depends on the calibration of the standard errors. To prove the robustness of
our results, we report the FEVD for the calibration where we increase the standard errors of housing
sector shocks by 10 and 100. The results are shown in Table 2, in which the first three rows present
a tenfold increase in the standard deviations of the last three shocks (H, AH , Ph̄) and the last three
rows show the results when the magnitudes of these standard deviations are multiplied by a factor
of 100. From the table, it is apparent that our conclusion still holds for house prices and new house
construction (a tenfold increase). Prices of new houses are of course driven by their own cost-push
shock under these circumstances.

In Table 3, we show the FEVD for model fY with multiple parameterisations of the curvature
parameter η . The results indicate that house prices and quantities are still significantly influenced
by productivity, although its influence changes to a limited extent with different values of η .
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Table 2: Forecast Error Variance Decomposition (Model fY, η = 1, Increased Std. Dev.)

A MP Pc W R∗ AY H AH Ph̄

dot_Ph 0.72 0.11 0.02 0.01 0.11 0.00 0.00 0.00 0.00
dot_Phbar 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.01 0.99
dot_Hbar 0.39 0.01 0.01 0.02 0.01 0.00 0.00 0.08 0.49

dot_Ph 0.62 0.10 0.01 0.01 0.09 0.00 0.13 0.00 0.01
dot_Phbar 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 1
dot_Hbar 0.01 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.99

Table 3: Forecast Error Variance Decomposition (Model fY, η = {1,0.5,2})

A (1 / 0.5 / 2) H AH Ph̄

dot_Ph 0.72 / 0.79 / 0.65 0.00 / 0.00 / 0.00 0.00 / 0.05 / 0.01 0.00 / 0.00 / 0.00
dot_Phbar 0.00 / 0.00 / 0.00 0.00 / 0.00 / 0.00 0.29 / 0.36 / 0.28 0.57 / 0.52 / 0.57
dot_Hbar 0.74 / 0.73 / 0.74 0.00 / 0.00 / 0.00 0.15 / 0.22 / 0.09 0.01 / 0.00 / 0.02

Finally, we report the FEVD for the model with non-separable utility for multiple parameterisations
of parameter ρns. From Table 4, there are two results. First, housing sector variables are driven by
productivity with a higher share than in models with separable utility functions. Second, there are
minor changes in the productivity share with respect to parameter ρns.

Table 4: Forecast Error Variance Decomposition (Model fYns, ρns = {1,0.5,10})

A (1 / 0.5 / 10) H AH Ph̄

dot_Ph 0.80 / 0.78 / 0.80 0.00 / 0.00 / 0.00 0.02 / 0.01 / 0.13 0.00 / 0.00 / 0.00
dot_Phbar 0.01 / 0.01 / 0.01 0.00 / 0.00 / 0.00 0.27 / 0.27 / 0.27 0.58 / 0.58 / 0.58
dot_Hbar 0.77 / 0.76 / 0.76 0.00 / 0.00 / 0.00 0.17 / 0.16 / 0.21 0.00 / 0.01 / 0.00

5.3 Moments

In this subsection we compare the second moments between the data and our housing sector models.

Figure B.16 shows the correlation of house prices with consumption growth (C), investment growth
(I), MP-relevant inflation (Pc), the policy rate (R), exchange rate change (S) and new houses (H)
both in the Czech data and in our models. The green sign denotes data. The red sign denotes the
point estimate based on the estimated VAR and the shadow bars denote the bootstrapped estimates
of this correlation. The other signs denote the correlations implied by our baseline calibration of the
model. Our model roughly corresponds to the bootstrapped confidence intervals for the correlation
of house prices with consumption and investment. The model-implied correlations are rather higher
than the point estimates, but given the contamination of Czech house price data (discussed in Sec-
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tion 3), we do not see this as a problem. The model-implied correlations with consumer inflation
are rather lower than the point estimate, but well within the confidence intervals. We match the cor-
relations of house prices and exchange rate changes, and the model-implied correlations between
the housing stock and house prices are higher in the models than in the data. Again, however, this is
not necessarily a vice given the contamination of Czech housing data by non-fundamental factors.

Figure B.17 shows the correlation of new houses with aggregates. Here, our models imply rather
higher correlations between houses and macroeconomic aggregates than in the data. This can be
partly solved by increasing the value of η , as shown in Figure B.18.40 Nevertheless, we are now
unsure whether this would really be a plausible thing to do: our models imply higher comovements
among the variables than what is observed in the Czech data, but this may only reflect the pre-2005
sample and it is not completely unrealistic to expect the comovement to increase to what is observed
in advanced economies.

6. Conclusion

In this paper, we make two contributions to the understanding of housing market dynamics and their
relationship with the macroeconomy.

First, we analyse housing market data for a large set of advanced countries and place the dynamics
of the Czech housing market in this context. We show that in most advanced countries, housing
market variables (prices, quantities, labour inputs) are cyclical and that in the pre-2005 period this
was not always the case for the Czech economy. However, since 2005, it seems that the alignment
of the housing market with the business cycle has increased in the Czech Republic as well.

Second, we present a cascade of DSGE models which incorporate the housing market. We analyse
their impulse responses and show that the introduction of the housing market does not destroy the
conventional wisdom of New Keynesian economics, even if the housing market extension is rather
complex. We confront the model-based moments implied by the models with data and the results
are not unsatisfactory. We achieve this without introducing collateral constraints or other exotic
features, using just standard demand and supply mechanisms. We conclude that to incorporate the
housing market into DSGE models, the standard mechanisms are sufficient. We also provide a
limited sensitivity analysis with respect to the parameterisation of the utility function and discuss
its impacts on the model’s properties.

In the future, the research could be extended along several dimensions. Especially, we are consid-
ering introducing non-fundamental movements in house prices (aka bubbles) to be able to filter out
non-fundamental episodes in the Czech housing market (such as the surge in house prices prior to
EU entry). However, this is left for future research.

40 This would also be the case for the correlations of aggregates with house prices: higher values of η would bring
them closer towards the data.
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HLAVÁČEK, M. AND L. KOMÁREK (2009): “Housing Price Bubbles and their Determinants in
the Czech Republic and its Regions.” Working Paper 2009/12, Czech National Bank

HODRICK, R. J. AND E. C. PRESCOTT (1997): “Postwar U.S. Business Cycles: An Empirical
Investigation.” Journal of Money, Credit and Banking, 29(1):1–16.

IACOVIELLO, M. AND S. NERI (2010): “Housing Market Spillovers: Evidence from an Estimated
DSGE Model.” American Economic Journal: Macroeconomics, 2(2):125–64.

KAHN, J. (2008): “What Drives Housing Prices?” FED Staff Report no. 345.

KIM, J. (2003): “Functional equivalence between intertemporal and multisectoral investment
adjustment costs.” Journal of Economic Dynamics and Control, 27(4):533–549.

KYDLAND, F. E. AND E. C. PRESCOTT (1982): “Time to Build and Aggregate Fluctuations.”
Econometrica, 50(6):1345–1370.

LAMBERTINI, L., C. MENDICINO, AND M. T. PUNZI (2010): “Expectations-Driven Cycles in
the Housing Market.” Working Papers 1021, Banco de Portugal

LEAMER, E. E. (2007): “Housing IS the Business Cycle.” NBER Working Papers 13428, National
Bureau of Economic Research

MCCARTHY, Y. AND K. MCQUINN (2013): “Price expectations, distressed mortgage markets and
the housing wealth effect.” Research Technical Paper 6/RT/13, Central Bank of Ireland

MURÁRIK, R. (2011): “Price Setting Behaviour in the Czech Republic, Micro Data Evidence.”
Statistika - Economy and Statistics Journal, 48(2):24–41.

NAKAMURA, E. AND J. STEINSSON (2008): “Five Facts about Prices: A Reevaluation of Menu
Cost Models.” The Quarterly Journal of Economics, 1415–1464.

OHANIAN, L. E. AND A. RAFFO (2012): “Aggregate hours worked in OECD countries: New mea-
surement and implications for business cycles.” Journal of Monetary Economics, Elsevier,
59(1):40–56.



The Housing Sector over Business Cycles: Empirical Analysis and DSGE Modelling 39

PIAZZESI, M., M. SCHNEIDER, AND S. TUZEL (2007): “Housing, consumption and asset pric-
ing.” Journal of Financial Economics, 83(3):531–569.

ROTEMBERG, J. J. (1982): “Monopolistic Price Adjustment and Aggregate Output.” The Review
of Economic Studies, 49(4):517–531.

ROTEMBERG, J. J. (1982): “Sticky Prices in the United States.” Journal of Political Economy, 90
(6):1187–1211.

SCHMITT-GROHÉ, S. AND M. URIBE (2003): “Closing Small Open Economy Models.” Journal
of International Economics, 61:163–185.

TOMURA, H. (2010): “International capital flows and expectation-driven boom-bust cycles in the
housing market.” Journal of Economic Dynamics and Control, 34(10):1993–2009.

TOMURA, H. (2013): “Heterogeneous beliefs and housing-market boom-bust cycles.” Journal of
Economic Dynamics and Control, 37(4):735–755.
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Appendix A: Model Equations

In this section we present the model equations. We focus mainly on the first-order conditions of
the optimisation problems described above. On the other hand, we do not explicitly describe the
definitions, identities or AR processes. Also, since the production functions and laws of motion are
presented in the optimisation problems in Section 4, we do not repeat them in this section, although
they are a necessary part of the model codes.

A.1 Baseline Model

Households

The first-order conditions of households with respect to consumption, government bonds, invest-
ment and the capital stock are
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Assuming the Calvo-Yun setup with a full indexation scheme, the first-order condition with respect
to labour and wages is41
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In the model we assume persistence (via an AR process) of the discount factor βt
42 and labour

supply shocks aL
t .

41 In the first version of the model, we used Rotemberg’s (Rotemberg, 1982a,b) setup, which implies an equation
of the form
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The behaviour of the model does not differ much.
42 The discount factor each time is scaled by β0, i.e. 1

β0
[β0U(C0,L0)+β0β1U(C1,L1)+ · · · ].
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Domestic Intermediate Producers

The first-order conditions with respect to capital and labour are

Qtkt = (1− γL)q
Y
t Yt , (A.6)

WtLt = γLqY
t Yt . (A.7)

Substituting kt and Lt from the FOC into the production function implies an equation for nominal
marginal costs as a function of the weighted prices of both inputs, i.e.

qY
t =

1
aY

t

[Qt ]
(1−γL)[Wt ]

γL

(1− γL)γL(γL)γL
.

The Phillips curve is

log

(
ṖY

t
ṖY

t−1

)
= βt log

(
ṖY

t+1
ṖY

t

)
+

(1−βtΞPY )(1−ΞPY )

ΞPY
log
(

qY
t

PY
t

νPY

νPY −1

)
+ ε

PY

t . (A.8)

Also, we assume persistence of the TFP shocks aY
t .

Intermediate Importers

The Phillips curve is

log

(
ṖM

t
ṖM

t−1

)
= βt log

(
ṖM

t+1
ṖM

t

)
+

(1−βtΞPM )(1−ΞPM )

ΞPM
log
(

P∗t
PM

t

νPM

νPM −1

)
+ ε

PM

t , (A.9)

where PM
t is the price of imports in the domestic currency and P∗t is the price of foreign goods in

the domestic currency (nominal marginal costs), which is defined as

P∗t = St P̃∗t ,

where P̃∗t is the price of foreign goods in the foreign currency and St is the nominal exchange rate.

Final-Goods Producing Firms

Assuming the Leontief production function, the first-order conditions in the consumption sector are

YC
t = (1−ωC)Ct (A.10)

and

(MC
t /AX

t ) = ωCCt . (A.11)



42 Jan Brůha and Jiří Polanský

The implied nominal marginal (and average) costs are

qC
t = (1−ωC)P

Y
t +ωCPM

t AX
t . (A.12)

The Phillips curve in the consumption goods-producing sector is

log

(
ṖC

t
ṖC

t−1

)
= βt log

(
ṖC

t+1

ṖC
t

)
+

(1−βtΞPC)(1−ΞPC)

ΞPC
log

(
qC

t
PC

t

νPC

νPC −1

)
+ ε

PC

t . (A.13)

The equations for the investment and export goods-producing sectors are analogous, except that
export prices are sticky in the foreign currency due to the local currency pricing assumption.

Final government goods are produced from domestic intermediate goods

Gt = Y G
t . (A.14)

The Phillips curve in the final government goods-producing sector is

log

(
ṖG

t
ṖG

t−1

)
= βt log

(
ṖG

t+1

ṖG
t

)
+

(1−βtΞPG)(1−ΞPG)

ΞPG
log

(
qG

t
PG

t

νPG

νPG−1

)
+ ε

PG

t , (A.15)

where nominal marginal costs are

qG
t = PY

t . (A.16)

Forex Dealers

Substituting the Euler equation into the FOC of forex dealers implies a debt-elastic premium version
of the uncovered interest parity

St+1
St

R∗t = Rt(1+ζ ℑ
uip
t B∗t ), (A.17)

where the domestic interest rate increases with the amount of foreign debt (Schmitt-Grohé and
Uribe, 2003). For better model properties, spreading of Ṡ over time is incorporated. The debt-elastic
premium is persistent in time.

Monetary Policy

logRt = ρR logRt−1 +(1−ρR)

[
logR+ψ log

(
Ṗyy

t+4
Ṗyy

)]
+ ε

mp
t . (A.18)
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Fiscal Policy

log

(
PG

t Gt

PC
t Ct

)
= ρG log

(
PG

t−1Gt−1

PC
t−1Ct−1

)
+(1−ρG) log

(
PGG
PCC

)
+ ε

G
t . (A.19)

Rest of the World

The downward-sloping demand curve for domestic exports is

Xt =

(
PX

t
P∗t

)−θ

N∗t . (A.20)

Foreign variables (the foreign interest rate, foreign demand and foreign inflation) evolve according
to

logR∗t = ρR∗ logR∗t−1 +(1−ρR∗) logR∗+ ε
R∗
t , (A.21)

logN∗t = ρN∗ logN∗t−1 +(1−ρN∗) logN∗+ ε
N∗
t , (A.22)

log ˙̃P
∗
t = ρP∗ log ˙̃P

∗
t−1 +(1−ρP∗) log ˙̃P

∗
+ ε

P∗
t . (A.23)

Balanced Growth Path

Similarly to Andrle et al. (2009), we assume a balanced growth path where all variables are either
constant or grow at a constant pace. The implied (due to the Cobb-Douglas production function)
relationship is

Żt = Ȧt(ȦI
t )

1−γ

γ , (A.24)

where aggregate growth Żt is implied by labour-augmenting technology growth Ȧ and growth of
investment-specific technology ȦI

t , which evolve according to AR processes.

National Accounting

The market-clearing equations for domestic and imported intermediate goods are

Yt = YC
t +Y G

t +Y I
t +Y X

t (A.25)

and

Mt = MC
t +MI

t +MX
t , (A.26)

where both domestic and imported goods are used for the production of consumption, investment
and export final goods. Government final goods are produced from domestic intermediate goods
only.
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The budget constraints of households and government are

PC
t Ct +PI

t It +Bt =WtLt +Rt−1Bt−1 +QtKt−1 +PC
t Ft +Φt (A.27)

and

Rt−1Bt−1 +PG
t Gt +PC

t Ft = Bt +St
ζB
2

ℑ
uip
t (B∗t )

2. (A.28)

Households’ dividends are

Φt = Φ
Y
t +Φ

M
t +Φ

C
t +Φ

G
t +Φ

I
t +Φ

X
t +Φ

F
t , (A.29)

where

Φ
Y
t = PY

t Yt −WtLt −Qtkt ,

Φ
M
t = PM

t Mt −MtP∗t ,

Φ
C
t = PC

t Ct −PY
t YC

t −PM
t MC

t ,

Φ
G
t = PG

t Gt −PY
t Y G

t ,

Φ
J
t = PI

t It −PM
t MI

t ,

Φ
X
t = PX

t Xt −PY
t Y X

t −PM
t MX

t ,

Φ
F
t = StB∗t−1i∗t−1−StB∗t −St

ζB
2

ℑ
uip
t (B∗t )

2.

The previous equations imply

StB∗t = StB∗t−1R∗t−1 +PX
t Xt −P∗t Mt .

Substituting for foreign bonds in the domestic currency B∗,dc
t = StB∗t results in

B∗,dc
t = ṠtB

∗,dc
t−1 R∗t−1 +PX

t Xt −P∗t Mt .

Relating net foreign assets to the volume of nominal exports implies

Bt = ṠtBt−1R∗t−1
PX

t−1Xt−1

PX
t Xt

+1− P∗t Mt

PX
t Xt

, (A.30)

where

Bt ≡
B∗,dc

t
PX

t Xt
.
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A.2 Extension I: Houses Fall from the Sky

The first-order condition with respect to the stock of houses is

λtλ
H
t = φHH−η

t +βtλt+1λ
H
t+1, (A.31)

where we assume an autoregressive process for the (stationarised) housing stock

logHt = ρH logHt−1 +(1−ρH) logH + ε
H
t . (A.32)

Also, we assume that the stock of houses and the price of houses grow by

Ḣt = (Ht/Ht−1)(Żt ȦH
t )

1
η (A.33)

and

λ̇
H
t = (λ H

t /λ
H
t−1)Ṗ

Y
t /ȦH

t , (A.34)

where AH
t is a sector-wide technology compatible with the model’s balanced growth path. Also, we

assume it is persistent over time via an AR process.

A.3 Extension II: Houses Are Produced from Intermediate Output

Apart from the equations in the baseline model, the first-order conditions of the household sector
with respect to the stock of houses Ht and new houses h̄t are

λtλ
H
t = φH exp(εH

t )H−η

t +βtλt+1λ
H
t+1

[
(1−δH)

(
h̄t+1
δHHt

)δH

− ηH
2

(
h̄t+1

h̄t

1
ααH −1

)2
]
, (A.35)

Ph̄
t = λ

H
t

(
δHHt−1

h̄t

)1−δH

−ηHλ
H
t

Ht−1
h̄t−1

(
h̄t

h̄t−1

1
ααH −1

)
1

ααH

+βtηH
λt+1

λt
λ

H
t+1

Ht
h̄t

h̄t+1
h̄t

(
h̄t+1

h̄t

1
ααH −1

)
1

ααH . (A.36)

The Phillips curve for the new house-producing sector is

log

(
Ṗh̄

t

Ṗh̄
t−1

)
= βt log

(
Ṗh̄

t+1

Ṗh̄
t

)
+

(1−βtΞPh̄)(1−ΞPh̄)

ΞPh̄
log

(
PY

t

Ph̄
t

νPh̄

νPh̄−1

)
+ ε

Ph̄

t . (A.37)

The market-clearing condition for domestic intermediate goods is modified to incorporate the pro-
duction of new houses

Yt = YC
t +Y G

t +Y I
t +Y X

t +Y h̄
t . (A.38)

The dividends from the new house sector are

Φ
h̄
t = Ph̄

t h̄t −PY
t Y h̄

t , (A.39)



46 Jan Brůha and Jiří Polanský

which does not imply any change in the NFA equation, since Ph̄
t h̄t are purchased by households.

The assumption of a balanced growth path with respect to Ḣt and λ̇ H
t does not change (equations

A.33 and A.34). The growth rates and prices of new houses are

˙̄ht = (h̄t/h̄t−1)(Żt ȦH
t )

1
η (A.40)

and

Ṗh̄
t = (Ph̄

t /Ph̄
t−1)Ṗ

Y
t /ȦH

t . (A.41)

A.4 Extension III: Houses Are Produced from Sector-Specific Inputs

With respect to the housing sector, the model contains the first-order equations described earlier
(A.35 and A.36). The first-order conditions of households with respect to investment in houses,
capital for house construction and labour and wages in the housing sector (the wage Phillips curve)
are

PI
t = λ

K
t

(
δK Kt−1

It

)1−δK

−ηK λ
K
t

Kt−1
It−1

(
It

It−1

1
ααI

−1
)

1
ααI

+βtηK
λt+1

λt
λ

K
t+1

Kt
It

It+1
It

(
It+1
It

1
ααI

−1
)

1
ααI

, (A.42)

λ
K
t = βt

λt+1
λt

[
Qt+1 +(1−δK )λK

t+1

(
It+1

δK Kt

)δK

−ηK

2
λ

K
t+1

(
It+1
It

1
ααI

−1
)2
]

(A.43)

and

log
(

Ẇt

Ẇt−1

)
= βt log

(
Ẇt+1

Ẇt

)
+

(1−βtΞW )(1−ΞW )

ΞW
log

(
φ`a`t
λtWt

νW

νW −1

)
+ ε

W
t . (A.44)

Production of New Houses

The first-order conditions with respect to both inputs are

Qtκt = (1− γ`)q
h̄
t h̄t (A.45)

and

Wt`t = γ`q
h̄
t h̄t . (A.46)

The Phillips curve is

log

(
Ṗh̄

t

Ṗh̄
t−1

)
= βt log

(
Ṗh̄

t+1

Ṗh̄
t

)
+

(1−βtΞPh̄)(1−ΞPh̄)

ΞPh̄
log

(
qh̄

t

Ph̄
t

νPh̄

νPh̄−1

)
+ ε

Ph̄

t . (A.47)
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Housing Investment

The Phillips curve is

log

(
ṖI

t

ṖI
t−1

)
= βt log

(
ṖI

t+1

ṖI
t

)
+

(1−βtΞPI )(1−ΞPI )

ΞPI
log
(

PY
t

PI
t

νPI

νPI −1

)
+ ε

PI

t , (A.48)

where nominal marginal costs are qI
t = PY

t .

Balanced Growth Path

Since we allow for separate investment-specific technologies in both final investment goods-
producing sectors, the Cobb-Douglas technology implies an equation for investment-specific tech-
nology in the housing investment sector which has the form

(Żt ȦH
t )

1
ηH = (Żt ȦI

t )1−γ`(Ȧt)
γ` ,

which becomes

ȦI
t =

(Żt)

1
ηH
−1+γ`

1−γ` (ȦH
t )

1
ηH

1−γ`

(Ȧt)
γ`

1−γ`

. (A.49)

Similarly to the investment sector, the growth rates of housing investment and house prices along
the balanced growth path are

İt = (It/It−1)(Żt ȦI
t ) (A.50)

and

ṖI
t = (PI

t /PI
t−1)Ṗ

Y
t /ȦI

t . (A.51)

National Accounting

The market-clearing condition for domestic intermediate goods is

Yt = YC
t +Y G

t +Y I
t +Y X

t +YI
t (A.52)

and the dividends are

Φ
I
t = PI

t It −PY
t YI

t . (A.53)
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A.5 Extension IV: Houses Are Produced from Sector-Specific Inputs and Land

With respect to the housing sector, the model contains equations (A.35), (A.36), (A.42), (A.43),
(A.44), (A.47), (A.48) and (A.52).

Households

The first-order condition with respect to land is

PL
t =

(
βt

λt+1
λt

)
(QL

t+1 +PL
t+1), (A.54)

where we assume stationary (constant) land which evolves temporarily according to an AR process

logLt = ρL logLt−1 +(1−ρL ) logL + ε
L
t . (A.55)

The growth of land prices along the balanced growth path is

ṖL
t = (PL

t /PL
t−1)Żt ṖY

t . (A.56)

Production of New Houses

The first-order conditions with respect to construction capital, labour and land are

Qtκt = γκ qh̄
t h̄t , (A.57)

Wt`t = γ`q
h̄
t h̄t , (A.58)

QL
t Lt = (1− γκ − γ`)q

h̄
t h̄t . (A.59)

Balanced Growth Path

The relationship among technologies implies

h̄t = Ah̄
t κ

γκ

t (AH
t `t)

γ`L (1−γκ−γ`) ⇒ (Żt ȦH
t )

1
ηH = (Żt ȦI

t )γκ (ȦH
t )γ`

1
(Ȧ`

t )
γ`

⇒

ȦI
t = (Żt)

1
ηH
−γκ

γκ (ȦH
t )

1
ηH
−γ`

γκ (Ȧ`
t )

γ`
γκ . (A.60)
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A.6 Extension V: Non-separable Utility Function

The first-order conditions with respect to consumption and the stock of houses are

λtPC
t =

(1−χ)(1−φH)

tג −χגF
t

(
tג
Ct

)1+ρns

(A.61)

and

λtλ
H
t =

(1−χ)φH exp(εH
t )

tג −χגF
t

[
tAHג

t
Ht

]1+ρns 1
AH

t

+βtλt+1λ
H
t+1(1−δH)

(
ht+1
δHHt

)δH

−βtλt+1λ
H
t+1

ηH
2

(
h̄t

h̄t−1

1
ααH −1

)2
. (A.62)
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Appendix B: Model Properties

Figure B.1: Monetary Policy Shock
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Figure B.2: Habit Shock
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Figure B.3: TFP Shock

5
10

15
20

-0
.10

0.
1

0.
2

0.
3

C
on

su
m

pt
io

n 
(q

/q
, p

.a
.)

5
10

15
20

-0
.1

-0
.0

50

In
ve

st
m

en
t (

q/
q,

 p
.a

.)

5
10

15
20

-0
.50

0.
5

E
xp

or
ts

 (
q/

q,
 p

.a
.)

5
10

15
20

-0
.4

-0
.20

0.
2

0.
4

Im
po

rt
s 

(q
/q

, p
.a

.)

5
10

15
20

-0
.5

-0
.4

-0
.3

-0
.2

-0
.10

In
te

re
st

 r
at

e 
(p

.a
.)

5
10

15
20

012

N
om

in
al

 e
xc

ha
ng

e 
ra

te
(q

/q
, p

.a
.)

5
10

15
20

-0
.1

5

-0
.1

-0
.0

50N
om

in
al

 w
ag

es
 (

q/
q,

 p
.a

.)

5
10

15
20

-1
.5-1

-0
.50

0.
5

P
y 

in
fla

tio
n 

(q
/q

, p
.a

.)

5
10

15
20

-0
.3

-0
.2

-0
.10

P
c 

in
fla

tio
n 

(q
/q

, p
.a

.)

5
10

15
20

-0
.1

5

-0
.1

-0
.0

50

P
i i

nf
la

tio
n 

(q
/q

, p
.a

.)

5
10

15
20

-0
.50

0.
51

1.
52

P
x 

in
fla

tio
n 

(q
/q

, p
.a

.)

5
10

15
20

-0
.4

-0
.20

0.
2

0.
4

0.
6

P
m

 in
fla

tio
n 

(q
/q

, p
.a

.)

5
10

15
20

-0
.10

0.
1

0.
2

0.
3

N
ew

 h
ou

se
s 

(q
/q

, p
.a

.)

5
10

15
20

-0
.4

-0
.20

0.
2

0.
4

0.
6

H
ou

se
 p

ric
es

 (
q/

q,
 p

.a
.)

ep
s-

A
y

5
10

15
20

-0
.8

-0
.6

-0
.4

-0
.20

0.
2

0.
4

P
ric

es
 o

f n
ew

 h
ou

se
s 

(q
/q

, p
.a

.)

 

 

B
as

el
in

e
fS fY fL

K
fL

K
P

fY
ns

 (
ρ ns

 =
 1

)



The Housing Sector over Business Cycles: Empirical Analysis and DSGE Modelling 53

Figure B.4: Cost-Push Shock to Headline Inflation
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Figure B.5: Wage-Push Shock
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Figure B.6: UIP Shock
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Figure B.7: Foreign Interest Rate Shock
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Figure B.8: Foreign Cost-Push Shock
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Figure B.9: Foreign Demand Shock
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Figure B.10: Shock to the Discount Factor
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Figure B.11: Housing Preference Shock
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Figure B.12: Shock to Prices of New Houses
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Figure B.13: Shock to House Technology
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Figure B.14: Labour-Augmenting Technology Shock under Different Values of η (Model fY)
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Figure B.15: Housing Preference Shock under Different Values of η (Model fY)
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Figure B.16: Correlation of House Prices with Selected Variables
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Figure B.17: Correlation of New Houses with Selected Variables
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Figure B.18: Correlation of New Houses with Selected Variables (Various Values of η)
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