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This paper analyzes the role of stochastic uncertainty in a multi-sector housing model
with financial frictions. We include time varying uncertainty (i.e. risk shocks) in the
technology shocks that affect housing production and provide estimates of the time-series
properties of risk shocks by using firm level productivity data. The analysis demonstrates
that risk shocks to the housing production sector are a quantitatively important impulse
mechanism for understanding housing price movements. Specifically, the model can
match the volatility of housing prices observed in the data. It is also demonstrated that
adjustment costs are important in replicating the contemporaneous correlation of housing
prices with GDP and residential investment. Critically, bankruptcy costs act as an
endogenous markup factor in housing prices and are an important determinant of house
price volatility. However, in comparison to housing demand shocks, risk shocks have low
explanatory power for real quantities.

& 2014 Elsevier B.V. All rights reserved.
1. Introduction

Given the recent macroeconomic experience of most developed countries, few economists would argue with the
following three observations: (1) financial intermediation plays an important role in the economy; (2) the housing sector is
a critical component for aggregate economic behavior; and (3) uncertainty, and, in particular, time-varying uncertainty is a
quantitatively important source of business cycle activity. However, while an extensive research literature is associated with
each of these ideas individually, there are none that we know of which studies their joint influences and interactions.2
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The research presented here attempts to fill this void; in particular, we analyze the role of time varying uncertainty (i.e. risk
shocks) in a multi-sector real business cycle model that includes housing production (developed by Davis and Heathcote,
2005) and a financial sector with lending under asymmetric information (e.g. Carlstrom and Fuerst, 1997, 1998; Dorofeenko
et al., 2008). We model risk shocks as a mean preserving spread in the distribution of the technology shocks affecting house
production and explore quantitatively howchanges in uncertainty affect equilibrium characteristics.

Our aim in examining this environment is twofold. First, we wish to develop a framework that can capture one of the
main components of the recent financial crises, namely, changes in the risk associated with the housing sector. In our
analysis, we focus entirely on the variations in risk associated with the production of housing and the consequences that this
has for lending and economic activity. Hence our analysis is very much a fundamental-based approach so that we side-step
the delicate issues of modeling housing bubbles and departures from rational expectations. The results, as discussed below,
suggest (to us) that this conservative approach is warranted.3 Second, we want to cast the analysis of risk shocks in a model
that is broadly consistent with some of the important stylized facts of the housing sector such as: (i) residential investment
is about twice as volatile as non-residential investment and (ii) residential investment and non-residential investment are
highly procyclical.4 Hence, we view our analysis as more of a quantitative rather than qualitative exercise.

With this in mind, we employ the Davis and Heathcote (2005) housing model which, when calibrated to the U.S. data,
can replicate the high volatility observed in residential investment despite the absence of any frictions in the economy. The
recent analysis in Christiano et al. (2013), however, provides compelling evidence that financial frictions do play an
important role in business cycles and, given the recent financial events, it seems reasonable to investigate this role when
combined with a housing sector.5 Consequently, we modify the Davis and Heathcote (2005) framework by adding a financial
sector in the economy and require that housing producers must finance their inputs via loans from the banking sector.
While this modification improves the model upon some dimensions, a notable discrepancy between model output and the
data is the volatility of housing prices; this inconsistency was also prominent in the original Davis and Heathcote (2005)
analysis. However, when risk shocks are added to the production of housing, the model produces greater house price
volatility, but still less than that seen in the data. Also, the model with risk shocks generates excess volatility in several real
variables such as residential investment. We find that adding adjustment costs to housing production with a quite
reasonable value for the adjustment cost parameter eliminates this excess volatility in the real side and, importantly, the
model now matches the observed volatility of housing prices. We demonstrate that housing prices in our model are affected
by expected bankruptcies and the associated agency costs; these serve as an endogenous, time-varying markup factor
affecting the price of housing. When risk shocks are added to the model, volatility in this markup translates into increased
volatility in housing prices. Moreover, the model implies that this endogenous markup to housing as well as the risk
premium associated with loans to the housing sector should be countercyclical; both of these features are seen in the data.6

It is important to point out that, since the quantitative results of the calibration exercise are emphasized here, the
estimation of the time-series properties of the risk shocks plays an critical role in our calibration analysis. Previous literature
(see Bloom et al., 2008; Gilchrist et al., 2008) have used financial data to empirically identify risk shocks but here we follow
Chugh (2011) in using the cross-sectional variation in firm level productivity as our measure of time-varying uncertainty in
housing production productivity.

As a final quantitative exercise, we introduce stochastic demand for housing in order to compare the magnitude of effects
due to random housing demand vis-a-vis production uncertainty. (Our model of demand shocks follows that of Iacoviello
and Neri, 2010.) Since demand shocks have a direct effect on the housing market, we show that these shocks dominate
uncertainty shocks with respect to explaining the movements in the quantities, e.g residential investment. However,
uncertainty shocks still play an important role in the lending market and are important for the model to capture housing
price movements. Our results are consistent with the recent analysis of Bachmann et al. (2013) and Chugh (2011) which
question the importance of risk shocks for the movement of real quantities; risk shocks, however, are critical for explaining
price movements (here in the form of housing price volatility).

The next section lays out the model; this is followed by a section detailing how the parameter values were chosen. In the
next section, equilibrium results are discussed. In that section, the quantitative role of uncertainty shocks, adjustment costs
(footnote continued)
et al. (2008), Fernández-Villaverde et al. (2011), Christiano et al. (2013), and Chugh (2011). The last paper is closely related to Dorofeenko et al. (2008) in
that it demonstrates, using firm level data to estimate risk shocks, that in a standard financial accelerator model, the quantitative effects of risk shocks on
aggregate quantities are modest.

3 In a closely related analysis, Kahn (2008) also uses a multi-sector framework in order to analyze time variation in the growth rate of productivity in a
key sector (consumption goods). He demonstrates that a change in regime growth, combined with a learning mechanism, can account for some of the
observed movements in housing prices.

4 One other often mentioned stylized fact is that housing prices are persistent and mean reverting (e.g. Glaeser and Gyourko, 2006).
5 Christiano et al. (2013) use a New Keynesian model to analyze the relative importance of shocks arising in the labor and goods markets, monetary

policy, and financial sector. They find that time-varying second moments, i.e. risk shocks, are quantitatively important relative to the other impulse
mechanisms.

6 In addition to these cyclical features, a marked feature of the housing sector has been the growth in residential and commercial real estate lending
over the last decade. For example, residential real estate loans (excluding revolving home equity loans) account for approximately 50% of total lending by
domestically chartered commercial banks in the United States over the period October 1996 to July 2007. Moreover, there is a strong co-movement
between the amount of real estate loans and house prices.
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and housing demand shocks is presented. The paper concludes with some summarizing statements and suggestions for
further research.

2. Model description

As stated above, our model builds on two separate strands of literature: Davis and Heathcote's (2005) multi-sector
growth model with housing and Dorofeenko et al.'s (2008) credit channel model with time-varying uncertainty. For
expositional clarity, we first briefly outline our variant of the multi-sector growth model with housing framework and then
introduce the credit channel model.

2.1. Production

2.1.1. Firms
The economy consists of two agents, a consumer and an entrepreneur, and four sectors: an intermediate goods sector,

a final goods sector, a housing goods sector and a banking sector. The intermediate sector is composed of three perfectly
competitive industries: a building/construction sector, a manufacturing sector and a service sector. The output from these
sectors is then combined to produce a residential investment good and a consumption good which can be consumed or used
as capital investment; these sectors are also perfectly competitive. Entrepreneurs combine residential investment with a
fixed factor (land) to produce housing; this sector is where the lending channel and financial intermediation play a role.

Turning first to the intermediate goods sector, the representative firm in each sector is characterized by the following
Cobb–Douglas production function:

xit ¼ kθiit ðnit expzit Þ1�θi ð1Þ
where i¼ b;m; s (building/construction, manufacture, service), kit ;nit , and zit are capital, household labor, and a labor
augmenting productivity shock respectively for each sector, with θi being the share of capital for sector i.7 In our calibration
we set θboθm reflecting the fact that the manufacturing sector is more capital intensive (or less labor intensive) than the
construction sector.

Productivity in each sector exhibits stochastic growth as given by

zit ¼ t logðgz;iÞþ ~zit ð2Þ
where gz;i is the trend growth rate in sector i.

The vector of technology shocks, ~z ¼ ð~zb; ~zm; ~zsÞ, follows an ARð1Þ process:
~ztþ1 ¼ B � ~ztþ ε!tþ1 ð3Þ

The innovation vector ε! is distributed normally with a given covariance matrix Σε.8

These intermediate firms maximize a conventional static profit function every period. That is, at time t, the objective
function is

max
fkit;nitg

∑
i
pitxit�rtkit�wtnit

( )
ð4Þ

which results in the usual first order conditions for factor demand:

rtkit ¼ θipitxit ; wtnit ¼ ð1�θiÞpitxit ð5Þ
where rt ;wt , and pit are the capital rental, wage, and output prices (with the consumption good as numeraire), respectively.

The intermediate goods are then used as inputs to produce two final goods, yj, where j¼ c;d (consumption/capital
investment and residential investment respectively). This technology is also assumed to be Cobb–Douglas with constant
returns to scale:

yjt ¼ ∏
i ¼ b;m;s

x1ρij
ijt ; j¼ c; d: ð6Þ

Note that there are no aggregate technology shocks in the model. The input matrix is defined by

x1¼
bc bd
mc md

sc sd

0
B@

1
CA; ð7Þ
7 Real estate developers, i.e. entrepreneurs, also provide labor to the intermediate goods sectors. This is a technical consideration so that the net worth
of entrepreneurs, including those that go bankrupt, is positive. Labor's share for entrepreneurs is set to a trivial number and has no effect on output
dynamics. Hence, for expositional purposes, we ignore this factor in the presentation.

8 We abstract from a feature where a government sector is characterized by non-stochastic tax rates, government expenditures and a balanced budget
in every period in order to focus on time varying uncertainty and the credit channel. Our original model included these elements but it was determined
that they did not have much influence on the policy functions that characterize equilibrium (although they clearly influence steady-state values).
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where, for example, mj denotes the quantity of manufacturing output used as an input into sector j. The shares of
construction, manufactures and services for sector j are defined by the matrix

ρ¼
Bc Bd

Mc Md

Sc Sd

0
B@

1
CA: ð8Þ

The relative shares of the three intermediate inputs differ in producing the two final goods. For example, in the calibration of
the model, we set BcoBd to represent the fact that residential investment is more construction input intensive relative to
the consumption good sector. The first degree homogeneity of the production processes implies ∑iρij ¼ 1; j¼ c; d while
market clearing in the intermediate goods markets requires xit ¼∑jx1ijt ; i¼ b;m; s.

With intermediate goods as inputs, the final goods' firms solve the following static profit maximization problem at t (as
stated earlier, the price of consumption good, pct , is normalized to (1)):

max
xijt

yctþpdtydt�∑
j
∑
i
pitx1ijt

( )
ð9Þ

subject to the production functions (Eq. (6)) and non-negativity of inputs.
The first order conditions associated with profit maximization are given by the typical marginal conditions

pitx1ijt ¼ ρijpjtyjt ; i¼ b;m; s; j¼ c; d ð10Þ

Constant returns to scale implies zero profits in both sectors so we have the following relationships:

∑
j
pjtyjt ¼∑

i
pitxit ¼ rtktþwtnt ð11Þ

Finally, new housing structures, yht, are produced by entrepreneurs (i.e. real estate developers) using the residential
investment good, ydt , and land, xlt , as inputs. This sector is discussed below following the description of the household and
financial sectors.
2.1.2. Households
The representative household derives utility each period from consumption, ct , housing, ht, and leisure, 1�nt; all of these

are measured in per-capita terms. Instantaneous utility for each member of the household is defined by the Cobb–Douglas
functional form of9

U ct ;ht ;1�ntð Þ ¼ ðcμct hμht ð1�ntÞ1�μc �μh Þ1�ψ

1�ψ
ð12Þ

where μc and μh are the weights for consumption and housing in utility, and s represents the coefficient of relative risk
aversion. It is assumed that population grows at the (gross) rate of η so that the household's objective function is written as

E0 ∑
1

t ¼ 0
ðβηÞtUðct ;ht ;1�ntÞ ð13Þ

Each period agents combine labor income with income from capital and land and use these to purchase consumption, new
housing and investment. In the purchase of housing (addition to the existing housing stock), agents interact with the
financial intermediary which offers one unit of housing for the price of pht units of consumption. As described below, the
financial intermediary lends these resources to risky entrepreneurs who use them to buy the inputs into the housing
production. For the household, these choices are represented by the per-capita budget constraint and the laws of motion for
per-capita capital and housing:

wtntþrtktþpltxlt ¼ ctþ iktþphtiht ð14Þ

ηktþ1 ¼ ktð1�δkÞþGðikt ; ikt�1Þ ð15Þ

ηhtþ1 ¼ htð1�δhÞþGðiht ; iht�1Þ ð16Þ

where ikt is capital investment, iht is housing investment, δk and δh are the capital and house depreciation rates
respectively.10 The function GðdÞ is used to introduce adjustment costs into both capital and housing accumulation.
9 This functional form for preferences is the same as that in Davis and Heathcote (2005). In contrast, other DSGE analyses of housing have often
employed separable preferences, e.g. Iacoviello (2005). We use the preferences (and technology, as described below) from Davis and Heathcote (2005)
since their calibrated model matches many key features of the housing market as described in the Introduction. Also, we employ their methodology for
calibrating many of the parameters of the model.

10 Note that lower case variables for capital, labor and consumption represent per-capita quantities while upper case will denote aggregate quantities.
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For both stocks, we use the same functional form:

G izt ; izt�1ð Þ ¼ izt 1�S
izt

izt�1

� �� �
ð17Þ

It is assumed that Sð1Þ ¼ S0ð1Þ ¼ 0 and S″ð1Þ ¼ κz40; z¼ ðh; kÞ; this is sufficient structure on the function given that we log-
linearize the economy when solving for equilibrium. As shown by Christiano et al. (2005), the parameter κz is the inverse of
the elasticity of housing (capital) investment with respect to a temporary change in the shadow price of the housing
(capital) stock, denoted qht ðqktÞ. For more on the properties of this form of adjustment costs (which, importantly, affect the
second derivative of the law of motion of capital rather than the usual first derivative), the reader is directed to Christiano
et al. (2005).

It is also important to note that we follow Davis and Heathcote (2005) in that ht denotes effective housing units.
Specifically, they exploit the geometric depreciation structure of housing structures in order to derive ht. Furthermore, they
derive the law of motion for effective housing units (in a model that does not include agency costs) and demonstrate that
the depreciation rate δh is related to the depreciation rate of structures. As discussed in their analysis, it is not necessary to
keep track of the stock of housing structures as an additional state variable; the amount of effective housing units, ht, is a
sufficient statistic.

The optimization problem leads to the following necessary conditions which represent, respectively, the Euler conditions
associated with capital, housing, and the intra-temporal labor-leisure decision:

U1t ¼ U1tqktG1ðikt ; ikt�1ÞþβηEt ½U1tþ1qktþ1G2ðiktþ1; iktÞ� ð18Þ

U1tqkt ¼ βηEt ½U1tþ1ðrtþ1þqktþ1ð1�δÞÞ� ð19Þ

U1tpht ¼U1tqhtG1ðiht ; iht�1ÞþβηEt ½U1tþ1qhtþ1G2ðihtþ1; ihtÞ� ð20Þ

U1tqht ¼ βηEt ½U1tþ1ð1�δhÞqhtþ1þU2tþ1� ð21Þ

wt ¼U3

U1
: ð22Þ

As mentioned above, the terms qkt and qht denote the shadow prices of capital and housing, respectively. Note that in the
absence of adjustment costs (so that G1ðikt ; ikt�1Þ ¼ G1ðiht ; iht�1Þ ¼ 1 and G2ðiktþ1; iktÞ ¼ G2ðihtþ1; ihtÞ ¼ 0), these shadow prices
are 1 and pht as expected. These Euler equations have the standard marginal cost¼marginal benefit interpretations. For
instance, the left-hand side of Eq. (21) is the marginal cost of purchasing additional housing; at an optimum this must equal
the expected marginal utility benefit of housing which comes from the capital value of undepreciated housing and the direct
utility that additional housing provides. The shadow price, qht , used in this calculus is, in turn, related to the price of housing
and the utility costs associated with housing adjustment costs as reflected in Eq. (20). The equations associated with capital
have an analogous interpretation.

2.2. The credit channel

2.2.1. Housing entrepreneurial contract
The economy described above is identical to that studied in Davis and Heathcote (2005) except for the addition of

productivity shocks affecting housing production.11 We describe in more detail the nature of this sector and the role of the
banking sector. It is assumed that a continuum of housing producing firms with unit mass is owned by risk-neutral
entrepreneurs (developers). The costs of producing housing are financed via loans from risk-neutral intermediaries. Given
the realization of the idiosyncratic shock to housing production, some real estate developers will not be able to satisfy their
loan payments and will go bankrupt. The banks take over operations of these bankrupt firms but must pay an agency fee.
These agency fees, therefore, affect the aggregate production of housing and, as shown below, imply an endogenous markup
to housing prices. That is, since some housing output is lost to agency costs, the price of housing must be increased in order
to cover factor costs.

The timing of events is critical:
1.
 The exogenous state vector of technology shocks and uncertainty shocks, denoted ðzi;t ;sω;tÞ, is realized.

2.
 Firms hire inputs of labor and capital from households and entrepreneurs and produce intermediate output via Cobb–

Douglas production functions. These intermediate goods are then used to produce the two final outputs.

3.
 Households make their labor, consumption, housing, and investment decisions.

4.
 With the savings resources from households, the banking sector provides loans to entrepreneurs via the optimal financial

contract (described below). The contract is defined by the size of the loan ðfpatÞ and a cutoff level of productivity for the
entrepreneurs' technology shock, ωt .
11 Also, as noted above, we abstract from taxes and government expenditures.
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5.
me
Entrepreneurs use their net worth and loans from the banking sector in order to purchase the factors for housing
production. The quantity of factors (residential investment and land) is determined and paid for before the idiosyncratic
technology shock is known.
6.
 The idiosyncratic technology shock of each entrepreneur is realized. If ωatZωt the entrepreneur is solvent and the loan
from the bank is repaid; otherwise the entrepreneur declares bankruptcy and production is monitored by the bank at a
cost proportional (but time varying) to total factor payments.
7.
 Solvent entrepreneur's sell their remaining housing output to the bank sector and use this income to purchase current
consumption and capital. The latter will in part determine their net worth in the following period.
8.
 Note that the total amount of housing output available to the households is due to three sources: (1) the repayment of
loans by solvent entrepreneurs, (2) the housing output net of agency costs by insolvent firms, and (3) the sale of housing
output by solvent entrepreneurs used to finance the purchase of consumption and capital.

A schematic of the implied flows is presented in Fig. 1.
For entrepreneur a, the housing production function is denoted Fðxalt ; yadtÞ and is assumed to exhibit constant returns to

scale. Specifically, we assume

yaht ¼ωatFðxalt ; yadtÞ ¼ωatx
1� ζ
alt yζadt ð23Þ

where ð1�ζÞ denotes the share of land. It is assumed that the aggregate quantity of land is fixed and equal to 1.
The technology shock, ωat, is an idiosyncratic shock affecting real estate developers. The technology shock is assumed to
have a unitary mean. Its logarithm has standard deviation of sω;t . The standard deviation, sω;t , follows an ARð1Þ process:

sω;tþ1 ¼ s1� χ
0 sχω;t exp

εs;t þ 1 ð24Þ

with the steady-state value s0; χA ð0;1Þ and εs;tþ1 is a white noise innovation.12

Entrepreneurs enter each period with net worth given by nwat . Developers use this net worth and loans from the
banking sector in order to purchase inputs. Letting fpat denote the factor payments associated with developer a, we have

fpat ¼ pdtyadtþpltxalt ð25Þ
Hence, the size of the loan is ðfpat�nwatÞ. The realization of ωat is privately observed by each entrepreneur; banks can
observe the realization at a cost that is proportional to the total input bill.

It is convenient to express these agency costs in terms of the price of housing. Note that agency costs combined with
constant returns to scale in housing production (see Eq. (23)) imply that the aggregate value of housing output must be
greater than the value of inputs; i.e. housing must sell at a markup over the input costs, the factor payments. Denote this
markup as st (which is treated as parametric by both lenders and borrowers) which satisfies

phtyht ¼ stfpt ð26Þ
12 This autoregressive process is used so that, when the model is log-linearized, ŝω;t (defined as the percentage deviations from s0) follows a standard,
an-zero AR(1) process.
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Also, since EðωtÞ ¼ 1 and all firms face the same factor prices, this implies that, at the individual level, we have13

phtFðxalt ; yadtÞ ¼ stfpat ð27Þ
Given these relationships, we define agency costs for loans to an individual entrepreneur in terms of foregone housing
production as μstfpat .

With a positive net worth, the entrepreneur borrows ðfpat�nwatÞ consumption goods and agrees to pay back
ð1þrLt Þðfpat�nwatÞ to the lender, where rt

L
is the interest rate on loans. The cutoff value of productivity, ωt , that determines

solvency (i.e. ωatZωtÞ or bankruptcy (i.e. ωatoωt) is defined by

ð1þrLt Þðfpat�nwatÞ ¼ phtωtFðxalt ; yadtÞ ð28Þ
Denoting the c.d.f. and p.d.f. of ωt as Φðωt ; sω;tÞ and ϕðωt ; sω;tÞ, the expected returns to a housing producer are therefore given
by14 Z 1

ω t

½phtωFð�Þ�ð1þrLt Þðfpat�nwatÞ�ϕðω; sω;tÞ dω ð29Þ

Using the definition of ωt and Eq. (27), this can be written as

stfpatf ðωt ; sω;tÞ ð30Þ
where f ðωt ; sω;tÞ is defined as

f ðωt ; sω;tÞ ¼
Z 1

ω t

ωϕðω; sω;tÞ dω�½1�Φðωt ; sω;tÞ�ωt ð31Þ

Similarly, the expected returns to lenders are given byZ ω t

0
phtωFð�Þϕðω; sω;tÞ dωþ½1�Φðωt ; sω;tÞ�ð1þrLt Þðfpat�nwatÞ�Φðωt ; sω;tÞμstfpat ð32Þ

Again, using the definition of ωt and Eq. (27), this can be expressed as

stfpatgðωt ; sω;tÞ ð33Þ
where gðωt ; sω;tÞ is defined as

gðωt ;sω;tÞ ¼
Z ω t

0
ωϕðω; sω;tÞ dωþ½1�Φðωt ; sω;tÞ�ωt�Φðωt ; sω;tÞμ ð34Þ

Note that these two functions sum to

f ðωt ; sω;tÞþgðωt ; sω;tÞ ¼ 1�Φðωt ; sω;tÞμ ð35Þ
Hence, the term Φðωt ; sω;tÞμ captures the loss of housing due to the agency costs associated with bankruptcy. With the
expected returns to lender and borrower expressed in terms of the size of the loan, fpat , and the cutoff value of productivity,
ωt , it is possible to define the optimal borrowing contract by the pair ðfpat ;ωtÞ that maximizes the entrepreneur's return
subject to the lender's willingness to participate (all rents go to the entrepreneur). That is, the optimal contract is
determined by the solution to

max
ω t ; fpat

st fpatf ðωt ; sω;tÞ subject to st fpatgðωt ; sω;tÞZ fpat�nwat ð36Þ

A necessary condition for the optimal contract problem is given by

∂ð�Þ
∂ωt

: stfpat
∂f ðωt ; sω;tÞ

∂ωt
¼ �λtst fpat

∂gðωt ; sω;tÞ
∂ωt

ð37Þ

where λt is the shadow price of the lender's resources. Using the definitions of f ðωt ; sω;tÞ and gðωt ; sω;tÞ, this can be rewritten
as15

1� 1
λt
¼ ϕðωt ; sω;tÞ
1�Φðωt ; sω;tÞ

μ ð38Þ

As shown by Eq. (38), the shadow price of the resources used in lending is an increasing function of the relevant Inverse
Mill's ratio (interpreted as the conditional probability of bankruptcy) and the agency costs. If the product of these terms
equals zero, then the shadow price equals the cost of housing production, i.e. λt ¼ 1.
13 The implication is that, at the individual level, the product of the markup ðst Þ and factor payments is equal to the expected value of housing
production since housing output is unknown at the time of the contract. Since there is no aggregate risk in housing production, we also have phtyht ¼ st fpt .

14 The notation Φðω; sω;t Þ is used to denote that the distribution function is time-varying as determined by the realization of the random variable, sω;t .
15 Note that we have used the fact that ∂f ðω t ; sω;t Þ=∂ω t ¼Φðω t ; sω;t Þ�1o0.
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The second necessary condition is

∂ð�Þ
∂fpat

: stf ωt ;sω;t
� �¼ λt 1�stg ωt ; sω;t

� �� � ð39Þ

These first-order conditions imply that, in general equilibrium, the markup factor, st , will be endogenously determined
and related to the probability of bankruptcy. Specifically, using the first order conditions, we have that the markup, st , must
satisfy

s�1
t ¼ f ωt ; sω;t

� �þg ωt ; sω;t
� �� �þϕðωt ; sω;tÞμf ðωt ; sω;tÞ

∂f ðωt ; sω;tÞ
∂ωt

2
664

3
775¼ 1�Φðωt ; sω;tÞμ|fflfflfflfflfflfflfflffl{zfflfflfflfflfflfflfflffl}

A

� ϕðωt ; sω;tÞ
1�Φðωt ; sω;tÞ

μf ωt ; sω;t
� �

|fflfflfflfflfflfflfflfflfflfflfflfflfflfflfflfflfflfflfflfflfflffl{zfflfflfflfflfflfflfflfflfflfflfflfflfflfflfflfflfflfflfflfflfflffl}
B

2
6664

3
7775 ð40Þ

First note that the markup factor depends only on economy-wide variables so that the aggregate markup factor is well
defined. Also, the two terms, A and B, demonstrate that the markup factor is affected by both the total agency costs (term A)
and the marginal effect that bankruptcy has on the entrepreneur's expected return. That is, term B reflects the loss of
housing output, μ, weighted by the expected share that would go to entrepreneur's, f ðωt ; sω;tÞ, and the conditional
probability of bankruptcy (the Inverse Mill's ratio). Finally, note that, in the absence of credit market frictions, there is no
markup so that st ¼ 1. In the partial equilibrium setting, it is straightforward to show that Eq. (40) defines an implicit
function ωðst ; sω;tÞ that is increasing in st .

The incentive compatibility constraint implies

fpat ¼
1

ð1�stgðωt ; sω;tÞÞ
nwat ð41Þ

Eq. (41) implies that the size of the loan is linear in entrepreneur's net worth so that aggregate lending is well-defined and a
function of aggregate net worth.

The effect of an increase in uncertainty on lending can be understood in a partial equilibrium setting where st and nwat

are treated as parameters. As shown by Eq. (40), the assumption that the markup factor is unchanged implies that the costs
of default, represented by the terms A and B, must be constant. With a mean-preserving spread in the distribution for ωt, this
means that ωt will fall (this is driven primarily by the term A). Through an approximation analysis, it can be shown that
ωt � gðωt ; sω;tÞ (see the Appendix in Dorofeenko et al., 2008). That is, the increase in uncertainty will reduce lenders'
expected return ðgðωt ; sω;tÞÞ. Rewriting the binding incentive compatibility constraint (Eq. (41)) yields

stg ωt ; sω;t
� �¼ 1�nwat

fpat
ð42Þ

the fall in the left-hand side induces a fall in fpat. Hence, greater uncertainty results in a fall in housing production. This
partial equilibrium result carries over to the general equilibrium setting.

The existence of the markup factor implies that inputs will be paid less than their marginal products. In particular, profit
maximization in the housing development sector implies the following necessary conditions:

plt
pht

¼ Fxl ðxlt ; ydtÞ
st

ð43Þ

pdt
pht

¼ Fyd ðxlt ; ydtÞ
st

ð44Þ

These expressions demonstrate that, in equilibrium, the endogenous markup (determined by the agency costs) will be a
determinant of housing prices.

The production of new housing is determined by a Cobb–Douglas production with residential investment and land (fixed
in equilibrium) as inputs. Denoting housing output, net of agency costs, as yht , this is given by

yht ¼ x1� ζ
lt yζdt ð45Þ

In equilibrium, we require that iht ¼ yht ½1�Φðωt ; sω;tÞμ�; i.e. household's housing investment is equal to housing output less
monitoring cost. Recall that the law of motion for housing is given by Eq. (16).

2.2.2. Entrepreneurial consumption and house prices
To rule out self-financing by the entrepreneur (i.e. which would eliminate the presence of agency costs), it is assumed

that the entrepreneur discounts the future at a faster rate than the household. This is represented by the following expected
utility function:

E0 ∑
1

t ¼ 0
ðβηγÞtcet ð46Þ

where ct
e
denotes entrepreneur's per-capita consumption at date t, and γAð0;1Þ. This new parameter, γ, will be chosen so

that it offsets the steady-state internal rate of return due to housing production.
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Each period, entrepreneur's net worth, nwt is determined by the value of capital income and the remaining capital
stock.16 That is, entrepreneurs use capital to transfer wealth over time (recall that the housing stock is owned by
households). Denoting entrepreneur's capital as kt

e
, this implies17

nwt ¼ ket ½rtþ1�δκ � ð47Þ
The law of motion for entrepreneurial capital stock is determined in two steps. First, new capital is financed by the

entrepreneurs' value of housing output after subtracting consumption:

ηketþ1 ¼ phtyahtf ðωt ; sω;tÞ�cet ¼ stfpatf ðωt ; sω;tÞ�cet ð48Þ
Note we have used the equilibrium condition that phtyaht ¼ stfpat to introduce the markup, st , into the expression. Then,

using the incentive compatibility constraint, Eq. (41), and the definition of net worth, the law of motion for capital is given by

ηketþ1 ¼ ket rtþ1�δκð Þ stf ðωt ; sω;tÞ
1�stgðωt ; sω;tÞ

�cet ð49Þ

The term st f ðωt ; sω;tÞ=ð1�stgðωt ; sω;tÞÞ represents the entrepreneur's internal rate of return due to housing production;
alternatively, it reflects the leverage enjoyed by the entrepreneur since

st f ðωt ; sω;tÞ
1�stgðωt ; sω;tÞ

¼ st fpatf ðωt ; sω;tÞ
nwt

ð50Þ

That is, entrepreneurs use their net worth to finance factor inputs of value fpat , this produces housing which sells at the
markup st with entrepreneur's retaining fraction f ðωt ; sω;tÞ of the value of housing output.

Given this setting, the optimal path of entrepreneurial consumption implies the following Euler equation:

1¼ βηγEt rtþ1þ1�δκð Þ stþ1f ðωtþ1; sω;tþ1Þ
1�stþ1gðωtþ1; sω;tþ1Þ

	 

ð51Þ

Finally, we can derive an explicit relationship between entrepreneur's capital and the value of the housing stock using
the incentive compatibility constraint and the fact that housing sells at a markup over the value of factor inputs. Since
phtFðxalt ; yadtÞ ¼ st fpt , the incentive compatibility constraint implies

pht x1� ζ
lt yζdt

� �
¼ ket

ðrtþ1�δκÞ
1�stgðωt ; sω;tÞ

st ð52Þ

Again, it is important to note that the markup parameter plays a key role in determining housing prices and output.

2.2.3. Financial intermediaries
The banks in the model act as risk-neutral financial intermediaries that, in equilibrium, earn zero profits. There is a clear

role for banks in this economy since, through pooling, all aggregate uncertainty of housing production can be eliminated. The
banking sector receives deposits from households and, in return, agents receive a housing for a certain (i.e. risk-free) price.
Hence, in this model, financial intermediaries act more like an aggregate housing cooperative rather than a typical bank.

3. Equilibrium

Prior to solving for equilibrium, it is necessary to express the growing economy in stationary form. Given that
preferences and technologies are Cobb–Douglas, the economy will have a balanced growth path. Hence, it is possible to
transform all variables by the appropriate growth factor. The output value of all markets (e.g. pdyd; yc; pixi for i¼ ðb;m; sÞ) is
growing at the same rate as capital and consumption, gk. This growth rate, in turn, is a geometric average of the growth rates
in the intermediate sectors: gk ¼ gBczbg

Mc
zmg

Sc
zs . It is also the case that factor prices display the normal behavior along a balanced

growth path: interest rates are stationary while the wage in all sectors is growing at the same rate. The growth rates for the
various factors are presented in Table 1 (see Davis and Heathcote, 2005 for details). These growth factors were used to
construct a stationary economy; all subsequent discussion is in terms of this transformed economy.

Equilibrium in the economy is described by the vector of factor prices ðwt ; rtÞ, the vector of intermediate goods prices
ðpbt ; pmt ; pstÞ, the price of residential investment ðpdtÞ, the price of land ðpltÞ, the price of housing ðphtÞ, the shadow prices
associated with housing and capital (due to adjustment costs) ðqht ; qktÞ, and the markup factor ðstÞ. In total, therefore, there
are 11 equilibrium prices. In addition, the following quantities are determined in equilibrium: the vector of intermediate
goods ðxmt ; xbt ; xstÞ, the vector of labor inputs ðnmt ;nbt ;nstÞ, the total amount of labor supplied ðntÞ, the vector of inputs into
the final goods sectors ðbct ; bdt ;mct ;mdt ; sct ; sdtÞ, the vector of capital inputs ðkmt ; kbt ; kstÞ, entrepreneurial capital ðket Þ,
household investment ðktþ1Þ, the vector of final goods output ðyct ; ydtÞ, the technology cutoff level ðωtÞ, the effective
housing stock ðhtþ1Þ, and the consumption of households and entrepreneurs ðct ; cet Þ. In total, there are 24 quantities to be
16 As stated in footnote 7, net worth is also a function of current labor income so that net worth is bounded above zero in the case of bankruptcy.
However, since entrepreneur's labor share is set to a very small number, we ignore this component of net worth in the exposition of the model.

17 For expositional purposes, in this section we drop the subscript a denoting the individual entrepreneur.



Table 1
Growth rates on the balanced growth path.

nb;nm;ns;n; r 1
kb; km ; ks; k; c; yc ;w gk ¼ ½gBc ð1� θb Þ

zb gMc ð1� θm Þ
zm gSc ð1� θs Þ

zs �ð1=ð1�Bcθb �Mcθm �Scθs ÞÞ

bc ;bd ; xb gb ¼ gθbk g1� θb
zb

mc;md ; xm gm ¼ gθmk g1� θm
zm

sc ; sd ; xs gs ¼ gθsk g
1� θs
zs

yd gd ¼ gBh
b gMh

m gShs
xl gl ¼ η�1

yh ;h gh ¼ g1� ζ
l gζd

phyh ; pdxd ; plxl ;pbxb; pmxm; psxs gk

Table 2
Key preference and production parameters.

Depreciation rate for capital: δκ 0.056
Depreciation rate for effective housing (h): δh 0.014
Land's share in new housing: ð1�ζÞ 0.106
Population growth rate: η 1.017
Discount factor: β 0.951
Risk aversion: ψ 2.00
Consumption's share in utility: μc 0.314
Housing's share in utility: μh 0.044
Leisure's share in utility: 1�μc�μh 0.642
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determined; adding the 11 prices, the system is defined by 35 unknowns. The equations defining the equilibrium policy
functions are presented in the Appendix. We solve for these by log-linearizing around the steady-state and computing the
linear policy functions that are the solution to the resulting system of linear expectational difference equations.
4. Calibration and data

Table 2 presents parameter values for preferences, depreciation rates, population growth and land's share. Moreover, we
use the same technology parameters describing the final goods sector (i.e. the vectors ðBc;Mc; ScÞ and ðBd;Md; SdÞ) as
estimated by Davis and Heathcote (2005). We do, however, update their estimates of the intermediate goods technology
parameters as described by the vector ðθb; θm; θsÞ using more recent data as described in the Appendix. These parameter
values are given in Table 3.

The exogenous shocks to productivity in the three sectors are assumed to follow an autoregressive process as given in
Eq. (3). The parameters for the vector autoregression are estimated using the detrended Solow residuals for each sector.
Again, the data used and estimation methods are described in the Appendix. This resulted in the following values (recall that
the rows of the B matrix correspond to the building, manufacturing, and services sectors, respectively):

B¼
0:747 �0:129 �0:392
0:255 0:450 0:151
0:100 0:102 0:208

0
B@

1
CA

Note this implies that productivity shocks have modest dynamic effects across sectors. The contemporaneous correlations of
the innovations to the shock are given by the correlation matrix:

Σ ¼
Corrðεb; εbÞ Corrðεb; εmÞ Corrðεb; εsÞ

Corrðεm; εmÞ Corrðεm; εsÞ
Corrðεs; εsÞ

0
B@

1
CA¼

1 0:051 0:202
1 0:382

1

0
B@

1
CA

The standard deviations for the innovations were estimated to be ðsbb; smm; sssÞ ¼ ð0:025;0:032;0:014Þ.
We now turn to the calibration of the additional impulse mechanism of uncertainty or risk shocks. To estimate the time

series properties of the risk shocks, we employ an empirical strategy in which the cross-sectional variation in firm level
technology shocks (i.e. the Solow residual) is used as a proxy for the uncertainty shock.18 In particular, we use Compustat
Industry Specific quarterly data over the sample period 2001–2011 and estimate the firm-level Solow residual associated
with housing production (see Eq. (23)) using two intersecting subsets of firms: (i) firms with S&P GIC sub-industry code
18 Our approach is similar to that in Chugh (2011).



Table 3
Intermediate production technology parameters.

Parameter B M S

Input shares for consumption/investment good ðBc;Mc; ScÞ 0.031 0.270 0.700
Input shares for residential investment ðBd ;Md ; SdÞ 0.470 0.238 0.292
Capital's share in each sector ðθb ; θm; θsÞ 0.106 0.330 0.248
Sectoral trend productivity growth ð%Þ ðgzb ; gzm; gzsÞ �0.27 2.85 1.65
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25201030 – Homebuilding (47 firms) and (ii) firms with NAICS sub-industry code 23611 (sub-industries 236115–236118) –
Residential Building Construction (35 firms). Hence, we first estimate the following regression:

log
yhat
xalt

� �
¼ cþζ log

yadt
xalt

� �
þ log ωat ð53Þ

where a and t denote firm and time respectively. In the data, yhat is measured as the dollar value of housing units subject to
pending sales contracts (i.e. defined as “backlogs” in the data set), xalt is measured as the dollar value of land under
development, and yadt is the difference between the nominal value of total homebuilding inventories and undeveloped
inventories owned.19

The estimated firm level residuals are used to construct a measure of the aggregate shock at time t:

Ωt �
1
Nt

∑
Nt

a ¼ 1
ωat

where Nt is the number of firms at time t. Then the idiosyncratic shocks are normalized relative to this mean20:

~ωat ¼
ωat

Ωt

Finally, the cross-sectional variation in this normalized productivity shock is used to measure the risk shock at time t:

st ¼
ffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffi
1
Nt

∑
Nt

a ¼ 1
ð ~ωat�1Þ2

s
:

This series is detrended using the HP filter and the detrended series is used to construct the parameter estimates of ðss; χÞ
used in the numerical analysis.21 That is, we estimate

logðstÞ ¼ χ logðst�1Þþεt

where εt �Nð0; s2sÞ. This procedure produced the estimate of the unconditional mean of uncertainty as ss ¼ 0:15 with
persistence parameter χ¼0.005.22

The time-series for the constructed aggregate productivity shock and the risk shocks from both subsets of firms are
shown in Fig. 2. First note that, comfortingly, both datasets produce similar time series for the two series. While the negative
correlation of the trends for each series is interesting and worth further study, here we focus on the business cycle
characteristics. As expected, the recent recession (the shaded portion of the graphs) corresponds to a fall in productivity
(i.e. productivity is procyclical) while risk is countercyclical. While the short sample period combined with the fact that the
trend estimation is influenced by the end-of-sample data points implies that caution needs to be taken in assessing the
accuracy of these cyclical features, they do correspond to the estimates provided by others (for example, see Bloom et al.,
2008).

In order to calibrate the average (i.e. steady-state) standard deviation of the technology shocks, i.e. s0, and the steady-
state cutoff productivity level of ωt , denoted ϖ, we follow Carlstrom and Fuerst (1997) and use their values for the average
bankruptcy rate in the data as well as the average risk premium on bank loans. Expressed as an annual yield, the average
bankruptcy rate used by Carlstrom and Fuerst (1997) was 3.9% implying Φðϖ; s0Þ ¼ 3:90 while the average spread between
the prime rate and the 3-month commercial paper rate was 1.9%.
19 Note that while we use nominal values in the estimation, the assumptions of competitive factor and output markets and Cobb–Douglas technology
implies that the estimated profit shocks are proportional to the underlying productivity shocks.

20 Recall that the aggregate shock to the housing production sector is assumed to be unity. The definition of the idiosyncratic shock imposes this
restriction.

21 Note that we pass the aggregate measure of the risk shock through the HP filter rather than first detrending the individual series, ~ωat .We do this for
two reasons: (1) Since our interest is on aggregate behavior, we think it reasonable to apply one filter to the aggregate (measured as cross-sectional
variation in productivity) measure of risk shocks ðst Þ rather than the firm level Solow residual, ωat . (2) On an operational level, there are many missing
observation in the panel data for the series ðyhat ; yadt ; xalt Þ. Using the cross-sectional aggregate measure of st eliminates this problem.

22 Since the estimates for ωat were produced using quarterly data while the periodicity of the model (and other data values) is assumed to be annual,
the quarterly estimates of ðss; χÞ were adjusted to an annual frequency.



Fig. 2. Estimated productivity ðΩt Þ and idiosyncratic risk ðst Þ with H-P trends. Data subset (1) and Data subset (2).
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Hence, from the model we choose ðϖ; s0Þ so that the following two expressions hold (for the restriction Eq. (54),
see Eqs. (28), (27), and (41)):

Φðϖ; s0Þ ¼ 3:90

1þrLt
� �¼ phtωtFðxlt ; ydtÞ

ðfpt�nwtÞ
¼ ωtst fpt
ðfpt�nwtÞ

¼ ωt

gðϖ; s0Þ
¼ 1:019 ð54Þ

Doing this produced the values ϖ¼0.65 and s0 ¼ 0:23.



Table 4
Business cycle properties (1975:1–2011:2).

Data: all series are Hodrick–Prescott filtered with the smoothing parameter set to 1600
% S.D.

GDP 1.2
Consumption 0.69
House Price Index (HPI) 1.9
Non-Residential Fixed Investment (NRFI) 4.5
Residential Fixed Investment (RFI) 8.7

Correlations

GDP, Consumption 0.83
GDP, HPI 0.31
GDP, HPI (for pre 1990) 0.21
GDP, HPI (for post 1990) 0.51
NRFI, RFI 0.29
GDP, NRFI 0.81
GDP, RFI 0.30
GDP, Real Estate Loans (from 1985:1) 0.15
Real Estate Loans, HPI 0.47

Lead–lag correlations i¼ �3 i¼0 i¼3

GDPt ;NRFIt� i 0.47 0.78 0.31
GDPt ;RFIt� i �0.27 0.20 0.32
NRFIt� i ;RFIt 0.63 0.26 �0.27
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The entrepreneurial discount factor γ can be recovered by the condition that the steady-state internal rate of return to the
entrepreneur is offset by their additional discount factor:

γ
sf ðϖ;s0Þ

1�sgðϖ; s0Þ

	 

¼ 1

and using the mark-up equation for s in Eq. (40), the parameter γ then satisfies the relation

γ ¼ gU
gK

1þϕðϖ; s0Þ
f 0ðϖ; s0Þ

	 

� 0:832

where gU is the growth rate of marginal utility and gK is the growth rate of consumption (identical to the growth rate of
capital on a balanced growth path).

The final two parameters are the adjustment cost parameters ðκk; κhÞ. In their analysis of quarterly U.S. business cycle
data, Christiano et al. (2005) provide estimates of κk for different variants of their model which range over the interval
ð0:91;3:24Þ (their model did not include housing and so there was no estimate for κh). Using these values as a crude
benchmark and imposing the restriction that the adjustment cost parameter is the same for both stocks, we assume that
ðκh; κkÞ take on the values ð0;3:0Þ implying that the elasticity of investment and housing with respect to a change in the
respective shadow prices is 0.33 (i.e. the inverse of the adjustment cost parameter). As discussed below, the presence of
adjustment costs improves the behavior of the model in several dimensions.

Table 4 presents some of the cyclical and statistical features of the U.S. economy for the period from 1975 through the
second quarter of 2011 using quarterly data.23 As mentioned in the Introduction, the stylized facts for housing are readily
seen. (i) Housing prices are much more volatile than output; (ii) residential investment is almost twice as volatile as non-
residential investment; (iii) GDP, consumption, the price of housing, non-residential investment and residential investment
all co-move positively; (iv) and lastly, residential investment leads output by three quarters.

5. Results

5.1. Steady state values, second moments and lead–lag patterns

Table 5 shows some of the selected steady-state values (relative to steady-state GDP) from our model that includes the
lending channel. These steady state values are broadly in line with the data.24
23 Note that quarterly data is used here only to present some of the broad cyclical features of the data. We use annual data when calibrating the model.
In comparing the model output to the data, we employ annual data for this exercise.

24 GDP is calculated as gdpt ¼ yctþpdtydtþrhtht where rht is the rental rate of housing and is determined by the marginal rate of substitution between
housing and consumption. Also note that private consumption (PCE) and services includes the rental value of housing.



Table 5
Steady-state values (relative to GDP).

Variables Lending channel model Davis and Heathcote (D & H) Data (1948–2010)

Capital stock ðKÞ 2.06 1.52 1.43
Residential structures stock ðPd � SÞ 1.14 1.00 1.00
Private consumption ðPCE¼ cþrhhÞ 0.76 0.64 0.65
Nonresidential investment ðicÞ 0.19 0.14 0.13
Residential investment ðidÞ 0.05 0.04 0.05
Construction ðb¼ pbxbÞ 0.05 0.05 0.05
Manufacturing ðm¼ pmxmÞ 0.24 0.25 0.31
Services ðpsxsþrhhÞ 0.71 0.71 0.63
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Our main interest is in the business cycle, i.e. second moment, properties of the model, and the roles that risk shocks and
adjustment costs play in affecting these properties. To that end, we first examine the qualitative properties of the model
using impulse response functions; we then turn to an analysis of equilibrium characteristics of the model by examining a set
of second moments from data generated by the model.

6. Equilibrium analysis

6.1. Dynamics: impulse response functions

To analyze how the lending channel influences the effects of a risk shock, we initially analyze the model's impulse
response functions to risk shocks under two different scenarios. In the first scenario, we set the monitoring cost parameter
to zero ðμ¼ 0Þ while in the second scenario we use the value employed in the stochastic simulations ðμ¼ 0:25Þ. With no
monitoring costs, risk shocks should not influence the behavior of housing prices and residential investment (see Eqs. (40),
(61), and (62)). We also examine the economy's response to an innovation to productivity in the construction sector (this
being the most important input into the residential investment good). The impulse response functions (to a 1% innovation in
both shocks) for a selected set of key variables are presented in Figs. 3–5. For all cases, both adjustment cost parameters are
set equal to 3.0.

The behavior of three key macroeconomic variables, namely GDP, household consumption (denoted PCE), and residential
investment (denoted RESI) from this exercise is presented in Fig. 3. The response to a technology shock to the construction
sector has the predicted effect that GDP increases. Consumption also increases, but only slightly, while investment responds
dramatically (recall that this is in the presence of adjustment costs). This consumption/savings decision reflects agents
response to the expected high productivity (due to the persistence of the shock) in the construction sector. Also note that
monitoring costs (i.e. whether μ¼0 or μ¼0.25) play a rather insignificant role in the dynamic effects of a technology shock.
And, as the model implies, when μ¼0, risk shocks have no effect on the economy. (For this reason, in Figs. 4 and 5, we report
only the responses for μ¼0.25.) When μ¼0.25, a risk shock which affects housing production results in a modest fall in GDP
but a relatively dramatic fall in residential investment. Recall, as discussed in the partial equilibrium analysis of the credit
channel model, an increase in productivity risk results in a leftward shift in the supply of housing; since residential
investment is the primary input into housing, it too falls in response to the increased risk. Consumption responds positively
which is consistent with models that have an investment specific technology shock (e.g. Greenwood et al., 2000).

Fig. 4 reports the impulse response functions of the housing markup, the risk premium on loans to the housing producers
and the bankruptcy rate. A positive technology shock to the construction sector increases the demand for housing and,
ceteris paribus, will result in an increase in the price of housing. This will result in greater lending to the housing producers
which will result in a greater bankruptcy rate and risk premium; both of these effects imply that the housing markup will
increase. Note the counterfactual implication that both the bankruptcy rate and the risk premium on loans will be
procyclical; this was also the case in the original Carlstrom and Fuerst (1997) model and for exactly the same reason. In
contrast, a risk shock produces countercyclical behavior in these three variables. Hence, this argues for inclusion of risk
shocks as an important impulse mechanism in the economy.

Finally, we report in Fig. 5 the impulse response functions of the prices of land and housing to the two shocks.
A technology shock to the construction sector results in lower cost of housing inputs due to the increased output in
residential investment so that the price of housing falls. However, the price of land, i.e. the fixed factor, increases. For an
uncertainty shock, the resulting fall in the supply of housing causes the demand for the fixed factor (land) to fall and the
price of the final good (housing) to increase.

6.2. Quantitative analysis: risk shocks

In order to examine the roles of risk shocks and the credit channel mechanism for house production, we compare
simulated data generated under two scenarios. In the first case, only technology shocks to the intermediate sectors are
present. This is identical to Davis and Heathcote's (2005) analysis and so the role of the lending mechanism is highlighted.



Technology Shock to Construction sector Uncertainty Shock to Housing 
Developer

= 0.25 (monitoring cost: effects of agency cost)
= 0 (no monitoring cost: multi-sector model with housing and no agency cost)

Fig. 3. Response of output, private consumption expenditure, and investment to 1% increase in sector (construction) technology shocks and uncertainty
shocks (percentage deviations from steady-state values).
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We then add risk shocks and set the volatility of the risk shocks to the calibrated value ss ¼ 0:15. The results from this
exercise are presented in Tables 6 and 7; also included in the tables are the corresponding values from Davis and Heathcote
(2005) and the data; our analysis focuses on the same values as in Davis and Heathcote (2005) but we also include variables
associated with the lending channel, namely the markup parameter, s, and the risk premium on loans, RP. As a crude
estimate of a 95% confidence interval, a two-standard deviation value is given and model values that fall within this range
are reported in bold type.

As seen in Table 6, in the absence of risk shocks (see the first two columns) the model output is quite similar to
that in Davis and Heathcote (2005). The main difference is that the lending channel mutes the volatility of residential



Technology Shock to Construction sector Uncertainty Shock to Housing Developer

= 0.25 (monitoring cost: effects of agency cost)

Fig. 4. Response of markup house price, risk premia, and bankruptcy rate to a 1% increase in sector (construction) technology shocks and uncertainty
shocks (percentage deviations from steady-state values).
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investment ðidÞ.25 This is not surprising since, as discussed in Carlstrom and Fuerst (1997), the agency costs due to
bankruptcy act as an endogenous adjustment cost. Hence, the volatility of housing investment falls. Moreover, a critical
deficiency is that the model cannot replicate the volatility of housing prices ðphÞ (also true for the Davis and Heathcote, 2005
25 While we do not report the values in the paper, the reduced volatility in residential investment is mirrored in the volatility of the related
intermediate sectors. In particular, construction investment ðibÞ and manufacturing investment ðimÞ are too low in the housing channel model.



Technology Shock to Construction sector Uncertainty Shock to Housing Developer

= 0.25

Fig. 5. Response of land price and house price to a 1% increase in sector (construction) technology shocks and uncertainty shocks (percentage deviations
from steady-state values).
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framework). It is also worth noting that the two variables introduced by the housing channel, namely the markup ðsÞ and the
risk premium ðRPÞ exhibit much less volatility than seen in the data. The role of adjustment costs is seen and has the
predicted effect; namely, the volatility of quantities decreases while prices become more volatile. Still, the volatility of
housing prices is still much lower than observed.

With the addition of risk shocks (see column 3), the volatility of housing prices is increased but still lower than that seen
in the data. Also, risk shocks produce volatility in residential investment ðidÞ that is greater than seen in the data. Time-
varying uncertainty also results in a dramatic increase in the volatility of the markup and risk premium but the former
variable is now too volatile while the latter remains too smooth relative to the data.

In the next iteration of the model, adjustment costs are added to both capital and housing production (column 4).
As seen in Table 6 this improves the model in both price (i.e. volatility of housing prices) and quantity (i.e. volatility of
residential investment) dimensions although residential investment becomes too smooth. Also, the volatility of the housing
markup parameter is more in line with the data. However, the risk premium on loans to housing producers is still too
volatile.

Turning to the contemporaneous correlations of some key variables as reported in Table 7, we again see that the housing
cum lending channel model does not change too many of the features seen in the original Davis and Heathcote (2005)
model. Note a key discrepancy between the data and both the lending channel model (with no risk shocks) and the Davis
and Heathcote (2005) framework is the correlation between residential investment and housing prices: in the data these
variables co-move positively while, in the models, they are negatively correlated. Adding risk shocks does not improve
matters along this dimension but also produces counterfactual negative correlations between residential investment and
consumption, Corrðid; PCEÞ, and residential investment and housing prices, Corrðid; phÞ. These results are not surprising in
that all of the shocks (technology shocks and risk shocks) are primarily supply shocks so that a (relatively) stable demand



Table 6
Standard deviations relative to standard deviation of GDP.

Vars Lending channel model (D& H) Data (72 s.d.) (1948–2010)

ss 0.0 0.15

κk 0.0 3.0 0.0 3.0
κh 0.0 3.0 0.0 3.0

PCE 0.53 1.02 0.53 1.03 0.48 0.82 (70.15)
N 0.37 0.18 0.38 0.21 0.41 1.01 (70.18)
ic 3.05 1.29 3.20 1.29 3.21 4.16 (70.75)
id 2.95 1.42 6.30 1.49 6.12 5.04 (70.91)
ph 0.39 0.95 0.43 2.29 0.4 2.08 (70.44)
s 0.28 0.15 0.88 2.23 3.97 (70.83)
RP 0.11 0.06 0.39 0.94 0.26 (70.08)

Table 7
Correlations.

Vars Lending channel model (D& H) Data (72 s.d.) (1948–2010)

ss 0.0 0.15

κk 0.0 3.0 0.0 3.0
κh 0.0 3.0 0.0 3.0

ðGDP; PCEÞ 0.97 0.97 0.97 0.96 0.95 0.82 (þ0.067,�0.10)
ðGDP; phÞ 0.77 0.37 0.67 0.20 0.65 0.67 (þ0.15,�0.23)
ðic ; PCEÞ 0.90 0.65 0.86 0.64 0.91 0.46 (þ0.17,�0.22)
ðid ; PCEÞ 0.42 0.65 0.17 0.61 0.26 0.66 (þ0.12,�0.17)
ðic ; idÞ 0.26 0.84 �0.17 0.80 0.15 0.25 (þ0.22,�0.25)
ðid ; phÞ 0.018 0.56 �0.37 0.23 �0.20 0.34 (þ0.20,�0.24)
ðs ;phÞ �0.15 0.39 0.37 0.92 0.15 (þ0.30,�0.33)
ðs ;GDPÞ 0.17 0.25 0.01 0.07 0.09 (þ0.31,�0.33)
ðRP;GDPÞ 0.17 0.25 0.00 0.07 �0.21 (þ0.57,�0.46)

Table 8
Lead–lag patterns.

Variables Lending channel model D&H Data (72 s.d.)

Adjustment cost κk 0.0 3.0
Adjustment cost κh 0.0 3.0

ðic½�1�;GDP½0�Þ 0.53 0.31 0.45 0.17 (þ0.21, �0.25)
ðic½0�;GDP½0�Þ 0.89 0.80 0.94 0.72 (þ0.01, �0.14)
ðic½1�;GDP½0�Þ 0.31 0.82 0.33 0.37 (þ0.19, �0.23)
ðid½�1�;GDP½0�Þ 0.07 0.33 0.19 0.52 (þ0.16, �0.21)
ðid½0�;GDP½0�Þ 0.27 0.75 0.44 0.47 (þ0.17, �0.22)
ðid½1�;GDP½0�Þ 0.23 0.64 0.14 �0.22 (þ0.25, �0.22)
ðic½�1�; id½0�Þ 0.21 0.57 0.07 �0.37 (þ0.24, �0.20)
ðic½0�; id½0�Þ �0.17 0.80 0.15 0.25 (þ0.22, �0.25)
ðic½1�; id½0�Þ 0.01 0.68 0.08 0.53 (þ0.16, �0.21)
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curve for housing is observed. Also, risk shocks are akin to a investment specific technology shock which typically moves
investment and consumption in opposite directions (e.g. Greenwood et al., 2000). However, with the introduction of
adjustment costs, all correlations become positive and, moreover, Corrðid;PCEÞ and Corrðid; phÞ fall within the 95% confidence
intervals. While the correlation of investment in both stocks (capital and housing) becomes positive with adjustment costs,
it is too high. Note that the correlation between the markup variable and housing prices becomes positive in the presence of
risk shocks and the risk premium is negatively correlated with GDP; both of these features are seen in the data (but the
latter correlation is clearly not precisely estimated). On a less positive note, the markup and GDP are negatively correlated in
the model with risk shocks but the correlation is within the confidence interval estimated from the data.

The last set of housing stylized facts that is in question is the lead–lag patterns of residential and non-residential
investments. Table 8 shows the result for the model with risk shocks only ðss ¼ 0:15Þ. As pointed out in the early business
cycle analysis by Burns and Mitchell (1946), residential investment leads non-residential business investment over the



Table 9
Variance decomposition.

Variable Shock %

Gross domestic product (GDP) ub 4.38
um 58.31
us 36.96
us 0.36

Private consumption (PCE) ub 5.61
um 57.48
us 36.45
us 0.46

Labor (N) ub 12.08
um 42.32
us 21.98
us 23.62

Nonresidential investment ðicÞ ub 4.33
um 60.86
us 34.77
us 0.04

Residential investment ðidÞ ub 30.49
um 37.71
us 23.23
us 8.58

House price ðphÞ ub 12.26
um 1.52
us 3.33
us 82.89

Markup ðsÞ ub 0.07
um 0.18
us 0.14
us 99.61

Risk premium (RP) ub 0.07
um 0.16
us 0.13
us 99.64
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business cycle. As in Davis and Heathcote (2005), the lending channel model also fails to reproduce this key feature in the
data. Consequently, the propagation mechanism of agency costs model does amplify prices and other real variables, but does
not contribute in explaining the lead–lag features.

As a final analysis of the model, we do a variance decomposition (analytically) of the model by using a Cholesky
decomposition of the industrial production shocks ðub;um;usÞ using that respective ordering. (For expository reasons, we
report only the results for the model with risk shocks and adjustment costs in both housing and capital.) This resulted in the
following estimated structure (we assume that the innovations to the risk shocks are i.i.d.):

ub ¼ εb
um ¼ εm�0:066εb
us ¼ εs�0:105εb�0:164εm
us ¼ εs

With this decomposition and assuming that the covariance matrix of the vector u¼ ðub;um;us;usÞ is given by

Σu ¼

s2b 0 0 0

0 s2m 0 0
0 0 s2s 0
0 0 0 s2s

0
BBBB@

1
CCCCA;

all second moments in the model can be expressed as linear combinations of the variances si; i¼ ðb; s;m:sÞ. The resulting
variance decompositions are given in Table 9.

Note that, as expected, uncertainty shocks account for a large fraction of the variation in variables related to the housing
sector, most notably residential investment (almost 80% of the variation is due to uncertainty shocks) and housing prices
(contributing over 90% of the volatility in housing prices). Also the volatility of both the risk premium associated with bank
loans and the housing markup is almost entirely explained by risk shocks. For other aggregate variables such as GDP and
private consumption, uncertainty shocks do not play a large quantitative role but this is not that surprising given that the
other shocks directly influence the supply of intermediate goods.



Table 10
Standard deviations relative to standard deviation of GDP.

Vars Risk and demand shocks Data (72 s.d.)

κk 0.0 3
κh 0.0 3

PCE 0.56 1.04 0.82 (70.15)
N 0.39 0.22 1.01 (70.18)
ic 3.01 1.16 4.16 (70.75)
id 8.21 3.06 5.04 (70.91)
ph 0.92 2.08 2.08 (70.44)
s 0.96 2.01 3.97 (70.83)
RP 0.41 0.85 0.26 (70.08)
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6.3. Quantitative analysis: adding demand shocks

In order to further assess the quantitative importance of uncertainty shocks, we introduce stochastic demand shocks
similar to that used my Iacoviello and Neri (2010). Since that analysis demonstrated that housing demand shocks can
explain many features of the housing market, the question is raised about the relative importance of the two shocks. To
investigate this, we modify consumer preferences (as given in Eq. (12)) so that the weight on housing in utility is stochastic.
Specifically, it is assumed that preferences are given by

U ct ;ht ;1�ntð Þ ¼ ðcμct h
μh;t
t ð1�ntÞ1�μc �μh Þ1�ψ

1�ψ
ð55Þ

The stochastic process for the demand shock is assumed to be

μh;tþ1 ¼ ð1�ρhÞμhþρhμh;tþεh;tþ1 ð56Þ
Note that our analysis is very much a perturbation approach in that we do not impose that the coefficients in the utility
function always sum to unity; this is only true on average. In this way we do not impose any negative correlation between
the demand for housing and consumption and/or leisure in the stochastic setting. Solving the model yields new policy
functions for all endogenous variables with the demand shock, μh;t , as an additional state variable.

Parameter values were chosen so that preferences were, on average, the same as in the previous analysis. That is, we
chose ψ ¼ 2 and μh ¼ 0:044. Using a slightly different model for demand shocks, Iacoviello and Neri (2010) estimated an
autoregressive parameter of ρh ¼ 0:96. We also employed that parameter and, after log-linearizing the equilibrium necessary
conditions, solved for the equilibrium policy functions. We then used the policy functions to calibrate the volatility of the
housing shock, sh. Specifically, we chose the standard deviation of housing demand so that the standard deviation of
housing prices relative to that of GDP matched the data (using the value of ss ¼ 0:15 used in the previous section). This
resulted in an estimate of sh ¼ 0:04.26

This model produced the analogs to Tables 6–9. Turning first to the relative volatilities (see Table 10), note that the
volatility of housing prices matches perfectly that seen in the data; this is clearly a product of our calibration. The main
improvement is that residential investment, with demand shocks and adjustment costs, is closer to that seen in the data but
still too low.

The main influence of demand shocks is seen in the contemporaneous correlations reported in Table 11. Even without
adjustment costs, the correlation of housing prices with both GDP and residential investment ðidÞ is positive as seen in the
data. This corroborates other work, e.g. Iacoviello (2005), in that stochastic housing demand is an important factor in
explaining housing price dynamics.

For completeness, the dynamics of residential and capital investment are reported in Table 12; the addition of demand
shocks does not help the model in explaining the lead–lag structure of residential and business investment.

Finally, we report the variance decomposition from the VAR analysis as in the preceding section (see Table 13). For the
movements of all quantities, demand shocks play a much more significant role than uncertainty shocks. However, roughly
80% of the movements in housing prices are explained by uncertainty shocks. And, as in the model without demand shocks,
time varying uncertainty accounts for most of the volatility seen in the risk premium and housing price markup factor.

6.4. Some final remarks

Our primary findings fall into two broad categories. First, risk shocks to the housing producing sector imply a
quantitatively large role for uncertainty in explaining housing prices. In particular, the model can account for the
26 Using a richer model with heterogeneous agents, a slightly different specification of housing demand shocks, and employing a Bayesian estimation
strategy, Iacoviello and Neri (2010) estimated sh (sj in their notation) to be 0.0416; surprisingly close to our calibrated estimate.



Table 11
Correlations.

Vars Risk and demand shocks Data (72 s.d.)

κk 0.0 3
κh 0.0 3

PCE, GDP 0.97 0.96 0.82 (þ0.07, �0.10)
ph;GDP 0.63 0.25 0.67 (þ0.15, �0.23)
PCE; ic 0.69 0.59 0.46 (þ0.17, �0.22)
PCE; id 0.42 0.47 0.66 (þ0.12, �0.17)
ic; id �0.24 0.33 0.25 (þ0.22, �0.25)
ph; id 0.42 0.22 0.34 (þ0.20, �0.24)
s; ph 0.46 0.91 0.15 (þ0.30, �0.33)
s;GDP 0.12 0.08 0.09 (þ0.31, �0.33)
RP, GDP 0.11 0.08 �0.21 (þ0.57, �0.46)

Table 12
Lead–lag patterns; risk and demand shocks.

Vars Risk and demand shocks Data (72 s.d.)

κk 0.0 3
κh 0.0 3

icð�1Þ;GDPð0Þ 0.46 0.30 0.17 (þ0.23,�0.25)
icð0Þ;GDPð0Þ 0.73 0.73 0.72 (þ0.10,�0.14)
icð1Þ;GDPð0Þ 0.14 0.73 0.37 (þ0.19,�0.24)
idð�1Þ;GDPð0Þ 0.18 0.24 0.52 (þ0.16,�0.21)
idð0Þ;GDPð0Þ 0.45 0.60 0.47 (þ0.17,�0.22)
idð1Þ;GDPð0Þ 0.40 0.58 �0.22 (þ0.25,�0.22)
icð�1Þ; idð0Þ 0.14 0.26 �0.37 (þ0.24,�0.20)
icð0Þ; idð0Þ �0.24 0.33 0.25 (þ0.22,�0.25)
icð1Þ; idð0Þ �0.20 0.24 0.53 (þ0.16,�0.21)

Table 13
Variance decomposition.

Variable Shock %

Gross domestic product (GDP) ub 3.76
um 46.82
us 29.54
uh 19.65
us 0.23

Private consumption (PCE) ub 4.28
um 45.41
us 28.76
uh 21.22
us 0.34

Labor (N) ub 8.08
um 31.15
us 16.17
uh 31.47
us 13.13

Nonresidential investment ðicÞ ub 4.19
um 59.00
us 35.77
uh 0.99
us 0.05

Residential investment ðidÞ ub 5.45
um 7.67
us 4.09
uh 80.87
us 1.92

House price ðphÞ ub 11.22
um 1.79
us 3.54
uh 2.94
us 80.52
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Table 13 (continued )

Variable Shock %

Markup ðsÞ ub 0.02
um 0.25
us 0.17
uh 1.51
us 98.06

Risk premium (RP) ub 0.02
um 0.23
us 0.16
uh 1.38
us 98.22

V. Dorofeenko et al. / Journal of Economic Dynamics & Control 45 (2014) 194–219 215
observation that housing prices are more volatile than output. However, demand shocks are critical in order to match
contemporaneous correlation of housing prices with GDP and residential investment and to help explain the volatility in
real quantities. The lead–lag pattern of residential and non-residential, however, is not reconciled within our framework.27

For future research, modeling uncertainty due to time variation in the types of entrepreneurs would be fruitful.
One possibility would be an economy with a low risk agent whose productivity shocks exhibit low variance and a high risk
agent with a high variance of productivity shocks. Because of restrictions on the types of financial contracts that can be
offered, the equilibrium is a pooling equilibrium so that the same type of financial contract is offered to both types of agents.
Hence the aggregate distribution for technology shocks hitting the entrepreneurial sector is a mixture of the underlying
distributions for each type of agent. Our conjecture is that this form of uncertainty has important quantitative predictions
and, hence, could be an important impulse mechanism in the credit channel literature that, heretofore, has been overlooked.
It also anecdotally corresponds with explanations for the cause of the current credit crisis: a substantial fraction of mortgage
borrowers had higher risk characteristics than originally thought.
Acknowledgments

We wish to thank David DeJong, Aleks Berenten, Andreas Hornstein, Stephen LeRoy, Alejandro Badel, and two
anonymous referees for useful comments and suggestions. We also benefitted from comments received during presenta-
tions at: the Humboldt University, University of Basel, European Business School, Latin American Econometric Society
Meeting 2009, AREUEA 2010, University of Wisconsin-Madison and Federal Reserve Bank of Chicago: Housing-Labor-Macro-
Urban Conference April 2010 and SED July 2010. We are especially indebted to participants in the UC Davis and IHS
Macroeconomics Seminar for insightful suggestions that improved the exposition of the paper. We also gratefully
acknowledge financial support from Jubiläumsfonds der Oesterreichischen Nationalbank (Jubiläumsfondsprojekt Nr.
14667) and Deutsche Forschungsgemeinschaft (DFG Nr. LE 1545/1-1).
Appendix A. Equilibrium equations

Equilibrium in the economy is defined by the following set of equations:
Factor demand optimality in the intermediate goods markets

rt ¼ θi
pitxit
kit

3 equationsð Þ ð57Þ

wt ¼ 1�θið Þpitxit
nit

3 equationsð Þ ð58Þ

Factor demand optimality in the final goods sector:

pctyct ¼
pbtbct
Bc

¼ pmtmct

Mc
¼ pstsct

Sc
3 equationsð Þ ð59Þ

pdtydt ¼
pbtbdt
Bd

¼ pmtmdt

Md
¼ pstsdt

Sd
3 equationsð Þ ð60Þ
27 Fisher (2007) presents a model with household production which does produce the lead–lag pattern observed in residential and non-residential
investments.
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Factor demand in the housing sector (using the fact that, in equilibrium xlt ¼ 1) produces two more equations:

plt
pht

¼ ð1�ζÞyζdt
st

ð61Þ

pdt
pht

¼ ζyζ�1
dt

st
ð62Þ

The household's necessary conditions provide 5 more equations:

1¼ qktG1 ikt ; ikt�1ð ÞþβηEt
U1tþ1

U1t
qktþ1G2 iktþ1; ikt

� �	 

ð63Þ

qkt ¼ βηEt
U1tþ1

U1t
rtþ1þqktþ1 1�δð Þ� �	 


pht ¼ qhtG1 iht ; iht�1ð ÞþβηEt qhtþ1G2 ihtþ1; iht
� �U1tþ1

U1t

	 

ð64Þ

qht ¼ βηEt 1�δhð Þqhtþ1
U1tþ1

U1t
þU2tþ1

U1t

	 

ð65Þ

wt ¼U3ðct ;ht ;1�ntÞ
U1ðct ;ht ;1�ntÞ

: ð66Þ

The financial contract provides the condition for the markup and the incentive compatibility constraint:

s�1
t ¼ f ωt ; sω;t

� �þg ωt ; sω;t
� �� �þϕðωt ; sω;tÞμf ðωt ; sω;tÞ

∂f ðωt ; sω;tÞ
∂ωt

2
664

3
775 ð67Þ

phty
ζ
dt ¼ ket

ðrtþ1�δκÞ
1�stgðωt ; sω;tÞ

st ð68Þ

The entrepreneur's maximization problem provides the following Euler equation:

1¼ βηγEt rtþ1þ1�δκð Þ stþ1f ðωtþ1; sω;tþ1Þ
1�stþ1gðωtþ1; sω;tþ1Þ

	 

ð69Þ

To these optimality conditions, we have the following market clearing conditions:
Labor market clearing:

nt ¼∑
i
nit ; i¼ b;m; s ð70Þ

Market clearing for capital:

kt ¼∑
i
kit ; i¼ b;m; s ð71Þ

Market clearing for intermediate goods:

xbt ¼ bctþbdt ; xmt ¼mctþmdt ; xst ¼ sctþsdt : ð72Þ
The aggregate resource constraint for the consumption final goods sector (i.e. the law of motion for capital)

ηktþ1 ¼ ð1�δκÞktþGðikt ; ikt�1Þ ð73Þ
The law of motion for the effective housing units:

ηhtþ1 ¼ ð1�δhÞhtþGðiht ; iht�1Þ ð74Þ
The law of motion for entrepreneur's capital stock:

ηketþ1 ¼ ket
ðrtþ1�δκÞ

1�stgðωt ; sω;tÞ
st f ωt ; sω;t

� ��cet ð75Þ

Finally, we have the production functions. Specifically, for the intermediate goods markets:

xit ¼ kitθiðnit expzit Þ1�θi ; i¼ b;m; s ð76Þ
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For the final goods sectors, we have

yct ¼ bBc
ct m

Mc
ct s

Sc
ct ð77Þ

ydt ¼ bBd
dtm

Md
dt s

Sd
dt ð78Þ

These provide the required 35 equations to solve for equilibrium. In addition there are the laws of motion for the technology
shocks and the uncertainty shocks:

~ztþ1 ¼ B � ~ztþ ε!tþ1 ð79Þ

sω;tþ1 ¼ s1� χ
0 sχω;t exp

εs;t þ 1 ð80Þ
To solve the model, we log linearize around the steady-state. The solution is defined by 35 equations in which the
endogenous variables are expressed as linear functions of the vector of state variables ðzbt ; zmt ; zst ; sωt ; kt ; k

e
t ;htÞ.

Appendix B. Data appendix
	

	

	

Loans: Federal Reserve Board, Statistics: Releases and Historical Data Assets and Liabilities of Commercial Banks in the U.
S. – h.8. Seasonally adjusted, adjusted for mergers, billions of dollars. http://www.federalreserve.gov/releases/h8/data.
htm
○ Total Loans: Total loans and leases at commercial banks.
○ Residential Real Estate Loans: Loans to residential sector excluding revolving home equity loans.
○ Commercial Real Estate Loans: Loans to commercial sector excluding revolving home equity loans.
○ Commercial and Industrial Loans (Business Loans): Commercial and industrial loans at all Commercial Banks.
○ Consumer Loans: Consumer (Individual) loans at all commercial banks.

Gross Domestic Product (GDP), Personal Consumption Expenditures (PCE), Aggregate of gross private domestic
investment (Non-RESI), Residential gross private domestic investment (RESI), and the Price Indexes for private residential
Investment (PRESI) are all from the National Income and Product Accounts Tables (NIPA) at the Bureau of Economic
Analysis.
○ To calculate the implied markup, s, we used the house price index (HPI), residential investment (RESI) and the price

for the RESI (PRESI).
○ We use the equation pht ¼ ζ�1y1� ζ

dt pdtst .
	

House Price Index (HPI): Constructed based on conventional conforming mortgage transactions obtained from the
Federal Home Loan Mortgage Corporation(Freddie Mac) and the Federal National Mortgage Association (Fannie Mae).
Source: The Office of Federal Housing Enterprise Oversight (OFHEO).

Risk Premium: To calculate our risk premium, we used the spread between the prime rate and the three month
commercial paper. These data can be obtained from Federal Reserve Bank of St. Louis, FRED Dataset under the category of
Interest Rates.
○ http://research.stlouisfed.org/fred2/categories/22. These two series are monthly.
○ Commercial rate: CP3M, 3-Month Commercial Paper Rate: 1971-04 till 1997-08.
○ Prime rate: MPRIME, Bank Prime Loan Rate: 1949-01 till 2009-08.
B.1. Data sources

B.1.1. Calibration of production technology parameters
We use mostly the same methodology as in Davis and Heathcote (2005). However, because BEA NIPA tables

switched from SIC to NAICS classification, we use now NAICS data when possible. Also, for house price index Ph
we use FHFA HPI instead of Freddie Mac's CMHPI. All the NIPA table annual data are available for the period of 1948–
2010. The quarterly house price index is available for the period 1975–2010. To obtain annual values, we average it over
each year.

According to Davis and Heathcote (2005): (1) all the end-year stock variables are adjusted to the middle-of-year values
using geometric mean smoothing, e.g. for period t capital stock we use

ffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffi
Kt�1Kt

p
; (2) ic ¼ GPDI�RIþGNI�SLI; (3) the

empirical estimate of capital share θb is obtained from the time series of VAb; Wb; PIb and TAXb (see Table 1) using the
formulas:

θb;t ¼ 1� Wb;t

VAb;t�PIb;t�TAXb;t
; θb ¼

1
T

∑
T

t ¼ 1
θb;t

and the values of θm and θs are calculated using similar relations.
We take natural logarithms of all variables. Sources are from the NIPA: Bureau of Economic Analysis www.bea.gov; FHFA:

Federal Housing Finance Agency www.fhfa.gov/Default.aspx?Page=87.

http://www.federalreserve.gov/releases/h8/data.htm
http://www.federalreserve.gov/releases/h8/data.htm
http://research.stlouisfed.org/fred2/categories/22
www.bea.gov
www.fhfa.gov/Default.aspx?Page=87
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Description of variables
Var
 Tables/rows
GDP
 NIPA GDP & Personal Income: 1.1.3. Real Gross Domestic Product, Quantity Indexes: 1. Gross domestic product

PCE
 NIPA GDP & Personal Income: 1.1.3. Real Gross Domestic Product, Quantity Indexes: 2. Personal consumption expenditures

ic
 NIPA GDP & Personal Income: 1.1.3 Real Gross Domestic Product, Quantity Indexes, 1.1.5 Gross Domestic Product, GPDI: 7.Gross private domestic

investment, RI: 12. Gross private domestic investment – Residential; NIPA GDP & Personal Income: 3.9.3, 3.9.5 Government Consumption
Expenditures and Gross Investment, GNI: 18. Federal – Nondefence – Gross investment, SLI: 23. State and local – Gross investment
yd
 RI: NIPA GDP & Personal Income: 1.1.3 Real Gross Domestic Product, 1.1.5 Gross Domestic Product: 12. Gross private domestic investment –
Residential
Pd
 NIPA GDP & Personal Income: 1.1.3 Real Gross Domestic Product, 1.1.5 Gross Domestic Product, 12. Gross private domestic investment/
Residential
Pc
 NIPA GDP & Personal Income: 1.1.3 Real Gross Domestic Product, 1.1.5 Gross Domestic Product, 2. Personal consumption expenditures

Ph
 FHFA HPI (All-transactions Index, U.S. and Census Divisions)

K
 NIPA Fixed Assets: 1.1 Current-Cost Net Stock of Fixed Assets and Consumer Durable Goods, 1.2 Chain-Type Quantity Indexes for Net Stock of

Fixed Assets and Consumer Durable Goods; Kpr: 4. Fixed Assets – Private – Nonresidential; Kgov: 9. Fixed Assets – Government – Nonresidential

h
 NIPA Fixed Assets: 1.1 Current-Cost Net Stock of Fixed Assets and Consumer Durable Goods: 7. Fixed Assets – Private – Residential

xb
 NIPA GDP-by-industry: Value Added by industry, Chain-Type Quantity Indexes for Value Added by industry

kb
 NIPA Fixed Assets: 3.1 ES Current-Cost Net Stock of Private Fixed Assets by Industry, 3.2 ES Chain-Type Quantity Indexes for Net Stock of Private

Fixed Assets by Industry

nb
 NIPA GDP & Personal Income: 6.9 B,C,D Hours Worked by Full-Time and Part-Time Employees by Industry

PIb
 GDP & Personal Income: 6.12 B,C,D. Nonfarm Proprietors' Income by Industry

VAb
 GDP-by-Industry: Value Added by industry

Wb
 GDP-by-Industry: 1948-1986 (SIC): GDPbyInd_VA_SIC.xls: 1987–2010 (NAICS): Components of Value Added by Industry: Compensation of

employees

TAXb
 GDP-by-Industry: 1948–1986 (SIC): GDPbyInd_VA_SIC.xls: 1987–2010 (NAICS): Components of Value Added by Industry: Taxes on production

and imports less subsidies
We do not include in the table above variables for manufacturing ðxm; km;nm; θmÞ and services ðxs; ks;ns; θsÞ intermediate
industries, because the correspondent columns replicate those for building ðxb; kb;nb; θbÞ. Here, Building ðxb; kb;nb; θbÞ includes
branches: (1) Construction; Manufacturing ðxm; km;nm; θmÞ includes branches: (1) Agriculture, forestry, fishing, and hunting; (2)
Mining; (3) Manufacturing; and Services ðxs; ks;ns; θsÞ includes branches: NAICS: (1) Utilities; (2) Wholesale trade; (3) Retail
trade; (4) Transportation and warehousing; (5) Information; (6) Professional and business services; (7) Management of
companies and enterprises; (8) Administrative and waste management services; (9) Educational services, health care, and social
assistance; (10) Arts, entertainment, recreation, accommodation, and food services; (11) Other services, except government. SIC:
(1) Transportation and public utilities; (2) Wholesale trade; (3) Retail trade; (4) Services.

B.1.2. Data used to construct risk shocks
Description of variables
Variable
 Name in
WRDS
Description [1]
Backlog
 hbbck
 This is the dollar value of housing units subject to pending sales contracts at the end of the period. This item
includes: 1. Backlog 2. Outstanding contracts at period end 3. Consolidated company amounts 4. Homes in
contract backlog 5. Backlog of uncompleted contracts This item excludes: 1. Unconsolidated subsidiary
amounts 2. Closings 3. Deliveries 4. Settlements
Total Homebuilding
Inventories
hbinvt
 This item includes: 1. Deposits for land 2. Consolidated inventory not owned 3. All other homebuilding-related
inventory This item excludes inventories related to the mortgage banking business, such as mortgages held for
sale.
Undeveloped
Inventories—Owned
hbinvuo
 This item includes: 1. Land held for development 2. Manufacturing materials and other 3. Other Land and land
options held for future development or sale This item excludes: 1. Land deposits 2. Land inventory not owned
Land Under
Development
hbinvlud
 This item includes: 1. Land under development 2. Land and land under development 3. Homesites and land
under development This item excludes: 1. Land held for development and sale 2. Construction in progress
Source: Compustat Manuals and Overviews-General-Compustat Online Manual: http://wrds-web.wharton.upenn.edu/wrds/support/Data/_001Manuals
and Overviews/_001Compustat/_001General/_000dataguide/index.cfm

References

Aoki, Kosuke, Proudman, J., Vlieghe, J., 2004. House prices, consumption, and monetary policy: a financial accelerator approach. J. Financ. Intermed. 13 (4),
414–435.

Bachmann, R., Elstner, S., Sims, E., 2013. Uncertainty and economic activity: evidence from business survey data. Am. Econ. J.: Macroecon. 5 (2), 217–249.
Bloom, N., Floetotto, M., Jaimovich, N., 2008. Really uncertain business cycles. Stanford University Working Paper.

http://wrds-web.wharton.upenn.edu/wrds/support/Data/_001Manuals
Overviews/_001Compustat/_001General/_000dataguide/index.cfm
http://refhub.elsevier.com/S0165-1889(14)00122-5/sbref1
http://refhub.elsevier.com/S0165-1889(14)00122-5/sbref1
http://refhub.elsevier.com/S0165-1889(14)00122-5/sbref2


V. Dorofeenko et al. / Journal of Economic Dynamics & Control 45 (2014) 194–219 219
Burns, A.F., Mitchell, W.C., 1946. Measuring business cycles. Studies in Business Cycles, No. 2. NBER, New York.
Carlstrom, C.T., Fuerst, T.S., 1997. Agency costs, net worth, and business fluctuations: a computable general equilibrium analysis. Am. Econ. Rev. 87, 893–910.
Carlstrom, C.T., Fuerst, T.S., 1998. Agency costs and business cycles. Econ. Theory (12), 583–597.
Christiano, L., Eichenbaum, M., Evans, C., 2005. Nominal rigidities and the dynamic effects of a shock to monetary policy. J. Polit. Economy 113 (1), 1–45.
Christiano, L., Motto, R., Rostagno, M., 2013. Risk shocks. NBER Working Paper No. 18682.
Chugh, S.K., 2011. Firm risk and leverage-based business cycles. University of Maryland Department of Economics Working Paper.
Davis, Morris, Heathcote, J., 2005. Housing and the business cycle. Int. Econ. Rev. 46 (3), 751–784.
Dorofeenko, V., Lee, G., Salyer, K., 2008. Time varying uncertainty and the credit channel. Bull. Econ. Res. 60 (4), 375–403.
Fernández-Villaverde, J., Guerrón-Quintana, P.A., Rubio-Ramirez, J., Uribe, M., 2011. Risk matters: the real effects of volatility shocks. Am. Econ. Rev. 101 (6),

2530–2561.
Fisher, J.D.M., 2007. Why does household investment lead business investment over the business cycle? J. Polit. Economy 115, 141–168.
Gilchrist, S., Sim, J., Zakrajsek, E., 2008. Uncertainty, credit spreads, and investment dynamics. FRB Working Paper.
Glaeser, E.L., Gyourko, J., 2006. Housing dynamics. NBER Working Paper No. 12787.
Greenwood, J., Hercowitz, Z., Krusell, P., 2000. The role of investment specific technological change in the business cycle. Eur. Econ. Rev. 44, 91–115.
Iacoviello, M., 2005. House prices, borrowing constraints and monetary policy in the business cycle. Am. Econ. Rev. 95 (June (3)), 739–764.
Iacoviello, M., Minetti, R., 2008. The credit channel of monetary policy: evidence from the housing market. J. Macroecon. 30, 69–96.
Iacoviello, M., Neri, S., 2010. Housing market spillovers: evidence from an estimated DSGE model. Am. Econ. J.: Macroecon. 2 (2), 125–164.
Iacoviello, M., 2013. Financial business cycles. Boston College Economics Department Working Paper.
Kahn, J.A., 2008. What drives housing prices. New York Federal Reserve Staff Report No. 345.

http://refhub.elsevier.com/S0165-1889(14)00122-5/sbref5
http://refhub.elsevier.com/S0165-1889(14)00122-5/sbref24
http://refhub.elsevier.com/S0165-1889(14)00122-5/sbref8
http://refhub.elsevier.com/S0165-1889(14)00122-5/sbref12
http://refhub.elsevier.com/S0165-1889(14)00122-5/sbref13
http://refhub.elsevier.com/S0165-1889(14)00122-5/sbref14
http://refhub.elsevier.com/S0165-1889(14)00122-5/sbref14
http://refhub.elsevier.com/S0165-1889(14)00122-5/sbref15
http://refhub.elsevier.com/S0165-1889(14)00122-5/sbref18
http://refhub.elsevier.com/S0165-1889(14)00122-5/sbref19
http://refhub.elsevier.com/S0165-1889(14)00122-5/sbref20
http://refhub.elsevier.com/S0165-1889(14)00122-5/sbref21

	Risk shocks and housing supply: A quantitative analysis
	Introduction
	Model description
	Production
	Firms
	Households

	The credit channel
	Housing entrepreneurial contract
	Entrepreneurial consumption and house prices
	Financial intermediaries


	Equilibrium
	Calibration and data
	Results
	Steady state values, second moments and lead–lag patterns

	Equilibrium analysis
	Dynamics: impulse response functions
	Quantitative analysis: risk shocks
	Quantitative analysis: adding demand shocks
	Some final remarks

	Acknowledgments
	Equilibrium equations
	Data appendix
	Data sources
	Calibration of production technology parameters
	Data used to construct risk shocks


	References




