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Abstract

This paper documents the theoretical structure of an extension of the Norges

Bank policy model NEMO. New features include an explicit treatment of the

credit market, including a separate banking sector, a role for housing services

and house prices, and the option of using macro-prudential instruments as the

LTV-ratio and capital requirements as policy instruments. The model rely on

building blocks from the recent literature on the interaction between the financial

sector and the real economy.
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1 Introduction

This paper documents the theoretical structure of an extension of the Norges Bank

policy model NEMO.1 New features include an explicit treatment of the credit market,

including a separate banking sector, a role for housing services and house prices, and the

option of using macro-prudential instruments as the LTV-ratio and capital requirements

as policy instruments. The model rely on building blocks from the recent literature on

the interaction between the financial sector and the real economy.2

The model was introduced for policy analysis in 2013, and is a preliminary output

from an ongoing project at the Norges Bank aimed at deepening our understanding of

the linkages between financial factors and the rest of the economy, including monetary

policy. This is important for several reasons. First, a more appropriate modelling of

the credit channel is of first order importance to monetary policy in its own right. To

the extent that there are significant feed-backs from the financial sector to the real

economy, which the great recession seems to indicate, this should be internalized by

monetary policy. Moreover, reducing misspecification in the model will improve the

structural interpretation of the data. Second, a more explicit modelling of financial

variables relevant for financial stability will make it easier to discuss policy implications

of potential financial imbalances building up. Third, including macro-prudential instru-

ments in the model, also allows us to analyze issues related to the interaction between

monetary policy and macroprudential policies.

Building and improving models for policy analysis is a continuos process. Work is

already underway to improve several aspects of the model. First, we will allow for muli-

tiperiod debt contracts.3 This will give rise to more persistent financial cycles, which

is a prominent feature of the data. Second, we plan to relax the current assumption

that banks can only finance themselves domestically through deposits. On the margin,

1See Brubakk et al. (2006) and Brubakk and Sveen (2009).
2In particular, we benefit from contributions by Iacoviello (2005), Gerali et al. (2010) and

Benes and Kumhof (2011).
3See Kydland et al. (2012), Garriga et al. (2013), Gelain et al. (2014a), and Gelain et al. (2014b).
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international funding seems to be an important channel of bank funding. Third, we also

plan to relax the assumption of rational expectations by introducing so-called hybrid

expectations,4 which yields more intrinsic persistence in line with VAR evidence. Fi-

nally, an important future extension will be to explicitly model the apparent non-linear

relation between financial market developments and episodes of financial stress.

All future changes to the model will be documented in updated versions of this

StaffMemo. Once the aforementioned improvements are implemented and the model

reestimated, a detailed companion paper showing impulse responses and various policy

analysis will be published.

2 The model

2.1 Main features

The model economy consists of households, firms and a government sector, including

the monetary authority. There are two main production sectors, an intermediate goods

sector and a final goods sector. In addition, there are two separate production sectors

for housing and non-housing capital goods, partly relaying on final goods as inputs.

Each intermediate good is produced by a single firm, using differentiated labor, l,

and capital, K, as inputs. The market for intermediate goods is characterized by mo-

nopolistic competition. The intermediate good, T , can be exported or sold domestically

to the final goods sector. Under the assumption of monopolistic competition, interme-

diate firms will set their prices as a mark-up over marginal costs. Since we abstract

from the possibility of arbitrage across countries, intermediate firms can set different

prices at home and abroad. Furthermore, we assume that it is costly for intermediate

firms to change their prices. The specification of the price adjustment costs is consistent

with Rotemberg (1982). Intermediate firms rent capital from a separate set of firms

called entrepreneurs. Entrepreneurs rely on external funding from the banking sector

4Crudely speaking, hybrid expectations refers to a weighted average of backward-looking moving
average (MA) terms and a forward-looking component (See Gelain et al. (2013)).
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to finance capital investments.

In the final goods sector, domestic and imported intermediate goods, Q and M

respectively, are combined to produce a final retail good, A. Firms in this sector

are assumed to operate under perfect competition. The final good can be used for

consumption, C, capital production, I, housing production, IH , government spending,

G, and oil investment, Ioil.5

We assume that there are two types of households in the economy, patient and

impatient. Both types choose the level of housing services, non-housing consumption,

wages and credit in order to maximize their utility given an intertemporal budget

restriction and the demand schedule for labor. Borrowing from the banking sector

is constrained by the value of the housing stock, which serves as collateral. Since

by assumption, impatient households have a higher time preference rate than patient

households, the borrowing constraint will only apply to impatient households. Hence,

in equilibrium, impatient households borrow, while patent households save.

The banking sector is modelled mainly on the basis of two reference papers, namely

Gerali et al. (2010) and Benes and Kumhof (2011). The structure of the banking sec-

tor is from Gerali et al. (2010). It has three distinctive features. First, banks enjoy

some degree of market power in loan and deposit markets and set different rates for

households and firms. Second, banks face costs of adjusting retail rates and the pass-

through on loan and deposit rates of changes in the policy rate is incomplete on impact.

Third, differently from Gerali et al. (2010), we assume that bank capital is subject to

regulation as in Benes and Kumhof (2011). They see regulation as a system of penalties

imposed on banks in case they fall below the regulatory minimum.

Government spending is financed through lump-sum tax revenues. The monetary

authority controls the national short-term nominal interest rate. The optimal interest

rate path is obtained by minimizing a loss function, where the inflation and output gap

are the main arguments. Monetary policy ensures that the steady state inflation rate

5We model the mainland economy, that is, the total economy excluding the oil sector. However,
whereas oil production is not modeled, we include (exogenously) oil investments on the demand side,
affecting mainland industries.
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is equal to the inflation target.

We assume that the economy evolves along a balanced growth path, driven by

two exogenous productivity shocks. We adopt the small open economy assumption,

implying that the foreign economy (rest of the world) is fully exogenous from the point

of view of the Norwegian economy. Hence, economic developments in Norway have no

effects on its trading partners. This is a reasonable description, given the relative size

of the Norwegian economy.6

2.2 Final goods

We assume that there is a continuum of final good producers indexed by x ∈ [0, 1] .

The final good, A, is produced using a composite of domestic intermediate goods, Q,

and imports, M , as inputs. The specific technology adopted is a constant elasticity of

substitution (CES) production function:

At(x) =
[
η
1
µQt(x)1− 1

µ + (1− η)
1
µ Mt(x)1− 1

µ

] µ
µ−1

, (1)

where the degree of substitutability between the indices of domestic and imported

goods is determined by the parameter µ > 0, whereas η (0 ≤ η ≤ 1) measures the

steady-state share of domestic intermediates in the case where relative prices are equal

to 1. Hence, the latter is often interpreted as the degree of home bias.

Furthermore, the composite good Q is an index of differentiated domestic interme-

diate goods, produced by a continuum of firms h ∈ [0, 1]:

Qt(x) =

 1∫
0

Qt (h, x)
1− 1

θHt dh


θHt
θHt −1

, (2)

6Sutherland (2005) shows how to collapse a fully endogenous two-country model into a model where
one of the countries adhere to the small open economy assupmtion, whereas the other country (the
"rest of the world") behaves like a closed economy. See also Brubakk et al. (2006). The small open
economy assumption is obtained as a limiting case where the relative size of one of the countries goes
to zero.
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where the degree of substitution between domestic intermediates is captured by θH > 1.

We allow this parameter to be time varying according to:

ln

(
θHt
θH

)
= λθ

H

ln

(
θHt−1

θH

)
+ εθ

H

t 0 ≤ λθ
H

< 1, εθ
H

t ∼ iid
(
0, σ2

θH

)
, (3)

where θH is the steady state value and λθ
H

is the autocorrelation coeffi cient, determining

the persistence of the shock process. The error term εθ
H

t is assumed to be white noise.

Similarly, the composite imported input is an aggregate of differentiated import

goods indexed f ∈ [0, 1]:

Mt(x) =

 1∫
0

Mt (f, x)
1− 1

θFt df


θFt
θFt −1

, (4)

where θF > 1 is the degree of substitution between imported goods. The elasticity of

substitution across differentiated imports evolves according to:

ln

(
θFt
θF

)
= λθ

F

ln

(
θFt−1

θF

)
+ εθ

F

t 0 ≤ λθ
F

< 1, εθ
F

t ∼ iid
(
0, σ2

θF

)
, (5)

The demand for the different varieties of domestic goods, Q (h, x), is obtained by

minimizing total outlays on domestic intermediate goods given (2). This yields the

following demand functions:

Qt (h, x) =

(
PQ
t (h)

PQ
t

)−θHt
Qt (x) , (6)

where PQ
t (h) denotes the price of variety h produced at home and PQ

t is the corre-
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sponding aggregate price,7 given by:

PQ
t =

 1∫
0

PQ
t (h)1−θHt dh


1

1−θHt

. (7)

In a similar fashion, the demand for differentiated imports is given by:

Mt(x, f) =

(
PM
t (f)

PM
t

)−θFt
Mt (x), (8)

where PM
t (f) denotes the price of imported variety f and PM

t is the aggregate import

price:

PM
t =

 1∫
0

PM
t (f)1−θFt df


1

1−θFt

. (9)

The optimal choice ofQt(x) andMt(x) can be found by minimizing PQ
t Qt(x) +PM

t Mt(x)

given (1). This yields the following demand functions:

Qt(x) = η

(
PQ
t

Pt

)−µ
At(x), (10)

Mt(x) = (1− η)

(
PM
t

Pt

)−µ
At(x), (11)

where Pt is the aggregate price of the final good. The final goods sector is characterized

by perfect competition, implying that profits are zero:

PtAt(x) = PQ
t Qt (x) + PM

t Mt (x). (12)

7Defined as the minimal outlay required to produce one unit of the composite.
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2.3 Intermediate goods

Each intermediate firm n is assumed to produce a differentiated good Tt (n) for the

domestic and the foreign market using the following CES production function:

Tt (n) =
[
(1− α)

1
ξ
(
Ztz

L
t lt (n)

)1− 1
ξ + α

1
ξKt (n)1− 1

ξ

] ξ
ξ−1

, (13)

where α ∈ [0, 1] is the capital share and ξ denotes the elasticity of substitution between

labor and capital. The variables lt (n) and Kt (n) denote, respectively, hours used and

capital of firm n in period t. There are two exogenous shocks to productivity in the

model: Zt refers to an exogenous permanent (level) technology process, which grows at

the gross rate πzt , whereas z
L
t denotes a temporary (stationary) shock to productivity

(or labor utilization). We assume the following processes:

ln(Zt) = ln(Zt−1) + ln(πz) + ln
πzt
πz
, (14)

where

ln
πzt
πz

= λz ln
πzt−1

πz
+ εzt 0 ≤ λz < 1, εzt ∼ iid

(
0, σ2

z

)
, (15)

and

ln

(
zLt
zL

)
= ln

(
zLt−1

zL

)
+ εz

l

t εz
l

t ∼ iid
(
0, σ2

zl

)
, (16)

Firms choose labor and capital to minimize factor outlays, taking the wages and

the rental rate as given. Capital is hired from entrepreneurs at the rental rate RK
t .

The labor input is a Cobb-Douglas aggregate of hours supplied by the two types of

households, lim and lpa, respectively:

lt =
(
limt
)%

(lpat )1−%
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where:

limt (n) =

 1

n

%∫
0

limt (n, j)
1− 1

ψimt dj


ψimt
ψimt −1

, (17)

and:

lpat (n) =

 1

n

1∫
%

lpat (n, j)
1− 1

ψ
pa
t dj


ψpa

ψ
pa
t −1

, (18)

where ψkt denotes the elasticity of substitution between differentiated labour within

labor type k = pa, im, and evolves according to:

ln

(
ψkt
ψk

)
= λψ ln

(
ψkt−1

ψk

)
+ εψ

k

t 0 ≤ λψ < 1, εψ
k

t ∼ iid
(

0, σ2
ψk

)
, (19)

Minimizing expenditure on the the two types of labor, taking (17) and (18) into account,

gives rise to the following demand functions:

lkt (n, j) =

(
W k
t (j)

W k
t

)−ψkt
lkt (n), k = im, pa (20)

whereW k
t (j) is the nominal wage chosen by household j, type k, andW k

t is the aggregate

nominal wage for households of type k, defined as the unit cost of the labor input, lkt (n).

The optimal use of the two labor aggregates, limt and lpat is found by minimizing

W im
t limt +W pa

t l
pa
t given (20). This yields an expression for the overall wage level:

Wt =
[
%%(1− %)(1−%)

] (
W im
t

)%
(W pa

t )(1−%)

Minimizing total factor outlays for a given level of production, results in the following

first order conditions (in symmetric equilibrium):

Kt ≡ α

(
MCt
RK
t

)ξ
Tt. (21)
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and:

lt = (1− α)

(
MCt
Wt

)ξ
Tt
(
Ztz

L
t

)(ξ−1)
. (22)

Using (13), (21) and (22), we can solve for the marginal costs, MCt, to obtain:

MCt =

[
(1− α)

(
Wt

ZtzLt

)1−ξ

+ α
(
RK
t

)1−ξ
] 1
1−ξ

Firms sell their goods under monopolistic competition. Each firm n charges different

prices at home and abroad: PQ
t (n) in the home market and PM∗

t (n) abroad, where the

latter is denoted in foreign currency.8 Again, we assume that changing prices is costly.

When a firm changes its prices it incurs intangible costs that do not affect cash-flow

but enter the maximization problem as a form of “disutility”. The intangible costs of

adjusting prices in the domestic and the foreign market are, respectively:

γP
Q

t (n) ≡ φPQ

2

[
PQ
t (n) /PQ

t−1 (n)

PQ
t−1/P

Q
t−2

− 1

]2

, (23)

γP
M∗

t (n) ≡ φM
∗

2

[
PM∗
t (n) /PM∗

t−1 (n)

PM∗
t−1/P

M∗
t−2

− 1

]2

, (24)

where the cost of changing prices is governed by the parameters φPQ and φM
∗
.

Cash-flows in a given period are immediately paid out to shareholders (savers) as

dividends, Ψt (h):

Ψt (n) = PQ
t (n)

1∫
0

Qt(n, x)dx+ PM∗
t (n)St

1∫
0

M∗
t (n, x∗)dx∗ (25)

−Wtlt (n)−RK
t (n)Kt−1(n),

where St is the nominal exchange rate.

Given optimal factor inputs, and thus the minimal marginal costs, firms choose

8Hence, we assume "local currency pricing" explored by Devereux and Engel (2003),
Corsetti and Dedola (2003) and others.
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prices to maximize present discounted value of cash-flows, adjusted for the intangible

cost of changing prices, taking into account the demand both at home and abroad,

TDt (n). The latter is given by:

TDt (n) =

1∫
0

Qt(n, x)dx+

1∫
0

M∗
t (n, x∗)dx∗ (26)

=

(
PQ
t (n)

PQ
t

)−θHt
Qt (x) +

(
PM∗
t (n)

PM∗
t

)−θF∗t
M∗

t (x).

The first order condition for optimal price setting in the domestic market can be

written (symmetric equilibrium):

Qt − θHt Qt + θHt QtMCt(h)/PQ
t

−φPQ
[
PQ
t /P

Q
t−1

PQ
t−1/P

Q
t−2

− 1

]
PQ
t Qt

1/PQ
t−1

PQ
t−1/P

Q
t−2

(27)

+EtD
pa
t,t+1


φPQ

[
PQt+1(h)/PQt (h)

PQt /P
Q
t−1

− 1

]
×

PQ
t+1Qt+1

(
1

PQt

)2 PQt+1

PQt /P
Q
t−1

 = 0,

where Dpa
t,t+1 denotes the stochastic discount factor of patient households, defined in

(38).

The first-order condition for foreign price setting is given by (again skipping the

firm index):

StM
∗
t − θF

∗

t StM
∗
t + θF

∗

t MCtM
∗
t /P

M∗

t

−φM∗
[
PM∗
t /PM∗

t−1

PM∗
t−1/P

M∗
t−2

− 1

]
PM∗

t StM
∗
t

[
1/PM∗

t−1

PM∗
t−1/P

M∗
t−2

]
(28)

+EtD
pa
t,t+1


φM

∗
[
PM

∗
t+1 /P

M∗
t

PM
∗

t /PM
∗

t−1
− 1

]
×

PM∗
t+1St+1M

∗
t+1

(
1

PM
∗

t

)2
(

PM
∗

t+1

PM
∗

t /PM
∗

t−1

)
 = 0.
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2.4 Households

There are two types of households in the home economy, ’impatient’and ’patient’. Im-

patient households are characterized by a lower discount factor than patient households.

The impatient households, comprising a share equal to % ∈ [0, 1〉, are credit constrained

and may only borrow up to a fraction, the loan-to-value ratio, of the market value of

their housing stock. As in Iacoviello (2005), we assume that this constraint is always

binding. The remaining 1− % share of households, the patient households, have uncon-

strained access to capital markets both home and abroad. Moreover, patient households

own all domestic firms, including banks, and receive all dividends.

Each household supplies a differentiated labor input to intermediate firms. Wages

are set under the assumption of monopolistic competition. We allow wages to differ

between the two types of households.

Households obtain utility from housing services, consumption of other goods and

services and leisure. Housing services are proportional to the housing stock. The stock

of housing is supplied by an additional production sector, which simply takes the final

good as input. Productivity growth in the production of housing is assumed to be

lower than in the rest of the economy, which is consistent with the observed trend in

the relative price of housing.

Preferences are additively separable in consumption and labor. Letting Uk
t (j) denote

the lifetime expected utility of a representative household j of type k = im, pa, we have:

Uk
t (j) = Et

∞∑
i=0

(
βk
)i [

zut+iu
(
Ck
t+i (j)

)
+ zht+iω(Hk

t+i (j))− v
(
lkt+i (j)

)]
, (29)

where Ck
t denotes consumption, l

k
t is labor, and H

k
t is housing services. Households

are assumed to live infinitely and they discount future utility by a discount factor

0 < βk < 1. As mentioned, the discount factor of impatient households, βim, is assumed

to be lower than the one of patient households, βpa. We include a random taste shifter,

zht , to allow for shocks to housing preferences and, similarly, z
u
t for consumption of other

12



goods and services. They evolve according to:

ln

(
zut
zu

)
= λu ln

(
zut−1

zu

)
+ εut , 0 ≤ λu < 1, εut ∼ iid

(
0, σ2

u

)
, (30)

ln

(
zht
zh

)
= λh ln

(
zht−1

zh

)
+ εht , 0 ≤ λh < 1, εht ∼ iid

(
0, σ2

h

)
,

The current period utility functions for consumption, labor choices, and housing

services, u(Ck
t (j)), v(lkt (j)), and ω(Hk

t+i (j)) are given by:

u
(
Ck
t (j)

)
= (1− bc/πz) ln

[
Ck
t (j)− bcCk

t−1

1− bc/πz

]
,

v
(
lkt (j)

)
=

1− bl
1 + ζ

[
lkt (j)− bllkt−1

1− bl

]1+ζ

. (31)

ω(Hk
t (j)) =

(
1− bhπh/πz

)
ln

[
Hk
t (j)− bhHk

t−1

1− bhπh/πz

]

We assume external habit persistence in consumption, housing and labor. The

degrees of habit are governed by the parameters bc (0 < bc < 1), bh (0 < bh < 1) and bl

(0 < bh < 1), respectively. Thus, what generates utility is not only how much household

j consumes today, but also how much it consumes relative to aggregate consumption

in the previous period. This type of habit persistence is sometimes referred to as

“keeping up with the Joneses”. The motivation for this kind of utility is primarily to

generate some sluggishness in consumption in response to shocks, which is consistent

with stylized facts.9 The degree of disutility of supplying labor is captured by the

parameter ζ > 0. The log-utility specification for consumption is chosen to ensure a

balanced growth path.10

9The specific functional form of the subutility function, u(j), adapted here ensures that the habit
parameter does not enter the steady state solution of the model.
10This is equivalent to letting σ → 1 in the more general specification

ut(C
k
t (j)) =

(
Ckt (j)− bcCkt−1

)1−σ
1− σ

13



Each household is the monopolistic supplier of a labor input j (i.e. possesses a

particular variety of labor, which it offers to firms), for which it sets the nominal wage,

W k
t (j), taking into account the demand for labor from firms in the intermediate sector,

given by (20). Following Kim (2000), there is sluggish wage adjustment due to resource

costs that are measured in terms of the total wage bill. The adjustment costs, γW,kt , are

specified as:

γW,kt (j) ≡ φW

2

[
W k
t (j) /W k

t−1 (j)

W k
t−1/W

k
t−2

− 1

]2

, (32)

where W k
t is the aggregate nominal wage rate of type k. As can be seen from (32),

costs are related to changes in wage inflation relative to the past observed rate for

households of type k. The parameter φW > 0 determines how costly it is to change the

wage inflation rate.

Patient households The individual flow budget constraint for the j patient house-

holds is:

PtC
pa
t (j) +Bpa

t (j) + StB
∗
H,t (j) + PH

t H
pa
t (j) ≤ W pa

t (j) lpat (j)
[
1− γW,pat (j)

]
+
[
1− γB∗t−1

] (
1 + r∗t−1

)
StB

∗
H,t−1 (j) (33)

+
(
1 + rdt−1

)
Bpa
t−1 (j) + PH

t (1− δH)Hpa
t−1 (j) +

1

1− %Ψt (j)− 1

1− %Ξt (j) ,

where Bpa
t (j) is patient household j’s end of period t deposits, B∗H,t (j) is end of period t

portfolio of foreign bonds (held by domestic households), PH
t the nominal house prices,

and Hpa
t housing. Furthermore, the domestic net short-term nominal interest rate on

deposit is denoted by rdt , and the net nominal return on foreign bonds is r
∗
t . The variable

Ψt includes all profits and also any nominal adjustment costs, which are rebated in a

lump-sum fashion. Finally, home agents pay lump-sum (non-distortionary) net taxes,

where σ is the inverse of the intertemporal elasticity of substitution.

14



Ξt, denominated in home currency.11

A financial friction, γB
∗
, is introduced to guarantee that the net asset positions

follow a stationary process.12 This cost depends on the average net foreign asset position

(detrended) of the domestic economy relative to some desired net foreign asset position,

B
H∗

t (which may deviate from zero). Specifically, we adopt the following functional

form:

γB
∗

t = φB1
exp

(
φB2

(
(1− %) St

PtZt

(
BH∗
t −B

H∗

t

)))
− 1

exp
(
φB2

(
(1− %) St

PtZt

(
BH∗
t −B

H∗

t

)))
+ 1

+ zBt , (34)

where 0 ≤ φB1 ≤ 1, φB2 > 0 and BH∗
t ≡

(
1

(1−%)

) ∫ (1−%)

0
B∗,paH,t (j)dj defines the home

country’s holdings of foreign bonds per patient household. The variable zBt can be

interpreted as a risk premium shock and follows:

zBt = λBzBt−1 + εBt . (35)

Households choose consumption, housing, labor, deposits, foreign bond holdings,

and wages to maximize the discounted utility given by (29), taking into account the

budget restriction (33) and the demand for labor (20).

The intertemporal optimality conditions are given by (skipping index):

1

1 + rdt
= EtD

pa
t,t+1 (36)

Et

(
Dpa
t,t+1

St+1

St

)
=

(
1 + rdt

)
EtD

pa
t,t+1

(1 + r∗t ) [1− γB∗t ]
, (37)

where the stochastic discount factor, Dpa
t,t+1, is defined as:

Dpa
t,t+1 = βpa

Upa′
Ct+1

Upa′
Ct

Pt
Pt+1

= βpa
Pt
Pt+1

zut+1

zut

Cpa
t − bcCpa

t−1

Cpa
t+1 − bcC

pa
t

. (38)

11Since it is assumed that intermediate firms are owned by savers, they all receive a share 1
(1−%) of

per capita dividends. Furthermore, only savers pay tax.
12See Schmitt-Grohe and Uribe (2003) for a discussion and for alternative ways to ensure stationar-

ity.
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Equation (36) is the consumption Euler equation for the savers. It states that along

an optimal consumption path the marginal rate of substitution between consumption

tomorrow and consumption today must equal the gross real interest rate. If this does

not hold, utility could be increased by reallocating resources across time. Equation

(37) is a version of the Uncovered Interest Parity (UIP). It summarizes the optimal

holdings of domestic and international bonds. In equilibrium, it should not be possible

to increase the portfolio return by changing the composition of domestic and foreign

bonds.

The first-order condition for wage setting reads:

W pa
t

Pt
= ψtΦ

pa
t



(
1− γW,pat

)
+
φWW pa

t /W pa
t−1

Wt−1/Wt−2

(
W pa
t W pa

t−1
Wt−1/Wt−2

− 1
)

−Et

 Dpa
t,t+1π

W
t+1×

lpat+1
lpat

φWW pa
t+1/W

pa
t

W pa
t /W pa

t−1

(
W pa
t+1/W

pa
t

W pa
t /W pa

t−1
− 1
)




−1

, (39)

where Φpa
t measures the savers’marginal rate of substitution of consumption for leisure:

Φpa
t = −

Upa′
Lt

Upa′
Ct

=
1

zut

Cpa
t − bcCpa

t−1

1− bc/πz

(
Lpat − blLpat−1

1− bl

)ζ
. (40)

When setting wages, households balance their disutility from working and their

utility of consumption generated from their labor income. The optimal real wage is set

as a markup over Φpa
t . The markup depends on how much market power households

have in the labor market, governed by the time-varying parameter ψt (the elasticity

of substitution between differentiated labor types). Hence, the size of ψt could be

interpreted as the bargaining power of the households (or labor unions) in the wage

setting process. The total markup also depends on the costs of adjusting wages.

The first-order condition for the demand for housing is

zht
zut

1− bhπh/πz
1− bc/πz

Cpa
t − bcCpa

t−1

Hk
t − bhHk

t−1

= PH
t − Et

[
Dpa
t,t+1(1− δH)PH

t+1

]
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In order to derive the demand for deposits we make the assumption that deposits

contracts are a composite constant elasticity of substitution basket of slightly differen-

tiated products with elasticity term equal to θdt < −1

Bpa
t (j) =

[∫ 1

0

Bpa
t (j, i)(θ

d
t−1)/θdt di

] θdt

(θdt−1)

Demand for deposits from households j to bank i is obtained by maximizing the

revenue of total savings ∫ 1

0

rdt (i)Bpa
t (j, i) di

with respect to Bpa
t (j, i), subject to

[∫ 1

0
Bpa
t (j, i)(θ

d
t−1)/θdt di

]θdt /(θdt−1)
≤ Bpa

t (j), where

Bpa
t (j) is the overall amount of deposits of household j. The resulting aggregate demand

for deposits in bank i is given by

Bpa
t (i) =

(
rdt (i)

rdt

)−θdt
Bpa
t (41)

where Bpa
t is the aggregate deposit in the economy and rdt =

[∫ 1

0
rdt (i)1−θdt di

]1/(1−θdt )
is

the aggregate deposit rate.

The stochastic elasticity evolves as follows

ln
(
θdt
)

=
(

1− λθd
)

ln
(
θd
)

+ λθ
d

ln
(
θdt−1

)
+ εθ

d

t , 0 ≤ λθ
d

< 1, εθ
d

t ∼ iid
(
0, σ2

θd

)
Impatient households Impatient households face a similar problem. However, their

budget constraint reflects the fact that they do not have access to international bonds

markets or the possibility of investing in domestic firms. Hence, for impatient house-
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holds we have the following budget constraint

PtC
im
t (j) +

(
1 + rimt−1

)
Bim
t−1 (j) + PH

t H
im
t (j) ≤ W im

t limt (j)
[
1− γW im

t (j)
]

+Bim
t (j) + PH

t (1− δH)H im
t−1 (j) (42)

where Bim
t (j) > 0 now denotes the amount borrowed and rimt is the nominal net interest

rate paid on borrowing (which can be interpreted as the mortgage rate). The remaining

variables have an identical interpretation to the patient household case.

Impatient household borrowing is restricted to a fraction of the expected value of

their collateral, namely their housing stock. This constraint can be formulated as:

(
1 + rimt

)
Bim
t (j) ≤ ΩtEt

[
PH
t+1H (j)imt

]
(43)

where Ωt is the loan-to-value ratio assumed to follow an autoregressive process

ln

(
Ωt

Ω

)
= λΩ ln

(
Ωt−1

Ω

)
+ εΩ

t , 0 ≤ λΩ < 1, εΩ
t ∼ iid

(
0, σ2

Ω

)
,

Impatient households maximize utility given the same set of constraints as patient

households. In addition, impatient households take into account the collateral con-

straint. The first order conditions can be summarized as follows (in symmetric equilib-

rium):

U im′
Ht

U im′
Ct

= PH
t − Et

[
Dim
t,t+1(1− δH)PH

t+1 −
(

1

1 + rb,imt−1

−Dim
t,t+1

)
ΩtP

H
t+1

]
(44)

where

U im′
Ct = zut

(
Cim
t − bcCim

t−1

1− bc/πz

)−1

and

U im′
Ht = zht

(
H im
t − bhH im

t−1

1− bh/πz

)−1
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and

Dim
t,t+1 = βim

U im′
Ct+1

U im′
Ct

Pt
Pt+1

is the sthocastic discount factor.

Furthermore,

W im
t

Pt
= ψtΦ

im
t



(
1− γW,imt

)
+
φWW im

t /W im
t−1

W im
t−1/W

im
t−2

(
W im
t W im

t−1
W im
t−1/W

im
t−2
− 1
)

−Et

 Dim
t,t+1π

W
t+1×

limt+1
limt

φWW im
t+1/W

im
t

W im
t /W im

t−1

(
W im
t+1/W

im
t

W pa
t /W im

t−1
− 1
)




−1

, (45)

where Φim
t measures the savers’marginal rate of substitution of consumption for leisure,

defined as follows

Φim
t = −

U im′
Lt

U im′
Ct

where

U im′
Lt =

(
Limt − blLimt−1

1− bl

)ζ
The demand for mortgages is derived assuming that loans are a composite con-

stant elasticity of substitution basket of differentiated financial products with elasticity

denoted by θb,imt > 1. In particular, borrowing by household j obey the following

Dixit-Stiglitz index:

Bim
t (j) =

[
1

%

∫ %

0

Bim
t (j, i)(θ

b,im
t −1)/θb,imt di

] θ
b,im
t

(θb,imt −1) (46)

This assumption is key to allow for the existence of a positive mark-up (spread) of the

mortgage rate over the wholesale (money market) rate.

The optimal combination of credit from different banks is found by minimizing

the total repayment
∫ 1

0
rb,imt (i)Bim

t (j, i) di subject to (46), which yields the following
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demand schedule for mortgages

Bim
t (i) =

(
rb,imt (i)

rb,imt

)−θb,imt

Bim
t (47)

whereBim
t is the overall volume of mortgages and rb,imt =

[∫ 1

0
rb,imt (i)1−θb,imt di

]1/(1−θb,imt )

is the mortgage rate index. The elasticity of substitution, θb,imt , is stochastic and evolves

according to

ln
(
θb,imt

)
=
(

1− λθb,im
)

ln
(
θb,im

)
+λθb,im ln

(
θb,imt−1

)
+εθ

b,im

t , 0 ≤ λθ
b,im

< 1, εθ
b,im

t ∼ iid
(
0, σ2

θb,im

)
2.5 Banking sector

Banks are assumed to operate under monopolistic competition, and are restricted by

their balance sheet identity, stating that lending must equal deposits plus bank capi-

tal. Bank capital is accumulated through retained earnings and can only be adjusted

gradually. Furthermore, borrowing from Benes and Kumhof (2011), we assume that

banks have to adhere to a regulatory capital requirement. Failing to do so, will incur a

cost proportional to total assets (lending). The existence of an idiosyncratic shock to

returns, will typically lead banks to aim for a cushion above the required rate. Bank

capital plays an important role for credit supply in the model through a potential feed-

back loop between the real and the financial side of the economy. For example, an

economic downturn could possibly hit bank profits and reduce the bank capital ratio,

with banks cutting back on lending as a consequence. This would in turn give a further

negative impetus to the real economy.

As suggested by Gerali et al. (2010), we can think of each bank as composed of two

“retail”branches and a “wholesale”branch. One retail branch is responsible for provid-

ing differentiated loans to households and to entrepreneurs, while the other retail branch

takes care of the deposit side. Both branches set interest rates in a monopolistically

competitive fashion, subject to adjustment costs. The wholesale branch manages the
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capital position of the bank. Its task is to choose the overall level of operations regard-

ing deposit and lending, taking into account the capital requirement, and internalizing

the distribution of the idiosyncratic shock to overall returns.

The maximization problem of banks is affected by the nature of financial frictions

which firms and households are subject to. In particular, loans from firms is facing

Bernanke et al. (1999) type of frictions. This implies that banks account for the pos-

sibility of entrepreneurs’ default. Moreover, in the seminal BGG paper the lender

operates in a perfectly competitive market. In our set-up banks are monopolisticly

competitive. This requires to adjust the original BGG borrowing contract to take into

account that feature. Hafstead and Smith (2012) provide a suitable framework.

2.5.1 Wholesale branch

Each wholesale branch operates under perfect competition. On the liability side, it

combines net worth, or bank capital (KB), and wholesale deposits (Bpa), while on the

asset side, it issues loans (B). Thus, the balance sheet of bank i ∈ [0, 1] is simply:

Bpa
t (i) +KB

t (i) = Bt (i) (48)

with

Bt (i) = Be
t (i) + %Bim

t (i)

Bank capital is accumulated retained profits, adjusted for dividend rate δB:

KB
t (i) =

(
1− δB

)
KB
t (i) + JBt−1 (i)

where JBt denotes overall bank profits.

Banks differ in that the overall return on their lending is subject to an idiosyncratic
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shock ωBt .
13 The capital requirement, γBt , is implicitly defined by:

RA
t (i)Bt (i)ωBt (i)−Rd

tB
pa
t (i) < γBt R

A
t (i)Bt (i)ωBt (i) (49)

and

RA
t (i) = %

Bim
t (i)

Bt (i)
Rb,im
t (i) +

Be
t (i)

Bt (i)
Re
t (i)

is the average return on banking sector activities. Failing to comply with the capital

requirement will incur a penalty χBt. For a given level of operations and returns, there

will exist a level of the idiosyncratic shock, ωBt , such that whenever ω
B
t < ωBt banks

will fail to meet the capital requirement. Using condition (49) we can define this cut-off

value as:

ωBt (i) =
Rd
t (i)Bpa

t (i)

(1− γt)RA
t (i)Bt (i)

Taking the gross wholesale lending rate, Rb
t , and the gross wholesale deposit rate,

Rwd
t , as given, the problem for the wholesale bank is to choose loans and deposits

to maximize expected profits, internalizing the costs related to breaching the capital

requirement

max
{Bt(i),Bpat (i)}

Et
[
Rb
t (i)Bt (i)−Rwd

t (i)Bpa
t (i)− χBt (i)F

(
ωBt (i)

)]
(50)

By defining ιBt = Bt
KB
t
we can re-write (50) as

max
{ιBt }

Et

(Rb
t (i)−Rwd

t (i)
)
ιBt (i) +Rwd

t (i)− χιBt F

Rd
t (i)

(
1− 1

ιBt (i)

)
(1− γt)RA

t (i)


with first order condition

Et
{
Rb
t (i)−Rwd

t (i)− χ
[
F
(
ωBt (i)

)
+ f

(
ωBt (i)

)
ωBt (i)

(
ιBt (i)− 1

)]}
= 0 (51)

13We assume that ωBt is log-normally distributed with E
{
ωBt
}
= 1, standard deviation σBt , proba-

bility density function f
(
ωBt
)
and cumulative distribution F

(
ωBt
)
.
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As in Gerali et al. (2010), to close the model, we assume that banks have access to

unlimited finance at the policy rate Rt = 1 + rt from a lending facility at the central

bank, implying an arbitrage condition such that Rwd
t = Rt. Hence equation (51) states

that the wholesale interest rate is equal to the policy rate plus a term which depends on

the penalty coeffi cient χ and on expressions that determine the likelihood of a breach.14

We can define the wholesale spread Swt as

Swt (i) ≡ Rb
t (i)−Rt = χ

[
F
(
ωBt (i)

)
+ f

(
ωBt (i)

)
ωBt (i)

(
ιBt (i)− 1

)]
(52)

2.5.2 Deposit Branch

The retail deposit branch of bank i collects deposits Bpa
t (i) from patient households

and passes them to the wholesale unit which remunerates them at rate Rwd
t = Rt. We

assume that there are quadratic adjustment costs related to changing the deposit rate.

The deposit branch chooses the deposit rate Rd
t to maximize

max
{Rdt}

Et

∞∑
s=0

Dpa
0,t+s

 Rt+sB
pa
t (i)−Rd

t+s (i)Bpa
t (i)

−φd

2

(
Rdt (i)

Rdt−1+s(i)
− 1
)2

Rd
t+sB

pa
t (i)


subject to the demand for deposit (41). The first-order condition is

−
(
1− θdt

)
−θdt

Rt

Rd
t

−φd
(
Rd
t

Rd
t−1

− 1

)
Rd
t

Rd
t−1

+Et

[
Dpa
t,t+1φ

d

(
Rd
t+1

Rd
t

− 1

)(
Rd
t+1

Rd
t

)2
Bpa
t (i)

Bpa
t−1 (i)

]
= 0

When all rates are flexible (φd = 0) the deposit rate Rd
t is a markdown over the policy

rate, Rd
t = θdt

θdt−1
Rt.

2.5.3 Loan Branch

Banks lend to households and entrepreneurs. An underlying assumption is that there

exist a problem of asymmetric information between lender and borrower. Furthermore,

14This is the main difference with Gerali et al. (2010). In their set up the term depends only on
banks leverage and on the cost associated to its variation away from an exogenously fixed target level.
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it is costly for banks to monitor borrowers. For households this problem is solved

by imposing the collateral constraint, implicitly assuming that creditors cannot force

households to repay their debt unless the debts are secured by collateral. Alternatively,

this framework is consistent with assuming that monitoring costs always exceed the

value of the debt. Regarding entrepreneurs, monitoring costs are assumed to be a frac-

tion, µ, of entrepreneurs total assets, φ (defined in (61)). Entrepreneurs are identical

up to an idiosyncratic productivity shock, ω. The optimal contract between banks and

entrepreneurs, will imply that all entrepreneurs who draw ω < ω will declare bank-

ruptcy and leave all its remaining assets net of monitoring costs to the bank. Letting

F (·) denote the cumulative distribution of the idiosyncratic productivity shock, the

probability of default is given by F (ω). The optimal contracting problem is discussed

in the next section.

The loan branch of bank i obtains wholesale loans Bw
t (i) at the unitary cost Rb

t ,

differentiates them at no cost and resells them to impatient households and entrepre-

neurs applying two different markups. It also faces a quadratic cost of adjustment in

changing lending rates proportional to aggregate returns on loans.

The problem of the loan branch is to choose the mortgage rate Rim
t (i) and the gross

lending rate to entrepreneurs Reg
t (i) in order to maximize

max
{Rimt+s(i),Regt+s(i)}

Et

∞∑
s=0

Dpa
0,t+s



Rim
t+s (i)Bim

t+s (i) +
(
1− F

(
ωet+s

))
Reg
t+s (i)Be

t+s (i)

−Rb
t+s (i)Bt+s (i)− φim

2

(
Rimt+s(i)

Rimt−1+s(i)
− 1
)2

Rim
t+s (i)Bim

t+s (i)

−φe

2

(
Regt+s(i)

Regt−1+s(i)
− 1
)2

Reg
t+s (i)Be

t+s (i)

+ (1− µt)φt
Bet+s(i)

Bet+s


subject to the demand for loans (57) and (47), and Bt (i) = Bim

t (i) +Be
t (i) .
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Households The first-order condition for households results in (after imposing a

symmetric equilibrium):

1−θimt +θimt
Rb
t

Rim
t

−φim
(
Rim
t

Rim
t−1

− 1

)
Rim
t

Rim
t−1

+Et

[
Dpa
t,t+1φ

im

(
Rim
t+1

Rim
t

− 1

)(
Rim
t+1

Rim
t

)2
Bim
t+1

Bim
t

]
= 0

(53)

This expression has several implications. First, it states that the mortgage rate is

set based on current and expected future values of markup shocks and of the wholesale

rate (the relevant measure of marginal cost), which in turn depends on the policy rate

and on the capital position of the bank. Second, it is possible to show that the spread

on mortgages Simt is increasing in the policy rate, and it is proportional to the wholesale

spread Swt . In fact, when rates are perfectly flexible (φ
im = 0), (53) reduces to

Rim
t =

θb,imt − 1

θb,imt

Rb
t

Using expression (52)

Rim
t =

θimt − 1

θimt
{Swt +Rt}

Simt ≡ Rim
t −Rt =

θimt
θimt − 1

Swt +
1

θimt − 1
Rt

Entrepreneurs The first-order condition for entrepreneurs has similar features and

is given by:

−θe R
e

t

Reg
t

+θe
Rb
t

RN
t

−φu
(
Reg
t

Reg
t−1

− 1

)
Reg
t

Reg
t−1

+Et

[
Dpa
t,t+1φ

e

(
Reg
t+1

Reg
t

− 1

)(
Reg
t+1

Reg
t

)2 Be
t+1

Be
t

]
= 0

where

R
e

t ≡
θe − 1

θe
[1− Ft (ωet )]R

eg
t +

(1− µ)φt
Be
t

(54)

represents net revenues from a marginal change in the supply of credit. Marginal net

revenues are equated to marginal costs, which are determined by the funding rate and
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the adjustment costs. Equation (54) is required to hold and will act as a restriction in

the contracting problem to be discussed in the next section.

Finally we can define overall bank profits as follows

JBt (i) = rimt %Bim
t (i) + [Re

t (i)− 1]Be
t (i)−

[
Rd
t − 1

]
Bpa
t (i)− χF

(
ωBt (i)

)
Bt (i) (55)

where Re
t (i) and B

e
t (i) refer to Entrepreneurs described in the next section.

2.6 Entrepreneurs

There is a continuum of Entrepreneurs defined on s ∈ [0, 1] who rent capital to firms.

Capital goods are obtained from the capital producing sector. To finance their purchases

of capital goods entrepreneurs can count on internal funds N e
t , but in addition, they

depend on external funding from banksBe
t . The entrepreneurs’balance sheet in nominal

terms can be defined as

Be
t (s) +N e

t (s) = PK
t Kt(s) (56)

Entrepreneurs are identical up to an idiosyncratic i.i.d. productivity shock ωet .
15

Hence, ex-post aggregate returns will vary across entrepreneurs. Entrepreneurs start

each period by negotiating a contract with the banks, specifying both the interest rate

to pay, Reg
t , and the borrowing amount, B

e. Using a standard Dixit-Stiglitz aggregator

to describe the monopolistic competition, it is possible to define aggregate loans and

gross nominal interest rate as follows

Be
t (s) =

[∫ 1

0

Be
t (s)

θe−1
θe ds

] θe

θe−1

15It is assumed to have a cumulative distribution Ft (ωet ) such that Ft (xt) = Pr [ωet ≤ xt] and a
probability distribution function ft (ω

e
t ). It is log-normally distributed with mean equal to 1 and

standard deviation σet . As in Christiano et al. (2014) σ
e
t is represented by the following process

ln

(
σet
σe

)
= λσ

e

ln

(
σet−1
σe

)
+ εσ

e

t , 0 ≤ λσ
e

< 1, εσ
e

t ∼ iid
(
0, σ2σe

)
and it is defined as risk shock capturing movements in the riskiness of borrowers.
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Reg
t (s) =

[∫ 1

0

Reg
t (s)1−θe ds

] 1
1−θe

where θe is the elasticity of substitution among loans given by the assumption that

loans are a composite constant elasticity of substitution basket of slightly differentiated

products It follows that each bank i faces a downward sloping demand curve for loans

given by

Be
t (s) =

(
Reg
t (s)

Reg
t

)−θe
Be
t (57)

Capital expenditures, and therefore external borrowing, are chosen before the real-

ization of the idiosyncratic shock. After the realization of the productivity shock, some

entrepreneurs will find themselves unable to repay their debt in full. Entrepreneurs who

do not have the resources to repay their loans declare bankruptcy and banks receive the

assets of bankrupt entrepreneurs minus the monitoring cost. For simplicity, we model

the monitoring cost as a constant proportion µ of the realized gross real return to en-

trepreneurs, Rke
t+1P

K
t Kt where the return to capital is defined in (68). Entrepreneurs

who declare bankruptcy are characterized by a productivity level ωe < ωe, where the

cut-off value ωe satisfies:

ωet (s)R
ke
t (s)PK

t Kt(s) = Reg
t (s)Be

t (s) (58)

The optimal contract establishes a pair (Reg
t , B

e
t ) that satisfies the maximization of

entrepreneurs’expected profits:

Et
[
1− Γt

(
ωet+1(s)

)]
Rke
t

PK
t Kt(s)

N e
t (s)

subject to the lender’s participation constraint, which states that the lender must be

ensured a rate of return, Re
t , defined implicitly by:

Re
t (s)B

e
t (s) = [1− Ft (ωet (s))]R

eg
t (s)Be

t (s) + (1− µ)φt(s) (59)
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where Γt
(
ωet+1

)
is the share of profits going to the lender, defined by:

Γt (ωet ) =

∫ ωet

0

ωeFt (ωe) dωe + ωet

∫ ∞
ωet

Ft (ωe) dωe

The participation constraint has the same role as the zero profit condition in BGG.

The required return must be on the banks pricing schedule. Hence by making use of

equation (54), we get:

Re
t (s) =

θe

θe − 1
R
e

t (s)−
(1− µ)φt

(θe − 1)Be
t

(60)

where

φt =

[∫ ωet

0

ωedFt (ωe)

]
Rke
t P

K
t Kt, (61)

Hence, the required return is given as a mark-up over marginal lending costs minus a

correction term, which reflects the fact that banks set mark-ups based on gross interest

rates and not on assets received through bankruptcy. We can now reformulate the

participation constraint in terms of the cut-off rate and the leverage ratio as follows:

[Γt (ωet (s))− µGt (ωet (s))]R
ke
t (s)

PK
t Kt(s)

N e
t (s)

−Re
t

(
PK
t Kt(s)

N e
t (s)

− 1

)
= 0 (62)

with:

Gt (ωet ) =

∫ ωet

0

ωedFt (ωe)

The first-order conditions with respect to ωet and
PKt Kt
Ne
t
can be combined in the following

effi ciency condition

Et

{[
1− Γt

(
ωet+1

)] Rke
t+1

Re
t

+
Γ′t
(
ωet+1

)
Γ′t
(
ωet+1

)
− µG′t

(
ωet+1

) [Rke
t+1

Re
t

(
Γt
(
ωet+1

)
− µGt

(
ωet+1

))
− 1

]}
= 0

(63)

Together with (62), we obtain two equations to solve for ωet and
PKt Kt
Ne
t
as functions of
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Rket+1
Ret
. In particular, we can derive the result that the external finance premium

St ≡ Et

{
Rke
t+1

Re
t

}

is an increasing function of the entrepreneurs’ leverage ratio PKt Kt
Ne
t
. The higher the

leverage ratio, the riskier the entrepreneur is and the higher the premium he has to pay

on his external finance.

Net worth is cumulated out of retained profits net of the expected monitoring costs.

To avoid that entrepreneurs reach a state where they can fully self-finance, it is assumed

that each period entrepreneurs exit (”die”) with a given probability γet .
16 Hence, the

evolution of net worth can be expressed as follows:

N e
t = γet

[(
Rke
t −Re

t−1 − µGt (ωet )R
ke
t

)
PK
t−1Kt−1 +Re

t−1N
e
t−1

]
+W e

where W e is an endowment received by entering entrepreneurs.

2.7 Capital goods producers

It is assumed that capital goods are produced by a separate sector in a competitive

market. At the beginning of period t capital producers buy the depreciated physical

capital stock (1 − δ)Kt−1 from the entrepreneurs and final goods It from retailers and

convert them into capital stock Kt which is sold to entrepreneurs and used for pro-

duction at date t. Capital production technology is characterized by convex capital

adjustment costs and it is described by the following equation

Kt (h) = (1− δ)Kt−1 (h) + κt (h)Kt−1 (h) , (64)

16Following Christiano et al. (2014) we assume that this is a disturbance that directly affects the
quantity of net worth in the hands of entrepreneurs. We call it equity shock and it follows the process

ln

(
γet
γe

)
= λγ

e

ln

(
γet−1
γe

)
+ εγ

e

t , 0 ≤ λγ
e

< 1, εγ
e

t ∼ iid
(
0, σ2γe

)
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where δ ∈ [0, 1] is the depreciation. Convex adjustment costs are described by

function κt (h), which measures the rate of capital accumulation. It is given by

κt (h) =
It (h)

Kt−1 (h)
− φI1

2

[(
It (h)

Kt−1 (h)
− I

K

)]2

−φ
I2

2

(
It (h)

Kt−1 (h)
− It−1

Kt−2

)2

, (65)

where It denotes investment and zIt is an investment shock.
17 The parameters φI1 and

φI2 determine the cost of deviating from the steady state investment to capital ratio

and the cost of changing this ratio, respectively.

The representative capital producer maximizes its future discounted profit stream

taking the price of capital P k
t as given. The first-order condition associated with it is

Qu
t (h) =

1

κ′t(h)
(66)

where Qu
t (h) ≡ Pkt (h)

Pt(h)
is the real price of capital and

κ′t(h) = 1− φI1
(

It(h)

Kt−1(h)
− (πz − 1 + δ)ZI

t

)
− φI2

(
It(h)

Kt−1(h)
− It−1

Kt−2

)
, (67)

We can finally define the return to capital as

Rke
t =

RK
t + (1− δ)PK

t

PK
t−1

(68)

2.8 Housing production sector

Residential investment is supplied by a continuum of perfectly competitive housing

producers using the following representative technology

IHt = κH
(
IHt
Ht−1

)
Ht−1 (69)

17This shock could e.g. represent changes in the relative price of consumption and investment.
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where IHt denotes investment in new housing, IHt is the input of the final good used

to produce new housing and the function κH (·) is given by :

κH
(
IHt
Ht−1

)
=

IHt
Ht−1

− φH1
2

[(
IHt
Ht−1

− (δH − 1) zHt

)]2

−φ
H
2

2

(
IHt
Ht−1

−
IHt−1

Ht−2

)2

, (70)

where φH1 , φ
H
2 > 0 are parameters and zHt is a housing investment specific shock following

the process

ln

(
zHt
zH

)
= λH ln

(
zHt−1

zH

)
+ εHt , 0 ≤ λH < 1, εHt ∼ iid

(
0, σ2

H

)
The representative housing producer maximizes profits given (69), which yields the

following optimality condition:

QH
t =

{
1− φH1

[
IHt
Ht−1

− (δH − 1) zHt

]
− φH2

(
IHt
Ht−1

−
IHt−1

Ht−2

)}−1

where QH
t ≡

PHt
Pt
is the real house price. The housing stock evolves according to the

following law of motion:

Ht = (1− δH)Ht−1 + IHt (71)

2.9 Exogenous variables

Foreign variables are exogenous to the Norwegian economy. The foreign economy could

be modelled as a closed economy DSGE model, which is the approach taken in earlier

versions of NEMO. Given that we condition on all relevant foreign variables in the

forecasting procedure, we simply model foreign variables as univariate AR-processes.

This assumption also apply to (domestic) public spending and oil investments. Hence,
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foreign GDP, inflation and interest rates follow

ln

(
T ∗t
T ∗

)
= λ∗u ln

(
T ∗t−1

T ∗

)
+ εu∗t .

ln

(
R∗t
R∗

)
= λ∗R ln

(
R∗t−1

R∗

)
+ εR∗t .

ln

(
P ∗t /P

∗
t−1

π∗

)
= λ∗P ln

(
P ∗t−1/P

∗
t−2

π∗

)
+ εP∗t .

Finally, the government purchases final goods financed through a lump-sum tax, Ξ

PtGt = Ξt, (72)

where Gt is real per capita government spending following an exogenous AR-process.

2.10 Equilibrium conditions

The model is closed by a set of market-clearing conditions, ensuring that demand equals

supply. Supply of intermediates must equal demand. Furthermore, the supply of final

goods must equal total demand as follows:

At = Ct + It + IHt + IOILt +Gt (73)

where

Ct = %Cim
t + (1− %)Cpa

t

The intermediate good is used both at home and exported

Tt = Qt +M∗
t .

Finally in equilibrium

Ht = %H im
t + (1− %)Hpa

t (74)
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2.11 Monetary policy

The government also controls the short-term interest rate, Rt. Interest rates are set

with the objective to minimize the discounted sum of future (expected) losses. In the

benchmark case, the period t loss is given by:

Lt =
1

2

[
π̂2
t + λyŷ

2
t

]
In practice, policymakers might want to include elements in the loss function that take

into account uncertainty and financial stability considerations.
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