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An open economy model of the euro area and the US*

Nuno Alves Sandra Gomes Joao Sousa
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Abstract

Taking stock of the recent developments in the New Open Macroeconomics literature, we
build a two country Dynamic Stochastic General Equilibrium (DSGE) model of the euro area
and the US, with nominal rigidities and imperfect exchange rate passthrough. The model is
calibrated using parameters found in the literature. In order to illustrate the model’s dynamics
we simulate its response to a number of shocks.

JEL Classification: E5, F4.
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1 Introduction

In this paper we build a medium sized open-economy DSGE model of the euro area and the US.
We take stock of recent developments of the so-called New Open Economic Macroeconomics. The
model presented here thus shares a number of common features with other models, namely models
developed in other policy institutions (like the Global Economy Model (GEM) at the IMF) as well
as other central banks (for instance, with the New Area Wide Model of the ECB).

The closed economy setup seems inadequate for the study of policy issues in the euro area. Even
though a two-country setup is also a simplification, it allows us to study a number of issues that are
not possible in a closed economy setting. Actually, Adolfson et al. (2005) compare the empirical
properties of a closed and an open economy model of the euro area and, even though they don’t find
fundamental differences in the estimated parameters they do find differences in the transmission
mechanism of monetary policy between the two types of models. They also find that open economy
shocks are of high relevance in explaining the fluctuations in output and inflation in the short to
medium term.

Even though the open economy setup seems more appropriate to deal with the euro area,
any model is not without caveats. In respect to the model presented in this paper, one potentially
important feature that we have left out in a first stage is the existence of tradable and non-tradeables
goods or of a distribution sector (as in Corsetti and Dedola, 2005 or Corsetti, Dedola and Leduc,
2006). These features are important to model the exchange rate pass-through to domestic prices,
namely to reduce the tendency in these models for changes in exchange rates or foreign prices
to be transmitted more quickly to domestic prices than is usually found in the data. However,
the intention of estimating the model in a follow-up study made such exclusion necessary as data

*We are indebted to Isabel Horta Correia for very useful comments and discussions. The views expressed in this pa-
per are of the authors and not necessarily those of Banco de Portugal. Authors’ email addresses: njalves@bportugal.pt,
sgomes@bportugal.pt, jmsousa@bportugal.pt.



for this sectoral breakdown is particularly difficult to find. Nevertheless, we have resorted to an
alternative mechanism, namely the introduction of import adjustment costs, in order to slow down
the pass-through.

The model presented here consists of two countries, the euro area (EA) and the United States
(US). The two countries may have a different size but they share the same structure. The model
features a number of frictions that have become quite standard in the related literature (e.g. as in the
closed economy models by Christiano, Eichenbaum and Evans, 2005, or Smets and Wouters, 2003).
These include price and wage rigidities, investment adjustment costs, variable capital utilization
and imperfect exchange rate pass-through. At this stage the model is calibrated mainly on the
basis of other similar studies for the euro area.

The paper is organised as follows. In the next section we present the model. In section 3 we
discuss the calibration. In section 4 we analyse the impulse response functions to several shocks.
Section 5 concludes. Appendices A and B show all the relevant equations of the model.

2 The model

The general structure of the model is summarised in Figure 1.

In each country, the representative household derives utility from consumption (assuming in-
ternal habit persistence) and money and disutility from the amount of hours worked. Households
decide on how much to consume/spend and also set wages. We follow Erceg, Henderson and Levin
(2000) and assume that, in each period, households face a constant probability of not being able
to reoptimise their wage. When households are not reoptimising they update wages as a function
of past inflation, the inflation objective and a compensation for trend productivity growth. House-
holds own and rent capital to the intermediate firms. We assume there are adjustment costs in
investment. We also allow for variable capital utilization (with adjustment costs).

Regarding firms, in each country there are firms producing intermediate goods sold both in the
domestic and the foreign market. In the model only the intermediate goods are traded interna-
tionally. Markets are segmented and firms are local currency pricers. The production technology is
Cobb-Douglas, combining capital services with domestic labour. We allow for technological progress
(by introducing a technology shock following a unit root) and assume that firms set their prices a
la Calvo. As for the final good sector, there is a single final good produced in each country that
can be used both for consumption (private and public) and for investment. The final good sector is
perfectly competitive and merely buys the bundle of domestically produced intermediate goods and
the bundle of imported intermediate goods and combines them into the final good. The technology
used to combine these inputs is a Constant Elasticity of Substitution (CES) production function.
A quadratic adjustment cost to changing the composition of the final good is introduced with the
purpose of slowing down the pass-through of foreign production prices.

The financial intermediaries included in the model have a rather passive role as in Christiano,
Eichenbaum and Evans (2005). Intermediate firms borrow the wage bill from the financial interme-
diary which creates a demand for funds. In turn, the supply of funds stems from the deposits of
households in the financial intermediary and the increase of the money supply.

The model includes a simple government sector. The model does not include any fiscal rule.
The government in each country buys the final good, makes nominal transfers to households and
receives taxes from households (both on payrolls and consumption expenditures). The government
budget is balanced every period. As for the monetary authority, the central bank is assumed to
follow a Taylor rule.

Finally, international financial markets are incomplete and foreign bond holdings are subject
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Figure 1: Structure of the model.

to a risk-premium, following Benigno (2001). The risk-premium ensures that Net Foreign Assets
(NFA) are stabilised.

In the next section we provide some details on the structure of the model. Given that the two
countries are symmetric, in the description we will primarily focus on the euro area.

2.1 Firms
2.2 Goods producing firms

There is one final good produced in each country (which is not traded internationally). This good
serves for consumption purposes (both private and public) and investment purposes. The final good
sector is perfectly competitive and merely combines a bundle of domestically produced intermediate
goods (YE4 t) and a bundle of imported intermediate goods ( USt) into the final good (Y/£, +)- The
technology used to produce the final good is a CES production function:

L 1
Vi, = (dF)“*F (Yigs,) TF F 4 (1— dF)l“F (C Vi) TrF ,0<drp<1

where %)‘E is the elasticity of substitution between domestic goods and imports and dg is a para-
meter that governs the home bias in the final goods production. Additionally,
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is an adjustment cost (the firm incurs in a cost when varying the use of the bundle of imported
intermediate goods in the production of the final good). This cost serves the purpose of slowing
down the pass-through of foreign production price changes. Pg4; is the aggregate price index for
YEF a¢- Given the presence of adjustment costs, the final good producer chooses how much of the

domestic intermediate goods to use (Y7 At) and how much to import (YUSt) in order to maximise
its discounted stream of profits!:

pada By Avyj [PrassiYiass; — PEAwiYbanes — Pién Y]
EAt - US,t

The bundle of domestically produced intermediate goods is merely an aggregator that combines
the variety of differentiated intermediate goods produced by domestic firms and sold in the domestic

market, namely:
1 ADit M )
LHAD ¢ EA o\ T
Vi, = (ﬁ) /(YEA,t (1)) "Frot di
0
1+Ap.¢

where oo is the elasticity of substitution between varieties of goods produced domestically, in

1+Ap¢

the euro area.
Profit maximization implies the following demand function:

1+
EA FEA
Ef (i) = Pgiy At Yiay
EAt
Pgﬁ{t (4) n

The aggregate price index, denominated in the currency of the market where the goods are sold
(i.e. in euros in this case) is therefore:

n 7/\D,t
1
PEL, = ﬁ/(PEAt())ADtdZ
0

As for the bundle of imported intermediate goods, it is a combination of the varieties of differ-
entiated intermediate goods produced abroad, namely:

At 1-n 1+
TN Nas + 1
EA _ L\ T EA (\\TF\ir7 J:*
Yis: = (1 — n> (YUS,t (i )) Mt di
0
1+ .. . . .. . .
where J; Mt is the elasticity of substitution between varieties of imported goods in the euro area.

Profit max1mlzat10n implies the following demand function:

l+)\M +

Y
PUSt ] Mt YUSt

Yy (i) = .
’ P[%‘th (i) I—n

where PUEét is the aggregate price index of the bundle (denominated in the currency of the market
where the goods are sold, i.e. in euros in this case) and PUSt (7*) is the price of the intermediate
good 7*. Given the above stated Dixit-Stiglitz aggregator, the aggregate price index of imported
goods in the euro area is equal to:

1At+]~ is the Lagrange multiplier for money in the households optimization problem.
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In the euro area, there is also a continuum of firms producing intermediate goods that are sold
both in the domestic market and in the foreign market. These firms are monopolist suppliers of the
intermediate goods, indexed by i € [0,n] and are local currency pricers. Intermediate firms rent
domestic capital, which is owned by households, and hire domestic labour (from a labour aggregator
that sets wages) and since they have to pay in advance their wage bill, they borrow it from the
domestic financial intermediary and repay at the end of the period at the gross nominal interest
rate Rpa¢. Intermediate goods are produced with a Cobb-Douglas production function combining
domestic capital services (Kj 4, (1)) with domestic labour (Lpay (i)):

Viar (i) =chay [Kpar ()] zpasLpay (i)

where eg ¢ 1s a neutral technology shock (stationary) and zg 4, is the level of technological progress.
The gross growth rate of technological progress is denoted by Pop A,t(: 2EAt)2BA—1) and it is
assumed exogenous, namely:?

108 f1,, ¢ = (L= p=) p'=1og i, , +108 10,y , 11 + €5a

Due to the existence of technological progress, a number of variables are non-stationary. To
stationarise these variables, all quantities are divided by the trend level of technology (zga,:) with
the exception of the Lagrange multiplier which is multiplied by zg A,t-3

Cost minimization by the intermediate goods producing firms (given the price of the intermediate
good Yga, (1)) leads to the demand functions for the inputs used in the production process, namely
capital and labour. These yield the equation for the equilibrium real rental rate of capital, rg At
namely

K LgA
TIE(At = REAJ =yt Rpa tW%A .
3 - - 5 ] ,t
PEA,t FBA uEA,tkEA,tfl -«
where
W8, = Wear
EAL ™ 2patPpay

is the stationarised real wage and R4 is the nominal gross interest rate.
It can be shown that the marginal costs are equalized across firms within a country. The real
marginal cost is then :

MCpgay 1 /(1\"/ 1 \"° 1-a N
RMCla, = t = 1 (Reane,)' ™" 0%
A Pray Ny, \a 11—« BAWEAL (reat)

Following Calvo (1983) we assume that, in each period, intermediate firms face a constant probability
of being able to reoptimize their prices in the domestic market equal to 1 — £p. All the firms
reoptimising in each period will choose the same price, ngf. Those that don’t reoptimize update

prices according to the following scheme
EA (. EA YD (= 1- EA . EA pEA -
Pghy () = [m5a 1] C [Tead 7P Pgay—q (i) = api Pri,—1 (0)

2The steady state gross growth rate of technological progress in the euro area is My, .- We will assume it is equal
to the US growth.

F
Ygaz
ZEAt

3Let small letter variables denote stationary variables, for example y& Ap =



where W%ﬁ 1 is the previous period rate of change in the prices of domestic goods and T4, is
the central bank’s inflation objective for the euro area and ~p is an indexation parameter. So,
intermediate goods producers maximise the following expected stream of profits with respect to
EAL.,
Ppyy:
oo
j pEAO yEA
E; Z (BEp) Avsj | Pria) ABS 14 YER 5 () — MCpagy YER L, G )}
=0

This implies the following first order condition:

pEAD ITD’H'
1+2p —1_AEA D,t+j
W YIS A (Poar ABA +
E B A P Dit4j —=Td e+

t Ep) Avyji( EAH—]) - | D

1+ EA0 - S
—0 A p X M .
= AEAt+] D 47 ( EAtAEAt—i-g) Dot CEAt+j

where AE4 = H ak4d i Eft +j—1 (2) and Ap sy is a stochastic net price markup. This shows

that the price Wlll be a markup over a weighted sum of present and future marginal costs.
Log-linearising the above equation, yields the Philips curve relation for the goods sold domesti-
cally:

~EA _ D ~paA B ~EA 1—9p = B(l—vp)=
- _ P F L~ 7D _PU~7p)
TEA 1T By FA Y T 5y, “TEAt“JrlJrﬁ N TEAL T T gy TEAtTLT
(1-p8¢p) (1 —=¢€p)
+ 1+)\D,t ; +RMC’
0+tmen | +) A

where hatted variables denote variables in log-deviations from the steady state.
Focusing now on the export market, the bundle of exported goods by the euro area (i.e. im-
ported by the US) is defined identically to the bundle of domestic goods, but with an elasticity
A
of substitution equal to+—’— Intermediate firms are local currency pricers, so euro area firms set

export prices in USD. In each period, intermediate firms face a constant probability of being able
to reoptimize their prices in the export market equal to 1 — £x. The firms that don’t reoptimize
update prices according to

PEAt(')_ﬂ%it 1P At— 1(')_aEAtP At— 1 (7)

The Phillips curve for euro area exports is:

%fxt = 115 %}gxt 1+ 1+ 5 W%,SMH %TBX)EtASHH—
(1-Bx) (1 =Ex) ” ===US
+ 1+ A + RMC
(1 + 5) fX ( M,t) EAR

2.3 Financial intermediary

Firms borrow from a financial intermediary to finance the wage bill in advance. This corresponds to
the demand for funds. The supply of funds comes from the deposits (Mgt —QEaz) by households
and the exogenous increase in money supply .



The equilibrium in financial markets is obtained when the wage bill equals the supply of funds
from the deposits:

WeadtLpag =n [ppy, e MeA-1 — QEAL]

MEga,
Mgat—1
this growth rate equals the nominal growth rate of the economy (i.e f,,, , = fbo, , Tops)-

where it is assumed that money grows at the gross rate p,, ., = and that, in steady state

2.4 Households

There is a continuum of households in each country, which gain utility from consumption, leisure
and cash balances. Households residing in the EA are indexed by h € [0, n], and households residing
in the US are indexed by h* € (n, 1]. Households derive utility from consumption, leisure and money
balances. In particular, the period utility function is assumed to take the following form:

1
Ugpay = 5%A,t+jm (Ceatj (h) = b Cragrj—1 (b))

1 ( QEA+j (h) )1_UQ

— 09 \PEA4+j2EA L]

_ 1
7¢ = o9 5§A,t+jm (Lpats ()7 +

Q
+01 5EA7t+j1

In each period households decide their current level of consumption (Cgay (h)), their real hold-
ings of cash (Q%Z(h)), the amount of hours they worked (Lgat (h)) and their holdings of bonds

,t

(both domestic, Bgit (h), and foreign, ng‘l,t (h)) and their domestic bank deposits (Mpga¢—1 (h) —
QEA (h)). Following Christiano, Eichenbaum and Evans (2005) we assume that the level of capital
services rented to firms (KEA,t (h) = ugat (h) Kgag—1 (h)) is decided by the households. House-
holds can increase their capital stock (Kga.(h)) by investing in physical capital (Iga¢ (h)) and
they can vary the capacity utilization rate (uga; (h)). Changing the capacity utilization rate im-
plies a cost to households (¢ (uga+ (h)) per unit of physical capital), which is measured in units of
investment goods. Capital depreciates at rate § and given that there are investment adjustment
costs, the capital evolution equation is:

Kpat=1—-06)Kgas—1+ EéjAﬂf [1 - H <IIEA’t )] Ipay
EAt—1
and function H () satisfies H'(1) =0 and H"(1) > 0.

Regarding income, households receive income from working (Wga+ (h) Lgay (h)), from renting
capital to firms (R%AtUEA,t (h) Kgazt—1(h)), they receive dividends from firms (Divga+) and lump-
sum transfers from the government (T'Rpa,.). Households pay taxes to the government, both on
their labour income (at the tax rate Ty¢) and on their consumption expenditures (at the tax rate
Tcyt). Within each country households are potentially different because we assume that not all
of them can reoptimize their wages in each period, so they can work a different amount of hours
and they may earn different wages. To avoid this heterogeneity within each country we assume
that there exists a market for contingent securities (Aga. (h)) that ensures that in equilibrium all
households are homogeneous with respect to consumption and asset holdings but heterogeneous
regarding their wage and the amount of hours they work.

Households receive dividends from firms (Divga, (h)), interest on deposits (at the gross nominal
interest rate Rp4+), income from renting capital services (at the gross nominal rental rate of capital
RIfE A7t) and interest on their bond holdings (at the gross nominal interest rates Rpa+ and Rys:).



Fach household maximizes an intertemporal utility function given by:

Qrari(h) o

o0
) L Q
E, ZBJU <CEA,t+j (h),Crattj—1(h),LEats; (h), Prirs 2oa t+475EA,t+j75EA,t+j75EA,t+j>
9 .] 2l J

J=0

where (3 is the discount factor and E% At 5% At and 5% At are shocks, subject to its budget
constraint:

Mgas(h) = Rpai(Mgpai—1(h) —Qray(h)) +Qray (h) + Divpay +
+Weay (h) Lgay (h) + Rpaupas (h) Kpag—1(h) + Apay (h) +

BEA_ (h) BEA (h) BEA (h)
+TRpa; + BjEfit,l (h) + ( Us’fqtl _ PEAt USt

—Pratd(upas (b)) Kpat—1(h) —TwiWgat (h) LEat (h) — Tt PEAtCEA (B) +
—PpaCrat (h) — Ppatlpas (h)

REeay SRy s E¢

Following Benigno, P. (2001), we assume that there is only one country, namely the US, that
issues a bond that is traded internationally. Households in the euro area can invest both in national
and in foreign bonds while US households only invest in US bonds. Euro area households face a
positive risk premium on foreign bond holdings (=), which depends on the real holdings of foreign-
currency denominated assets of the entire economy.* Hence individual agents take the function Z; as
given when choosing the level of foreign currency denominated bonds. The risk premium increases
when the euro area real holdings of foreign-currency denominated bonds are above the steady-state
level (say bg?, scaled for technology progress) and decreases when the euro area real holdings of
foreign-currency denominated bonds are below the steady-state level. This guarantees that in steady
state, when the gross rates of return on domestic and foreign bonds are equal, agents on aggregate
hold only the exogenously determined steady state level of foreign currency denominated bonds®.
The function =; is assumed to to satisfy:

Z() > 0
20 = x() <0

We now state the first order conditions of the households’ optimization problem.
1. With respect to consumption:%

-1
C -1 z
- b/BSEA,t-i-l [CEA,tJrleEA,tH —bcpag - )‘EA,t(l + 7'C,t) =0

c
EEAL |CEAL —bCEAL—1
ZEA,t

where
c c c
logepas = p? log €EAL—1 T €EAL

48, is the nominal exchange rate expressed in USD/€.
>The intermediation cost in the foreign bond market ensures that the level of foreign bond holdings relative to
consumption is stationary. This allow us to log-linearise around a well defined steady state (the level of foreign bond
Bi5,

holdings grows at the same rate as output and therefore b4 = Iy a——

is constant at the steady state).
SLet Ppat1284,0+1MBA, 141 = NBa111-



2. With respect to money:

1
—Agatt 5Et(u P Agar1BEAt1) =0
ZEAt+1 )

3. With respect to cash holdings Qpa; (let gpa+ = PQA):

EAtZEAt

1

1 )
gpat = | ——g—Apag(Bear —1)
O1€pAt
where
loge,, = plogeRy, 1 +efa,

4. With respect to bonds:
The first order conditions with respect to domestic and foreign bonds yield the modified uncov-
Biis.

ered interest rate parity condition (let bgét = m).

Y R z
BAt+11vEAL EAL+1 Rysy EA S
E, = E AS [x (bi75:) x €F |
Hzpa i1 TEA L Hzpa 1 TEAHL t+1
1 3 i 5 k _ VEAt .
5. With respect to investment (let PEAL = Pra Koi ):

iEA LI TEA I LEAtH
k I z . trepae | tPZEAL Iyt T EEA
\: 5 pEA,tEEA,t)‘EAi [1 H ( IEAt—1 ) IBAt—1 H ( 1BAt-1 )} *
= t . y
EA el PEA g 440 H' PEAH I g A 4
EAt+1 iEA,t IEAt

k 1
+BX; L
BAt+1PEA 1 Hzpai

where
I I I I
log €pAt =P log ERAt—1 T CEAL

6. With respect to capital

ZEAt+1

)\Z
k EA+1 k k
PEA,t)\%A,t = BE; {— { |:TEA,t+1uEA,t+1 - ¢(UEA¢+1) +(1— 5)PEA,t+1}}

7. With respect to capital utilisation:
k
TEAL = ¢/(UEA,t)

8. Wage decision

Each household is a monopoly supplier of a differentiated labour service to firms in the domestic
market (i.e. labour is completely immobile across countries). Therefore households are price setters
in the labour market. As in Erceg, Henderson and Levin (2000), we assume that households sell
their type of labour to an aggregator that transforms households’ labour into a homogeneous input.
The labour aggregator is in perfect competition and uses the following technology to produce the
euro area labour aggregate:

Awie  om 1+Aw,t

1\ Twe .
Lpa; = <E> T / <LEA,t (h)"HAwe dh>

0



where Ay is a stochastic net wage markup shock.
Therefore, each household in the EA faces the following labour demand:

T+
WEgas Lpag

Lpag(h) = [m} e -

and the aggregate wage rate is

—Aw,t

1
WEgar = ‘wit dh

1 n
- / Wit (h)
0

Following Calvo (1983), households face a constant and (exogenous) probability of being able to
reoptimize wages in each period, equal to 1 —&yy,. The fraction of households that cannot reoptimize
(&) sets wages according to the following scheme:

W (= 1—
WEay (h) = (Wgﬁt 1) v (WEA,t) Tw /LZEAthEA,tfl (h) =

= aEA,thEA,tWEA,tq (h)
where Tg 4, is the central bank’s objective for inflation.

So, each household chooses Wg A+ that solves the following optimization problem (note that
every household reoptimising in each period will choose the same wage):

VJ\V{)M Y (B&wY Ay (1= Twiers) Weassi(h) Lpasi(h) + U (Lpags;(h)]

EA,t =0

So we obtain the following first order condition:

-1 .
1 (1 — ) 0 X , w ZEA,t+j
AW’H].At+J(1 TVV,tJrJ)(WEA,t) Wit AEA,t—f—j ZEAL
o0 A o “;*ML .
J . W, t+j EAt+j —
Ey E (/8§W) X (zEA,tPEA,thA’H_th,j n 0
7=0 AW, 45 AW,y
IHAwey; L g1 ® A\ Awitty 0 X “1Lpaty
s etr i f Y (2BA L PEA T A 11 X1 (Wgay) Wit =
here X; ; = —ZAb5 and
where tjiPEAtA an

EAt+3
L _ Ly L L
logepas =p logepas—1+epay

2.5 Government

The government in each country buys final domestic goods (G EA,t)77 makes nominal transfers

(TREayz) to the households (Which are not household specific) and receives taxes from households,
Lpa ,t

both taxes on payrolls (TwWga ) and taxes on consumption expenditures (7 Pra+Cpayt)-
Therefore the government budget constraint is:

Leag

PpaitGear +TREAr = TctPEAiCEAL + TWiWEAL

"We assume that the government consumption is exogenous, namely that it follows an autoregressive process.

10



2.6 Monetary authority

The monetary authority is assumed to follow a Taylor-type interest rule. We assume the following
(log-linearized) rule:

~ ~ ~ . ~ —F
Rpar = ¢rRpai—1+ (1 —op) [ﬁEA,t + on (TFEA,t — 7TEA,t) + ¢y (gdPEA,tﬂ
- ~ —F —F R
+Oar(TEAL — TEAL-1) + Py (.gdpEA,t - gdpEA,tfl) +EEA;
where /E\gA,t is an i.i.d. Normal shock and

= Fe e
TEAt =P TEAt—1 T €pay

This rule implies that the central bank sets interest rates as a function of past interest rates,
deviations of inflation from the objective and deviations of GDP from steady state. Two additional
terms are included (as in Smets and Wouters, 2003) namely changes in inflation and changes in the
output deviations from steady state.

2.7 Market clearing

The final goods market is in equilibrium if production equals demand. So, in equilibrium

PEA,thA,t =1 (PeaiCray + Peagdleas + Peardpas (upay) Kpag—1 + PeayGrayg)

The capital market is in equilibrium when the demand for capital by the intermediate goods
producers equals the supply by households. And the labour market is in equilibrium if the demand
for labour by firms equals labour supply at the wage rate set by households.

2.8 Balance of payments
Equilibrium in the euro area balance of payments implies
S;PES YER:  PUS Y B, Bii§

Pgay n Pgag n StRusZtPpar  StPeag

3 Calibration

The model is calibrated for the euro area and the US at a quarterly frequency. Most parameters
are obtained from the calibrated version of the New Area Wide Model of Coenen McAdam and
Straub (2007) who in turn largely rely on the estimated closed economy model for the euro area of
Smets and Wouters (2003). The remaining parameters are implicitly obtained. The only exception
is the risk premium parameter which is obtained from Adolfson et al. (2007). In the assumptions
made we have closely followed the literature. In addition, we keep the differences between the two
economies as small as possible i.e., we chose different parameter values for the two economies only
when we found evidence strongly favouring that choice. Table 1 summarises the calibration made
indicating the sources of the parameter values.

The two countries are of slightly different size, namely the euro area stands for 42 per cent of
total population (i. e. the euro area plus the US). The utility function parameter values are the
same in both economies, namely the habit persistence parameter (b) is set to 0.6, the inverse of the
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wage elasticity of work (o) is set to 2, the inverse of the intertemporal elasticity of substitution
(oc) is set to 1 (meaning we have log utility in consumption - as in Christiano, Eichenbaum and
Evans, 2005). The values of these parameters are within the 90 per cent range estimated in Smets
and Wouters (2003). The inverse semi-elasticity of money demand (og) is set to 6 which, in the
case of the euro area, is the same as used in Christiano, Motto, Rostagno (2005). In both countries
we set the discount factor of consumers () to around 0.99 and the per capita gross growth rate of
technology (u,,,) to 1.004 quarterly (i.e. 1.6 per cent in terms of the annual rate). Together with
an annual gross inflation rate of 1.02 this implies a long run gross nominal interest rate of 1.0165
quarterly in both economies. We calibrate the depreciation rate (J) to 0.025 quarterly. The inverse
of the elasticity of capital utilisation with respect to the rental rate is 6 in both economies and the
parameter of the investment adjustment cost function (H”) is set to 3 in the euro area and the US.

Regarding the production function, the Cobb-Douglas parameter « is set to 0.3 in both countries
while the CES function parameter (Ar) is set to 2 both in the euro area and the US, which implies
an intratemporal elasticity of substitution between home and foreign goods of 1.5. The consumption
to output ratio is calibrated to be 0.6 in the euro area and 0.62 in the US.

As for price setting, the average duration of price contracts is set to 10 quarters in the domestic
sector (£ p=0.9) and 1.4 quarters in the export sector sector (£ x=0.3). The degree of price indexation
(vp) is set to 0.5 in both economies. The price markup is set to 0.3 both in the domestic and the
import sector in the two economies (Ap and Apy).

Wage contracts last on average 4 quarters (£1;,;=0.75) and the degree of wage indexation is set
to 0.75 (7y) in the two countries. The wage markup is set to 0.3 (Ay). Per capita hours worked
(Aﬁd) are calibrated so that households spend roughly 30 per cent of their time working.

The import adjustment cost parameter ¢ is set to 2.5 in both economies and the parameter
of the risk premium function (i.e the first derivative of the risk premium), y, is calibrated to -0.1
following the estimates of Adolfson et al. (2007). The share of imports on domestic output is set
to 18 per cent in the euro area while for the case of the US it is derived from the other parameters
of the model resulting in a share of imports of 13 per cent. dr and dj}, are determined by solving
a non-linear system and using the known values of the other model parameters (see Alves, Gomes
and Sousa, 2007).

The tax rate on consumption is 0.183 in the euro area and 0.077 in the US. The tax rate on
labour income (including social security contributions) is 0.46 in the euro area and 0.3 in the US.
The inverse of the semi-elasticity of money demand is set to 1.5. The share of cash in money was
calibrated to 8.6 per cent in the euro area and 10.4 per cent in the US. In both economies these
shares correspond to the weight of currency in circulation on the monetary aggregate M2 in July
2007.

We follow Smets and Wouters in specifying the Taylor rule. The parameters assumed in the
monetary policy rule are close to those estimated in Smets and Wouters (2003), namely a coefficient
of 1.5 on inflation and coefficients of 0.1 on output, changes in inflation and changes in output.
Following Coenen, McAdam, Straub, we chose a parameter of 0.9 for the interest rate smoothing
parameter which is close to the value estimated in Smets and Wouters (2003).

As for the autoregressive coefficients in the shock processes, we have assumed a high degree
of persistence for technology, labour supply, consumer preference, government spending and risk
premium shocks and no persistence for the remaining shocks.
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Table 1 - Calibrated parameters and ratios

EA US Source
Population size n 0.42 1—n 0.58 CMS
Inflation rate (gross) TEA 1.0270.25 TUS 1.0270.25 | Assumption
Nominal interest rate (gross) REa 1.0165 Rys 1.0165 Implicit
Per capita hours L%A 0.285 %’% 0.285 Assumption
Consumption-output ratio —gEA 0.6 S 0.62 CMS
YEA/n Yus/(1—n)
Share of government spending | -Z5E4- 0.21 —LoUs 0.20 Implicit (US)
Yea/n Yus/(-n)
Share of investment LEA 0.188 —2us 0.179 Implicit (US)
o Yos/pion
Share of imports Yus 0.18 LEA 0.13 Implicit (US)
YEA/n Yus/(a—n)
Productivity growth (gross) Pop, | 1.01670.25 Koy s 1.01670.25 | Assumption
Discount factor I5} 1.03°-0.25 B 1.03°-0.25 CMS
Depreciation rate 1) 0.025 0* 0.025 Assumption
Tax rate on consumption TC 0.183 TG 0.077 CMS
Tax rate on labour income Tw 0.459 T 0.296 CMS
Shar?noff;:lizlt;i;:gome o 0.3 o 0.3 Assumption
Habit persistence parameter b 0.6 b* 0.6 CMS
Import adjustment cost ¢ 2.5 ¢* 2.5 CMS
CES parameter of imported N
and domestic interm. goods AR 2 AF 2 CMS
CES parameter of imported " ..
and domestic interm. goods dr 0.83 dr 0.87 Tmplicit
Goods markup AD D
Wage markup Aw 0.3 W 0.3 CMS
Import price markup AMm M
Degree of price indexation YD 0.5 D 0.5 CMS
Degree of wage indexation Y 0.75 v 0.75 CMS
Calvo setting ¢p 0.9 D 0.9
(Domestic goods, Exports, 3% 0.3 Y 0.3 CMS
Wages) Ew 0.75 3% 0.75
br 0.9 OR 0.9
on 1.5 o 1.5
Taylor rule parameters oy 0.1 v 0.1 Assumption
Pan 0.1 N 0.1
Pay 0.1 N 0.1
Share cash balances in money % 0.086 —T%—SS 0.104 Statistics
Inv. semi-elast. money demand oQ 1.5 023 1.5 CMS
Investment adjustment cost H,, 3 H, 3 CMS
Inv. elasticity of capital
utiliz. to capit};l rental rate Ta 6 %a 0 CMS
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Table 1(continued)

Shock Processes

Euro area UsS Source
Shock AR, consumption PC 09 p& 09 Assumption
Shock AR, money demand PO 0 pg 0  Assumption
Shock AR, labour oL 09 p; 09 Assumption
Shock AR, investment Pr 0 PT 0  Assumption
Shock AR, interest rate PR 0 pr 0 Assumption
Shock AR, government e 09 p& 09 Assumption
Shock AR, technological Py, 0.9 p, 09 Assumption
Shock AR, money growth Pu,, 0 pp 0 Assumption
Shock AR, Inflation target TEA 0 7ys 0 Assumption
Other Source
Stationary holdings of US bonds bg‘é‘ 0 Assumption
Relative US/EA price PUS 1 Implicit
Risk premium X'()  -0.1 Adolfson, et.al. (2005)
Shock AR, exchange rate Pg 0.9 Assumption

CMS-Coenen, McAdam and Straub (2007).
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4 Model responses to shocks

In this section we illustrate the properties of the model by comparing the impulse responses of a
number of variables of the model to standard shocks®. In particular we show the responses of GDP,
consumption, investment, hours worked, the real wage, the short-term interest rate (annualised),
exports and imports. The shocks we consider are monetary policy shocks, technology shocks, a
government spending shock and a risk premium shock.

4.1 Monetary policy shock

Figure 2 displays the dynamic responses of several variables to a one-period monetary policy shock
i.e. an exogenous change in &% 4, which is i.i.d. The shock is calibrated so that the annualised
interest rate in the euro area falls on impact by 25 basis points. Once the shock hits the economy;,
the nominal interest rate is determined endogenously by the monetary policy rule.

According to the model, the policy rate remains below its steady state level for almost two years.
At the same time, the decrease in the interest rate stimulates demand. The monetary policy shock
leads to a hump-shaped increase in real GDP, real consumption and real investment in the euro
area. As expected, real investment responds more strongly than consumption. The open economy
framework introduces a new channel for the transmission of monetary policy shocks, namely the
exchange rate channel. The decrease in the euro area interest rate, together with a muted response
to the shock by the US monetary authority, leads to a real exchange rate depreciation. In fact,
the real exchange rate depreciates on impact and then returns to its steady state value, implying
consequently a gain of competitiveness. This is translated into a decline in imports and, initially, a
rise in exports that is later reversed.

Following the shock, hours worked increase, as firms want to produce more to satisfy increased
demand. Higher demand for labour puts upward pressure on nominal wages. The effect on real
wages will depend on the nominal rigidities (on both wages and prices), on the degree of workers’
market power and also on the utility parameters (governing the disutility from work). In the model,
following a surprise decline in interest rates, real wages increase which is in line with the stylised
facts following an unanticipated monetary policy shock in the euro area (Peersman and Smets, 2001,
Alves et al., 2006). Note that the increase in hours worked and in the real wage contribute to the
expansion in consumption. As regards inflation, the annual rate increases following the shock and,
after peaking a year after the shock, gradually returns to the steady-state.

8 All the results are obtained with Dynare, a matlab toolbox aimed at simulating and estimating DSGE models.
The Dynare code used for solving and simulating the model is available from the authors.
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Figure 2: Impulse responses to a monetary policy shock.
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4.2 Technology shock

Figure 3 depicts the impulse responses to a transitory, though persistent, technology shock. The
shock is calibrated such that real GDP in the euro area increases one per cent (in deviations from
the steady state), not necessarily on impact.

The impulse responses of the model to a positive technological shock show that both consumption
and investment rise after the shock. Hours worked fall initially which is a result similar to the one
found in Smets and Wouters (2003) and Alves, et. al. (2006). One explanation for this fall is
that the technology shock, by increasing labour productivity, makes it possible for firms to produce
more with the same or even a lower amount of labour. As the real wage increases it may be more
profitable for firms to use less labour. Given the general equillibrium setup, this also corresponds
to the optimal decision of households given the constraints they face.

The technology shock expands temporarily the production capacity of the economy and therefore
lowers the marginal cost of production. Therefore, firms want to lower their prices but, given that
only a fraction of the firms are re-optimizing in each period, this will happen only gradually. The
decline in inflation explains why the short-term interest rate declines while GDP is increasing. The
real exchange rate appreciates but then falls and returns to the steady-state from below. The real
exchange rate appreciation explains the rise in imports. Given that we also see an expansion in the
foreign country, euro area exports also increase.
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Figure 3: Impulse responses to a technology shock.
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4.3 Government spending shock

The government spending shock is calibrated so that the government spending-to-output ratio
increases by one percentage point on impact. Government spending is modelled as an autoregressive
process with an autoregressive coefficient of 0.9. The increase in government spending leads to an
initial rise in GDP but crowds out investment and consumption (see Figure 4). Even though the
effect on consumption is at odds with the results in the VAR literature (where usually consumption
either does not react or rises following an unanticipated increase in government spending, see Adao
and Brito, 2006, for example), this result is found in New-Keynesian models with Ricardian agents.
The explanation for this behaviour is that the increase in government spending lowers the present
value of after tax income and therefore generates a negative wealth effect that induces the fall in
consumption. Additionally, the shock implies an increase in the number of hours worked and a initial
rise in the real wage that is later reversed. The euro depreciates slightly in real effective terms.
There is a small decline in exports and an increase in imports, which is later reversed. Inflation
increases slightly which, together with higher GDP, leads to a tightening of monetary policy.
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Figure 4: Impulse responses to a government spending shock.
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4.4 UIP shock

The risk premium shock is a shock to the modified uncovered interest rate parity equation. This
open-economy shock is defined so that the euro real exchange rate depreciates by 1 per cent on
impact, as can be seen in Figure 5. Initially, the real exchange rate depreciation, by generating
a negative wealth effect associated with the deterioration of the terms of trade, leads to a drop
in consumption and in investment in the euro area. At the same time the real depreciation leads
to a shift in demand towards domestic goods. Therefore euro area exports increase while imports
fall. GDP increases above its steady state value following the shock, as a result of the improved
contribution from net external demand. The increased demand for euro area goods by the US is
translated into an increase in hours worked. The real wage initially declines but recovers after a
period of around one year. Given the increase in inflation the monetary authority reacts by rising
interest rates.
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Figure 5: Impulse responses to an uncovered interest rate parity shock.
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5

Concluding remarks

In this paper we build and simulate an open economy DSGE model of the euro area and the US,
calibrating it with parameters obtained from other papers.

The two-country setup is preferable to the closed economy one as it allows the simulation of a

much larger number of shocks and takes into account more channels of monetary policy transmission.
The results suggest that the open economy feature is indeed important, in particular for assessing
the impact of monetary policy shocks. A follow up study will formally estimate the model for the
euro area and the US in order to test whether the results obtained still apply. Further refinements
of the model for introducing other channels of transmission of shocks in the economy could also be
envisaged (for instance more detailed open economy features, richer government or financial sectors,
frictions in the labour market to allow for unemployment and allowing for non-zero net foreign assets
in steady state).
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Appendix A. The steady-state model

The steady state system has 52 equations.
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Appendix B. The log-linearised model
Firms

e Financial intermediary (clearing in the loan market):
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US export production:
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Foreign counterparts

All the above equations have a foreign counterpart, except for the modified UIP condition (and
the risk-premium definition as well as the &7 shock) and the definition equation for %;.
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