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Abstract

This paper addresses the transmission of exchange-rate variations in an esti-
mated, small open-economy model. In contrast to the standard set-up of New Open
Economy Macroeconomics models, imported goods are treated here as material in-
puts to production. The resulting model structure is transparent and tractable while
also able to account for imperfect pass through of exchange-rate shocks. The model
is estimated with Bayesian methods on German data and the key finding is that a
substantial depreciation of the nominal exchange rate leads to only modest effects on
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is placed on foreign consumption.
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1 Introduction

The spectrum of models comprising the ‘New (NOEM)-literature has widened consid-
erably in the decade following the seminal contributions by Obstfeld and Rogoft (1995,
1996).! Compared to their closed-economy counterparts, these open-economy models
employ a greater degree of complexity in modelling households’ preferences, imported
inputs, international risk sharing and nominal rigidities (wages, producer prices and/or
consumer prices). In the Mundell-Fleming model, as well as many more recent contribu-
tions to the NOEM literature, perfect exchange rate pass-through is assumed. However,
empirical evidence, such as that of Engel (1999), Goldberg and Knetter (1997) and Campa
and Goldberg (2002), shows that exchange-rate pass through onto prices is gradual. As
a consequence, researchers have sought various ways to include partial pass through of

exchange-rate changes in open economy models (Adolfson, 2002; Monacelli, 2005).

The transmission of exchange-rate changes is of particular importance for the conduct
of monetary policy as it can determine, for example, whether reaction of the central bank
to a depreciation is desirable. This question is not only of general interest but also topical

in light of recent large movements of the Euro-Dollar exchange rate.

In this paper I study the effects of nominal exchange-rate shocks on domestic inflation
in a small open-economy model that differs from the standard NOEM framework. Build-
ing on McCallum and Nelson (1999, 2000), I assume that imported goods are treated
as material inputs to production. Consequently, only domestic goods are consumed and
there are no foreign (directly) imported consumption goods. This approximation can be
motivated on the grounds that final foreign consumption goods account for only a small
fraction of all imported goods and services in many countries (Burstein et al., 2005).
Most imported goods are not sold directly to consumers but pass through an imperfectly
competitive distribution sector that adds services with non-tradeable goods characteris-
tics (Obstfeld, 2002). For example, German imported consumption expenditure in 2000
accounted for approximately 9 percent of total private consumption expenditure (Statistis-
ches Bundesamt, 2000). Furthermore, Burstein et al. (2005) report direct import-content
shares of consumption in the U.S. and Swedish consumer price indices (CPI) of 4.7 and

13.6 percent respectively.

The modelling strategy chosen here postulates that the CPI pertains only to the prices
of domestic goods, just as in a closed economy. Price effects from foreign goods arise,
however, due to the use of imported goods in the production technology. Since it is

assumed that domestic firms have pricing power and set prices in a staggered fashion, the

!For surveys of the literature see Lane (2001) and Sarno (2001).



model implies indirect pass-through of exchange-rate shocks to CPI-inflation via marginal
costs. In contrast, exchange-rate shocks have a direct impact on the CPI in the standard
NOEM setup because the CPI is comprised of a basket of domestic and foreign consumer
goods prices. This feature will be added as an extension to the benchmark model of this
paper.

A more complex model environment could be created in which importing firms refine
imported products and sell them as intermediate inputs to final-goods production firms
(Adolfson et al., 2005; Smets and Wouters, 2002, for example). However, this sacrifices
tractability and requires additional assumptions about the markets in which intermediate
and final goods are traded and thus the price-setting behaviour of firms operating in these
markets. The approach taken here is simpler and preserves straightforward economic

intuition.

The theoretical literature on NOEM models has grown rapidly during recent years but
the empirical literature has been late to develop. Since many results in the theoretical
literature are sensitive to the precise model specification, more empirical evidence and
evaluation is needed. This is particularly true if such models are to be used for policy rec-
ommendations. Some recent examples of empirical work with NOEM models include the
following. Ghironi (2000) estimates single structural equations in a large open-economy
model by means of nonlinear least squares and Smets and Wouters (2002) construct an
open economy DGE model with sticky prices in both the domestic and imported-goods
sector. Smets and Wouters calibrate their model by matching implied theoretical impulse
responses with the empirical impulse responses estimated from a VAR model. Using a
synthetic EMU data set, they report a considerable degree of stickiness in domestic and
import prices. Bergin (2003) uses full-information maximum-likelihood to estimate a
model with different specifications of price setting for three small open economies while
Lubik and Schorfheide (2003) analyse whether central banks respond to exchange rate
depreciations. They do so for a number of countries and find that only the UK exhibits a
significant response in a Taylor-type monetary-policy rule.? Furthermore, Adolfson et al.
(2005) find that their large-scale model for a small open economy with about 50 estimated

parameters can match Euro area data well.

Following the suggestions of DeJong et al. (2002a,b), the estimation technique applied
here is Bayesian. Similar techniques are also used in Welz (2005), Smets and Wouters
(2003), Adolfson et al. (2005), Lubik and Schorfheide (2003, 2005) and Justiniano and
Preston (2004). The model below is estimated on German data. Germany is of special

interest not only because of its relative importance in the aggregate EMU economy (30

*More recently, they study the empirical properties of a two country model (Lubik and Schorfheide,
2005).



percent of aggregate GDP) but because of its unique and stable monetary regime for the

two decades prior to EMU.

The paper is structured as follows. Section 2 lays out the benchmark model and Sec-
tion 3 shows how the model can be extended to allow for imported consumption goods.
Section 4 discusses the estimation methodology and the data. In Section 5, the estima-
tion results for the benchmark specification are analysed and its dynamic properties are
studied by means of impulse response analysis. Section 6 compares these results to the

extended model and is followed by concluding comments.

2 An Alternative Open-Economy Model

The standard model employed in the NOEM literature assumes that households consume
home-produced and foreign-produced consumption goods. In this framework, consump-
tion is a CES-aggregated composite of domestic and foreign consumption goods and the
consumer price index is accordingly a CES-aggregate of the respective consumer price

indices.

The approach in the benchmark model below introduces foreign-economy aspects
through the production side rather than the demand side in a New Keynesian macro model
with staggered price and wage setting a la Calvo (1983). Specifically, firms are assumed
to produce goods for consumption and export with two inputs to production: labour ser-
vices provided by domestic households and imported goods whose real price is the real
exchange rate. This modelling strategy results in a consumption basket and a CPI that is

analogous to the closed-economy case.

In line with much of the literature on small open economies, the framework below
assumes that the economy operates in the ‘cashless limit’, that is, money balances are not
explicitly introduced. The model also employs the standard device of abstracting from

capital investment.

It is worth pointing out two main differences of the model in this paper from that
presented by McCallum and Nelson (1999, 2000). Here workers have market power
and set their wages in a staggered fashion. There is also a well-defined steady state for
consumption-asset holdings through the inclusion of a debt-elastic risk premium for for-

eign bonds.

In the following section I focus on the open-economy aspects of the model. The New
Keynesian features of price and wage setting are by now well established and thus not

every equation is carefully derived. Appendix B provides more details.
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2.1 Aggregate Supply

2.1.1 Production and Marginal Cost

All consumption goods, Y, are produced by a continuum of monopolistically competitive

firms using labour, N;, and imported goods, M, as production inputs. That is,
Y, = ZtNEf Mitl_a, (D

where Z, is a stationary, exogenous productivity shock common to all firms. With this
Cobb-Douglas technology, real marginal cost is common across firms and given by the

ratio of the real wage to the marginal product of labour, i.e.

LW,

MC, = — .
T a Py,

2)

Foreign firms set the price of products exported to the home country in their own currency.
That is, they engage in producer-currency pricing. Furthermore, the law of one price
holds for imported goods in this model so that domestic firms pay the price P¥ = S,P;
for the imported inputs and the nominal wage W, to workers. Here, S, is the nominal
exchange rate denominated in domestic-currency units per foreign-currency unit and P; is
the foreign price level. As shown in Appendix B, real marginal cost can also be expressed

as dependent on the two factor prices
1 (W,\*
MC, = a—a(l _ a,)—(l—(l)z (Ft) tl—(y’ (3)
t t
where Q; is the real exchange rate defined as

S.pP;

O = P “4)

Hence the real exchange rate can be interpreted as the price of imports in terms of con-
sumption goods. A real depreciation increases real marginal cost via a higher domestic-

currency price of imported inputs.’

2.1.2 Price setting

As is now standard in the New Keynesian literature, firms are assumed to set prices ac-

cording to the mechanism suggested by Calvo (1983). That is, in any period ¢ a random

3P; is also the foreign-currency price of the foreign consumption good because of the small fraction of
domestic export goods in the foreign price level.



fraction, 1 — 6, of firms resets prices to the new optimal price, P;"".* The remaining frac-
tion of firms update their price to past inflation, I1;_;, according to the partial indexation
rule

log P, =log P,y + a,ll,_, 5

where @, € [0, 1] is the degree of price indexation. These assumptions yield the familiar

log-linearised ‘hybrid’ New Keynesian Phillips curve 3

y (1 =pB6,)(1—-6,) i
ro= P B+ i1 ep(lia,,ﬁ)p me, + &, (6)

1+ a,p 1+ a,8

where £ is a discount factor. Real marginal cost in log-linearised form becomes

mc; = a(w, — py) — 2 + (1 — a)g;,. @)

Without derivation I have also added a cost-push term, u,, that is assumed be a white-
noise process. Such a shock may arise due to a time-varying substitution elasticity among
goods, as argued by Christiano et al. (2005), Smets and Wouters (2003) and Steinsson
(2003). This leads to variations in firms’ monopoly power over time and hence to time-
varying desired mark-up. Clarida et al. (2001) alternatively suggest that introducing a
stochastic wage markup to represent deviations between the marginal rate of substitution
between leisure and consumption and the real wage will lead to the same cost-push term
as in (6).%7 However, in an open-economy setting there may be additional sources of price
shocks that cannot be captured by the structure of the simple model. For this reason, the

shock process is not given a microeconomic foundation in this model.

2.2 Aggregate Demand and Wage Setting

2.2.1 Households’ Consumption Decision

There is a continuum of households with measure 1, indexed by j € [0, 1], that maximise

life-time utility given by

1+¢
E Y B e* |log(Cjs — Hy) — —2—|, 8
/1B e(Cio—HJ) -1, ()

*I neglect the firm-specific index because each firm that is allowed to change its price will set the same
optimal price.

Note that for a,; = 0 (no indexation) the standard forward looking Phillips curve is obtained.

This approach was also taken in Welz (2005). Note that the standard deviation of the shock term in u;
needs to be re-scaled in order to obtain a unit coefficient on u; in (6).

" Alternatively, &7 could be derived as an endogenous cost term as suggested by Ravenna and Walsh
(2004). By linking marginal costs to the nominal rate of interest in a cash-in-advance model, a cost channel
is introduced that generates endogenous cost-push shocks because firms must borrow money to pay their
wage bills.



where H, = hC,_, is the habit stock that depends on last period’s aggregate consumption,
and is thus taken as exogenous by the household for the period-¢ consumption decision.
Nj, 1s the amount of labour supplied and ¢ denotes the inverse labour supply elasticity.
The shock to the discount factor, g,, is a stationary process and can be interpreted as a

demand or preference shock.

As in the closed-economy setup, aggregate consumption is given by the standard

Dixit-Stiglitz aggregate and demand for each variety of products is given by®
Pi\°¢
Cir = (—) Cr. ©)

The period budget constraint can be formulated as

B; S.B,
P[Cj[+ U ' U

+ =B, +S,B,_, +WN,+ P,V,, 10
1+it (]‘+i;‘k)X(At’§:t) jt—1 19 -1 1Vt tVte ( )

where V; are real profits from production.’ It is assumed that domestic households hold
bonds denominated in domestic and foreign currency, whereas foreign households only
hold bonds denominated in their own currency. Let Bj denote end-of-period nominal
holdings of the risk-free one-period nominal bond in domestic currency and i, the nominal
domestic interest rate, implying that (1 + i,)~' is the price of a domestic bond. Likewise
B, denotes the holding of the foreign risk-free bond by domestic households in foreign
currency at the price of [(1 + i;‘))((A,,f,)]‘l, where i} is the foreign nominal interest rate.
The function y(A,, &,) 1s a risk premium on these foreign bond holdings that depends on

the real, aggregate, net foreign-asset position in the domestic economy, defined as

AtE S[B;k’
P,

—_ X
and an exogenous shock process &, = y.&,_, + &/

The function y(A,, &,) is assumed to be of the form
X(ALE) = et (11)

where ¢, > 0 and A denotes steady-state net foreign-asset holdings, so that in steady state
)((Z, 0) = 1 and A = O (see the Appendix B.3). Households take this function as given
when they decide optimal bond holdings. This approach follows Benigno (2001) and

8Neglecting time-subscripts, the consumption aggregate is C = ( fol C,-%di)m. The associated ag-
gregate price index that yields the minimum expenditure (P;C;) on the composite consumption basket is
1
P= (fo‘ P,-l—fdi)"‘.

9 Assuming that households own the firms.



Lindé et al. (2004) and captures imperfect integration in international financial markets.
If the domestic country is a net borrower (B; < 0, A, < 0), domestic households must
pay a premium on the foreign interest rate whereas if the domestic country is a net lender
(B; > 0, A, > 0), households receive a lower payment on their savings. This ensures a

well-defined steady state in this small open-economy model.'°

2.2.2 Export demand

The domestic country is assumed to be small with respect to the rest of the world in that
its exports contribute an insignificant fraction to foreigners’ aggregate demand. Follow-
ing McCallum and Nelson (1999), I assume that foreign demand for each variety of the
domestically-produced good is analogous to demand for consumption goods by domestic
citizens and is given by

P\
X :(?) X,. (12)

t

The structure of the foreign economy is not explicitly modelled and so aggregate foreign

demand for domestic products is postulated to depend positively on the real exchange rate
X =0y, (13)

where n* > 0.

2.2.3 Aggregate demand

In the benchmark model all imported goods are used as inputs in production so that the

resource constraint (in log-linearised form) is given by
ye = (1 —woe, + wexi, (14)

where x; is the log-deviation of export demand from its steady state and w, = £ is the

~II<|

steady state export share. This implies that y, represents output, not value added. Max-
imising utility in equation (8) subject to the budget constraint in equation (10) yields the
first order conditions shown in Appendix B.2. Combining the static condition for con-
sumption and the intertemporal first-order condition yields a dynamic aggregate demand
condition in terms of consumption. Inserting the resource constraint (14) into that equa-

tion yields the aggregate demand equation in log-linearised form as

Vi—wyXy = OE{ym1 — wiXxpp} + (1 = 0)(ym1 — wiXi—)

_(1 - (Ux)(l B h)(s [lt —E, {7Tt+1} - (1 - ’Yg)gt] > (15)

o

10See Schmitt-Grohé and Uribe (2003) and Ghironi (2000) for alternative approaches.
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=11
where ¢ = -

2.2.4 Uncovered interest parity

The first order conditions for domestic and foreign bond holdings yield an uncovered
interest parity condition that takes account of the assumptions about international financial
markets,

I — i; = E/si1 — ¢ua; + &, (16)

where I show in Appendix B.3 that the dynamics of net foreign assets are guided by

1 Y 1
a, = —a,_; + E w(=y; + x;) + gmc, , 17)

B

where a, = dA,.

2.2.5 Wage setting

Several studies have pointed out the importance of nominal wage rigidities for improving
the empirical fit of New Keynesian DSGE models.!? In light of these, I assume that
households act as price-setters in the labour market as in Erceg et al. (2000) and numerous

other empirical papers.

Households face a Calvo-type restriction similar to firms and can reset their wage
only after receiving a random price-change signal which arrives with constant probability
1 — 6,,. Furthermore, analogous to the firms’ price-setting behaviour, it is assumed that
those households that do not get the opportunity to reset their wage to the optimal wage

choose to partially index the nominal wage to past inflation according to
logW, =logW,_ + a,I1,_4, (18)

where «,, € [0, 1] is the degree of wage indexation to past inflation. These considerations

result in the following log-linearised equation for nominal wage growth:

Aw, —aym,.y = BEAw,, — a,pr, — @B, + (19)
(I-6,)1 -p6,)
O, (1 + €,9)

[mrs, — (w, — p))]

"Note that the closed-economy, forward-looking aggregate demand relationship obtains for # = 0 and
w, =0.

12Rabanal and Rubio-Ramirez (2003, 2005) apply a Bayesian approach for a systematic comparison of
different model specifications to U.S. and EMU data.



where mrs, is the marginal rate of substitution between consumption and labour given by

1 o
mrs; =@ |yYr — azt -(I-a)Ww,—pr—q)|+ m (¢t = heimy) (20)

and €,, > 1 is the labour demand elasticity. Using the identity
Wi = Dr = Wit — Pt + Aw, — Apy, (2D

it is possible to re-express (19) in terms of the real wage.

2.3 Monetary Policy

Rather than derive the optimal monetary policy reaction resulting from minimisation of an
objective function, I take an empirical approach and assume that the central bank chooses
the nominal interest rate as its instrument and reacts to deviations of inflation and the

output gap from steady state. Specifically, the central bank behaves according to

i = filim1 + (1 = f)(forr, + fvyt) + Si, (22)

where &! is assumed be white noise. All coefficients are assumed to be positive and the

smoothing coefficient is assumed to regard the restriction f; € [0, 1).!3

2.4 Foreign Economy

The foreign economy is approximated by a closed economy. For simplicity I do not
formulate a full structural model but rather summarise the dynamics of the three foreign

variables by an estimated structural VAR(p)-process,
Aox; = A(L)x;_, + €], g ~ N(@O,Q). (23)

Here, x; = [n7,y;, ;] is the vector of foreign variables comprised of inflation, 7, nominal
interest rate, i;, and output, y;. Demand and monetary shocks are identified by imposing

the following restrictions on Ay:

1 0 O
A=l 0 1 ol (24)
—az —axn 1
The identifying assumption is that monetary shocks in the foreign country have a one-

period delayed effect on inflation and the output gap due to predetermined expectations.

13See the discussion in Welz (2005) for a justification of this approach for the Bundesbank.
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Furthermore, demand shocks are identified by assuming that inflationary shocks do not
have contemporaneous effects on output. Note that the VAR representation in (23) could
be derived as the reduced form of a structural closed-economy model with one-period
delayed effects of monetary policy on output and inflation. The VAR is estimated prior to
estimation of the home-country model. In effect, the estimated equations (23) are added

to the structural model.'

3 Including Foreign Consumption Goods

The above framework introduces foreign-economy features through the production side
rather than the demand side. In this section I extend the benchmark model to allow for
foreign consumption goods that are imported by retail firms who act in an imperfectly
competitive market. This assumption implies that the law of one price for consumption

goods does not hold.

Assume that the fraction of imported consumption goods is w,, € [0, 1] and the elastic-
ity of substitution between domestic and foreign consumption goods is a constant, 7 > 0.

Then the consumption aggregate and the CPI are, respectively, given by
1o it ; w1 |7
€ = |- w7 +wi(ch | (25)
and
P =[(1 = w7+ wuPy ] (26)

where C” (C{ ) denotes consumption of domestic (foreign) consumption goods and P"

(Pﬁr ) is the average price of the domestic (foreign) consumption goods.

To shorten the presentation, all other equations of the extended model will be pre-
sented in log-linearised form (see Appendix B for full details). Demand for domestic and

foreign consumption goods are respectively given by

cf’ Cr + Wty 27
I = o= - wnm, (28)

C

where the terms-of-trade are defined as 7, = p{ — p". Export demand can be expressed as

X =1(q + WnT) + ;. (29)

14Justiniano and Preston (2004) estimate a standard NOEM framework using Bayesian methods with a
similar modelling strategy for the foreign sector and compare the case where the foreign VAR is estimated
simultaneously with the case where it is estimated beforehand.
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An expression for aggregate demand can be found when (27) and (28) are inserted into

the log-linearised consumption aggregate (25) to yield

(1 - (l)x)(l - h)5 [lt — E[ {7T1+1} - (1 - yE)gt:I (30)
(oA

Vi = 0E{y1}t + (1 = 0)yim1 —

where y, = y; — w,x; — (1 — w)w,nt;.

Real marginal cost of domestic producers is given by

mC, = W[_p]:+nt_zt

= aw;—p) =z +w,7, + (1 —a)g (31)
and the Phillips curve can be formulated in terms of domestic consumption good inflation,

1-86,)(1-6
= A Enl, + O L+ (1~ 56X p)mc, + & (32)

1 +a,8 1+ a,8 0,(1 + a,fB)

This is related to consumer price inflation by

T =1+ waAT,. (33)

If the law of one price for foreign consumption goods does not hold, i.e. Pf + S.P;,

the real exchange rate can be written as

4G = pitsi—p (34)
= pj+s—pl+p] - pl+wati
= Y, + (1 — w1,

Monacelli (2005) refers to ¢, = p; + 5, — p{ the ’law of one price-gap’.

I assume that retail firms face a similar, Calvo-style pricing problem as domestic pro-
ducers. As explained in Monacelli (2005), the assumption that importers purchase foreign
consumption goods at world market prices p{* is equivalent to assuming that the law of
one price holds ‘at the dock’. However, they charge a markup on marginal cost when
selling the products to domestic consumers so that the consumer price for imported con-
sumption goods, measured in domestic currency, differs from world market prices. In
addition, those retailers who do not reset their price to the new optimal price use the same

partial-indexation rule as domestic producers.

These considerations lead to the following equation for foreign consumption-good

inflation: (18,1 — 8
ﬂ{ = LEtﬂ-f] + & gt P L d )
l+a,8 ™ l14+aB8"' 0/(1 + azP)
where 1 — 6 is the fraction of firms that can re-optimise prices each period. I assume that

(35)

domestic retailers and produces choose the same partial indexation value «,. The other
equations of the model are identical to the benchmark model described in Section 2. Note,

that the benchmark model is obtained when w,, = 0.
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4 Solution and Estimation

4.1 Model Solution

The benchmark model is comprised of ten domestic endogenous variables ¢, = (1, y,, mc;,
Wy — Dy, MES; Xg, Gy, 1y, G, Asy)’, the foreign block x7 = (x7,y7,i7)" and three stationary but
(possibly) persistent exogenous shock processes that are assumed to be independent of
each other a priori:

€ =Be_1 + ¢, {, ~ N0, D),

where €, = (g;, 2, &,)’. The model can then be written in matrix form as
Lo(©u =11 + Y, + 119, (36)

The matrices I'o(£), I'1(€), ¥ and I1 are coefficient matrices, ¥, is a vector of expectational
errors (E,(9,,1) = 0) that are introduced to construct the forward-looking variables in the
model such that ¥, = x, — E;_; x;. The matrix B is subsumed in I['((¢) and I';(£) and ¢, is the
state vector of endogenous variables in the model that stacks ¢, x/ and €. The general
solution to (36) has a VAR(1)-representation

y =T -1 + R, (37

Note that the system is stochastically singular since ¢, has a higher dimension than the
number of stochastic shocks, rendering the covariance matrix of the disturbances singular.

Hence the observable time series are selected via the measurement equation
Y, = Fu, (38)

where Y, is the vector of observable variables.

4.2 Methodology

The model is estimated using Bayesian techniques. Extensive surveys of the advantages
and disadvantages of the Bayesian approach are readily available and not repeated here.

Welz (2005) and the papers cited in the introduction provide an overview.

Since the small open-economy model studied here imposes strong restrictions across

coeflicients, model misspecification may be a relevant problem. However, as discussed

5The model is estimated using Dynare but all post-estimation analysis, e.g. impulse-response analysis
and calculation of their highest posterior densities, is conducted using the method of Sims (2002) to solve
linear rational expectations models.
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by Lubik and Schorfheide (2005), relaxing restrictions and building larger models may
result in identification problems. Unlike Smets and Wouters (2003) and Adolfson et al.
(2005), the strategy in the present study is not to aim to fit all aspects of the data but to
study the model’s properties via impulse-response analysis and the estimated parameters.
These are interesting exercises in themselves as to date only calibrated versions of the
non-standard model presented here have been studied by McCallum and Nelson (1999,
2000). The focus will be on the transmission of exchange rate variations to CPI-inflation

and the effects of monetary-policy shocks.

5 Data and Prior Specification

5.1 Data

The small open-economy model is estimated on German data for the period 1980Q1 to
2004Q3. The data set includes output measured as gross domestic product, annualised
CPI-inflation, the annualised nominal short-term interest rate and a nominal effective ex-
change rate that is based on the nominal exchange rates and constant trade weights of
Germany’s fifteen most important trading partners (a more detailed description of the
data set is provided in Appendix A).!® The foreign country variables are output, inflation
and nominal short-term interest rates. The first two are constructed, respectively, as trade-
weighted averages of GDP and annualised growth rates of CPIl-indices. The nominal
interest rate is calculated as the trade-weighted arithmetic mean of annualised short-term
interest rates. All data is seasonally adjusted. Trends are not explicitly taken account of
in this model, thus all variables are transformed into stationary time series prior to esti-
mation. The foreign variables are detrended with the HP-filter whereas German inflation,
interest-rate, output and nominal depreciation measures were constructed from the resid-
uals of OLS regressions on a constant, dummies and a linear time trend.!” The constant
and time trend are intended to account for changes in the trend growth rate. The effective
nominal exchange rate is included in percentage depreciation rates from a constant which

is close to zero.

One caveat should be mentioned. A single monetary policy for the Bundesbank did
not exist during the last six years of the sample. Whilst this gives cause for caution
in interpreting the estimation results, the size of the German economy is the Euro area

should ensure that any bias is not large.'®

16Eastern European countries have recently become important trading partners for Germany but due to
the short period of time this has been of relevance, these countries are not included in the sample.

17The linking method by Fagan and Henry (1998) was used to construct a time series for German GDP.

8German data is available from 1970 but the time span was restricted by availability of GDP series for
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5.2 Prior Specification

5.2.1 Calibrated Parameters

The formal inclusion of prior information about the model specification lies at the heart
of Bayesian analysis. Some parameters were fixed a priori, because they may be difficult
to estimate as they are related to steady-state values (the data is demeaned) or because no
data is used which could provide direct information, such as consumption expenditure on
foreign goods. In terms of the Bayesian approach, this implies a degenerate prior density
with a given mean and infinite precision. The discount factor S is set to 0.99 implying
an annual steady-state interest rate of 4 percent. The steady-state value of domestic GDP
is set to the mean of the GDP-series before detrending, y = 4.4. The inverse of the
labour supply elasticity, ¢, is set to unity and the labour demand elasticity, €, is set to
6, implying a wage markup of 20 percent. The steady state trade share w, = 0.3 is
calculated as the sample mean of the ratio of export demand to GDP. Initially, a rather
uninformative prior for ¢,, the parameter that links the net foreign asset relation to the
uncovered interest parity (16) was used, but this parameter is difficult to identify and
introduced some instabilities in the estimation procedure. It was thus fixed to 0.002, the
value that was obtained when the posterior mode was estimated for ¢,. In the extended
model, the substitution elasticity between foreign and domestic consumption goods is set

to unity.

5.2.2 Estimated Parameters

The prior density for the parameter vector of the estimated parameters is specified under
the assumption that all parameters are independently distributed of each other. However,
the solution set of the DSGE model is restricted to unique and stable solutions which may

imply prior dependence.

The following principle has been applied to select the prior shape: for all parameters
that should lie in the (0,1)-interval according to theory, a beta density is chosen as it is
defined on the unit interval. Inverted gamma densities are chosen for the standard devia-
tions of exogenous shocks. The lack of a priori information about the precision of these
parameters is accounted for by specifying two degrees of freedom for the inverted gamma
densities, implying that the variance is infinite. For all remaining parameters, normal

densities are specified.

I now turn to the choice of prior density means. A detailed specification can be found

in Table 1 which also depicts the estimation results from the benchmark model. The prior

some foreign countries.
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mean of the inflation indexation coefficient a, is set to 0.5. While Christiano et al. (2005)
set this value to unity, Smets and Wouters (2003) find a value significantly smaller than 1,
implying stronger forward-looking. It is assumed that there is endogenous persistence in
demand so a value of 0.8 is chosen as the prior mean for the habit persistence parameter.
The prior mean for the price and wage stickiness parameter is set to 0.5 which implies
that prices and wages are changed about twice a year. Using German data, Coenen and
Levin (2004) estimate this duration in a generalised Calvo-pricing model as opposed to
many other empirical studies that find longer durations. However, the large standard
deviation of 0.25 implies that these priors are relatively uninformative. The prior means
for the monetary policy rule parameters are set to standard values and the export demand
elasticity is assumed to follow a normal distribution with mean 1. The prior means for the
persistence parameters of the exogenous shock processes are set at intermediate values of
0.5 with large standard deviations of 0.25. However, for the technology shock process a
fairly high value of 0.8 with tight standard deviation of 0.10 is specified. This choice can
partly be rationalised by the fact, that technology processes have often been estimated to
be highly persistent. The cost shock and the monetary policy shock are assumed to be
white noise processes. The prior modes of the standard deviations of the shock processes
are based on simple first order autoregressions estimated on German data for the period
1973Q1 to 1979Q4.

6 Results

6.1 The Benchmark Model

It is not possible to solve for the posterior density in analytical form. Instead, I estimate
it with the random-walk chain Metropolis-Hastings algorithm with a multivariate normal
proposal density, centered at the posterior mode and with covariance matrix calculated
from the hessian at the posterior mode. The algorithm is used to generate 150 000 draws,
of which the last 60 percent are used for sampling.!® The estimation results are reported
in Table 1 while Figures 4 and 5 in Appendix D display kernel estimates of the marginal
priors and marginal posteriors of each parameter. Overall, the results are promising: the
posterior densities appear to have a single mode and are reasonably symmetric around
that value. In most cases the posterior mode and mean are close to one another and the
posteriors have tighter variances than the priors. The following discussion of the results

is in terms of the means of the marginal posteriors.

The convergence diagnostics displayed in Appendix D indicate that this number of simulations is suf-
ficient to achieve convergence of the Markov chain.
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Table 1: Prior Specification and Estimation results - Benchmark model

Prior Specification Posterior Estimates
Parameter Density Mean StdDev Mode 5% Mean 95%
import input share a  Beta 0.67 0.15 0.84 058 0.75 0.90
inflation indexation a, Beta 050 0.25 0.19 0.05 0.21 0.40
wage indexation o, Beta 0.50 0.25 036 0.06 031 0.66
habit persistence h  Beta 0.80 0.15 094 082 090 0.96
price stickiness 0, Beta 0.50 0.25 0.88 0.83 0.87 0091
wage stickiness 0, Beta 0.50 0.25 0.83 0.76 088 0.98
Monetary Policy rule
interest rate fi Beta 0.80 0.15 0.88 083 088 092
inflation fx Normal 1.50  0.15 1.08 086 1.11 1.38
output gap fy Normal 0.50 0.15 039 028 041 058
relation to foreign economy
export demand elast 7"  Normal 1.00  0.25 1.31 084 1.19 154
shock persistence
preference Y, Beta 0.50 0.25 0.05 0.01 0.10 0.25
productivity Y. Beta 0.80 0.10 091 072 085 095
risk premium Y, Beta 0.50 0.25 092 086 090 094
shock variances Mode Dof*
preference 0, InvGamma 1.60 2.00 1.15 098 1.16 1.38
wage cost 0, InvGamma 130 2.00 0.70 061 0.69 0.80
cost push 0, InvGamma 0.80 2.00 0.77 063 075 0.87
productivity o, InvGamma 0.80 2.00 0.57 043 1.64 3.63
interest rate o; InvGamma 0.50 2.00 0.36 0.32 0.37 0.42

risk premium shock 0 Inv Gamma 1.50  2.00 029 025 032 040

Marginal likelihood: -795.799
“Note: Dof = degrees of freedom

Labour’s share in production, a, is estimated at 0.75, implying an import share in
production of 25 percent. The estimates imply a relatively modest degree of price index-
ation (0.21) which translates into a forward-looking coefficient in the Phillips curve of
0.82. The value of 0.87 for the price stickiness parameter implies that prices are fixed
for about 7.5 quarters, which is consistent with other empirical DSGE studies using EMU
data (Adolfson et al., 2005; Smets and Wouters, 2003). It is also in line with the results in
Welz (2005) for a closed-economy model estimated with German data, but significantly
higher than the result found by Coenen and Levin (2004). The results also point to a
similar degree of wage stickiness and wage partial indexation. While habit persistence is
estimated to be high, the preference shock process is not very persistent. The technology
and the risk premium shock both are highly persistent. Finally, the estimated Taylor-rule
coeflicients for inflation, the output gap and the lagged interest rate confirm the findings

of other empirical studies that the dynamics of the German interest rate are described well
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by such a rule.

6.2 Transmission of Shocks in the Benchmark Model

In this section I study the dynamic properties of the benchmark model with respect to
risk-premium shocks and monetary shocks. A shock to the risk-premium process can be
interpreted as an exogenous shock to expectations about future depreciation rates. Quan-
titatively, a one standard deviation shock results in a nominal depreciation of about 1.5
percent and a slightly smaller real depreciation. The real depreciation leads to an in-
crease in marginal cost of about 0.36 percent (23 percent of the magnitude of the nominal
depreciation) as shown in Figure 1. However, the contemporaneous pass through to an-
nualised inflation is only moderate: only about 5.5 percent of the nominal depreciation
pass through onto consumer prices in the first quarter. Despite the strong rise of marginal
cost following the depreciation, inflation rises very little because of the low sensitivity
(mean coeflicient estimate 0.0172) to marginal cost. These results are entirely guided
by the degree of price stickiness. As can be seen clearly in Figure 8 in Appendix D,
the pass through of a nominal depreciation onto annualised inflation is almost linear. A
price stickiness parameter 6, of 0.01, for example, implies almost complete exchange rate

pass-through.

For reference I report the effects of a one standard deviation contractionary monetary
policy impulse. The impulse responses are standard and presented in Figure 2. The rise in
the interest rate leads to an immediate nominal and real appreciation with relatively small

effects on inflation and output.

6.3 The Extended Model

Estimation results for the extended model are shown in Table 3 in Appendix D.3. Most
of the estimated means are close to those of the benchmark model although interest-
ingly, the fraction of imported consumption goods is estimated at only 5 percent. The
estimated mode of 0.14 of the price-stickiness parameter for foreign consumption goods
implies rather flexible prices and a fast transmission of exchange-rate variations through
this channel. However, the parameter does not appear to be well identified in the data, its
posterior mean is 0.43. This also evident from the kernel estimate shown in Figure 9 in
Appendix D. In any event, pass through to foreign consumption prices is faster than onto
domestic consumer prices. The results in Table 3 indicate that the 5" percentile is located
at 0.05 and the 95™ percentile at 0.87.
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Figure 1: Uncovered Interest-Parity Shock - Benchmark Model
Inflation Output
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Notes: Impulse responses (solid lines) from the benchmark model with 10- and 90%-
tiles (dash-dotted lines) to a one standard deviation risk premium shock.

Figure 3 illustrates the dynamics of the model in response to a one standard deviation
risk-premium shock. As expected from the estimation results, the picture is qualitatively
similar to the benchmark model. The major difference is the much larger contempora-
neous exchange-rate pass through onto CPI inflation (23 percent) despite a quantitatively
similar response of marginal cost to the nominal depreciation (22 percent). Hence, the
small fraction of imported consumption goods together with a low degree of price sticki-

ness leads to a much stronger effect on annualised inflation.

6.4 Evaluation

The two models deliver quantitatively different answers which leaves open the question
of which better matches the empirical facts. One way to evaluate the models is to study
the correlations between inflation and current and past depreciations. In the first column
of Table 2 are correlations for the actual data over the sample period that was used for
estimation. The next two columns show the same relation for 5 000 observations of

simulated data from the estimated benchmark and the extended models.
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Figure 2: Monetary Policy Shock - Benchmark Model
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The values in Table 2 suggest that neither model perfectly replicates the properties of

the data but that the benchmark model comes closer to the data in the first two quarters,

whereas the extended model matches the correlations better at larger lags. Relying on the

marginal likelihoods, however, puts the extended model (marginal likelihood = -794.746)

slightly in favour, but formally the two are not distinguishable. Assuming that both mod-

els complete the model space and assigning equal prior probabilities of 0.5, the Bayes

factor in favour of model i versus j can be calculated as

- f(rIM)
Y f(YrIM )

Table 2: Correlations between Inflation and Nominal Depreciation
Corr(rm;, As;_;) actual data benchmark model extended model

k=0

W‘W'W‘W‘
AW~

0.13
0.22
0.13
0.19
0.08

0.34
0.36
0.31
0.25
0.20

0.60
0.39
0.30
0.19
0.11
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Figure 3: Uncovered Interest-Parity Shock - Extended Model

Inflation Output
1
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Notes: Impulse responses (solid lines) from the benchmark model with 10- and 90%-
tiles (dash-dotted lines) to a one standard-deviation risk premium shock.

where

J(YrIMy) = ﬁ¢(§|Mi)f(YT|§, M;)d¢ (40)
is the marginal likelihood of model M;, ¢(£|M;) the prior density and f(Y7|&, M;) the

likelihood of model i. Assuming that falsely choosing a model incurs equal losses for
both models, a Bayes factor greater than 1 indicates that model i is more likely than

model j after having observed the data. The calculation for the two models above yields

exp(=795.799)

—— =10.3489,
exp(—744.746)

B bechmark,extended —

which is no decisive evidence against the benchmark model.

7 Conclusions

This paper has outlined and estimated a small open-economy model in which open-
economy aspects are introduced on the supply side. Imported goods serve exclusively as

inputs to production which implies that the CPI is comprised of prices for domestic goods
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only. As a result, inflationary pressures from a depreciating exchange rate are transmit-
ted through the cost channel of domestic firms. In this environment, the degree to which
exchange-rate fluctuations pass through onto prices depends on the degree of price stick-
iness in the economy. The results show that a nominal depreciation of the exchange rate
leads to instantaneous pass through onto inflation which amounts to only 5.5 percent of
the magnitude of the initial depreciation in the benchmark model. Estimating an extended
model that permits foreign consumption goods raises exchange-rate pass through con-
siderably to 23 percent. Furthermore, in terms of the marginal likelihood, the extended
model fairs slightly better than the benchmark model, but the benchmark model is not
formally rejected. The benchmark model fares better at matching correlations between
current inflation and current and past exchange-rate movements contemporaneously and
at short lags, whereas the extended model matches these correlations better between cur-

rent inflation and higher lagged depreciations.

In conclusion, this study shows that within the class of relatively simple small open-
economy DSGE models, adopting the modelling approach that all imported goods enter
the production process has the potential to explain the low degree of exchange-rate pass

through.

Both models feature a number of restrictions, for example on the substitution elas-
ticities between the factors of production or domestic and foreign consumption goods
which were assumed to be one. One interesting extension would be to find estimates
of these elasticities in a more general formulation of the model. But this will probably
require additional data on consumption expenditure and the production process that can

help identify these parameters.
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Appendices

A Data and Sources

e 16 OECD countries: Austria (AUT), Belgium (BEL), Canada (CAN), Denmark
(DEN), Finland (FIN), France (FRA), Germany (GER), Italy (ITA), Japan (JAP),
Netherlands (NED), Norway (NOR), Spain (SPA), Sweden (SWE), Switzerland
(SWI), United Kingdom (UK), United States (US).

e variables and data source

— interest rates from IMF International Financial Statistics (mainly call money
market rates, FIN = ‘Cost of CB Debt’)

— CPI from OECD Main Economic Indicators

— Trade Weights (TCW) from Sveriges Riksbank (based on IMF calculations)
the trade weights for Germany are: AUT = 0.06, BEL = 0.08, CAN = 0.01,
DEN = 0.02, FIN = 0.01, FRA = 0.17, ITA = 0.13, JAP = 0.07, NED = 0.08,
NOR = 0.01, SPA = 0.05, SWE =0.03, SWI =0.07, UK = 0.11, US = 0.11.

— Nominal exchange rates: National currency/US$ from IMF International Fi-
nancial Statistics
calculate together with CPI and TCW nominal and real effective exchange
rates (REER)

— GDP volume index (base year 2000): from IMF International Financial Sta-
tistics and OECD Main Economic Indicators
Germany: OECD Quarterly National Accounts for Westen Germany and Ger-
many. The series were linked according to the ratio of Germany/Western Ger-
many on the start date 1991:1 as in Fagan et al. (2001)
Denmark: OECD Quarterly National Accounts, OECD Main Economic Indi-

cators and IMF International Financial Statistics

— all series are seasonally adjusted
series or parts of them that were not seasonally adjusted have been adjusted
with TRAMO/Seats

e time span: data used for estimation 1980:1 - 2003:4, for some countries data is
available from some year in 1970 and later

the time span is mainly restricted by available GDP and interest rate data
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e aggregation method
“Index-method” for GDP, inflation and effective exchange rates: In X, = >; w; In X;
arithmetic mean for interest rates (Fagan and Henry, 1998, p. 504, footnote 22)

which are measured in annual percentages

27



B Derivation of Model Dynamics in the Benchmark Model

B.1 Firms

Neglecting firm specific indices, the cost minimisation problem of the firm is
C(Y,W,,P) = W,N,+P'M,
st. Y, = ZN"M'™.

Labour demand is then

a o 1w\
T
' Z, PM) ’

a \e 1 (w, p \®
=)zl v
l_a Zl‘

a \'""* 1 (W,\ -
- — = ay
( 1 - Cl’) Z[ Pt ) Qt !
where I have used the fact that the import price in home currency is given by P¥ = S .P;

and the real exchange rate is defined as Q, = %.
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w5 2 ()
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my, = a(W, — p; — 2 — q;) + yr.

Import demand
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—_—
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|
S

can be written in log-linearised form:

With Cobb-Douglas technology, real marginal cost is given by

real wage l W,.N;

MC, = =
! MPy a PY,

and substituting labour demand yields

Y ~(1-a)
MC, = 1%( @ )1 l(%) l-a

a P[ 1 - a Z[ P[ !
1 (W\*
— ] = -(1-a) ~ (1 l—a.
a(l-a ZI(P; 0

Log-linearising this relationship yields
mct = W,—pt-i-l’l,—yt
or

mc; = a(w, — pr —2) + (1 —a)gq,
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B.1.1 Profits

Real profits are given by

1
_ opt nom
V=5 (P = McCym)y,
Log-linearisation using the steady-state relationships V = 1Y, € = =L and P = P
opt ' nom
Vv, = Y(p!" = pi+y1) — Y (mcj" = p, +y1)

P
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E E
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B.2 Aggregate Demand

The optimality conditions of the household’s optimisation problem are given by
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The consumption Euler equation can be derived from the first order conditions of the

consumer’s problem:
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where R, = (1 + i) 7=
Log-linearisation yields

1 h 1-h

= mEtCtﬂ + mct—l - m (lt —Emgg + Agt+1)

Then inserting the log-linearised resource constraint
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gives equation (15).
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B.3 Net Foreign Assets

Assume that domestic bonds are in zero net supply. Define A, = % and write the

aggregate budget constraint as

A P,
= '1S’+KNt+V,
Rix(Ai &)

C el N
f TP S P
The risk premium is defined as

X(Ata é:t) — e—¢a(Ar—A)+§t

where & = ’yxgt—l + 8?

Log-linearisation of the budget constraint yields
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Use the steady state relationships: C = @ +V,C=(1-wy)Y, V= éY and use the

notation a; = dA,

Ce,+Ba, = a1+ @ (w, — p; +n,) + Vv,
a, = é [ai.1 — Cc, + (C = VY(w; — pr + 1) + Vv
= % [a,_1 — Ce, + (C = V)(y; + mc;) + V(y; + me,)]
= % a1 + (1 = w)Y(y; + me, — ¢,)]

Y
= —ai + = [w(=y + x) + (1 — w)me,]

B B

30



C The Extended Model
C.0.1 Demand

Demand for the domestic and foreign consumption good by domestic agents is

P\ e PY*
a-(B) e -2«
t

t

The optimal allocation of expenditure across domestic and foreign goods is given by

ph -n Pf -
ch=q —wm)(F’) c. ¢ :wm(#) C,

t t

Export demand is given as

C.0.2 Supply
1. Domestic producers: The Dixit-Stiglitz price index for domestic prices is given by
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The firms’ objective is to maximise future discounted profits
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subject to the demand schedule
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The first order condition is given by:
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where D, is a stochastic discount factor.

2. Domestic retailers face an analogous problem to the domestic producers. The price
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index follows the law of motion
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Retailers maximise

E, Z 67D, ,CL (i)

s=t

P
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subject to the demand schedule
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and the first order condition is given by
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Log-linearising the price index and this first order condition and combining them
yields (35).
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D Figures and Results

D.1 Benchmark Model

Figure 4: Prior- and Posterior Density - Benchmark Model
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Notes: Prior (dashed lines) and posterior densities (solid lines) for the bench-
mark open economy model.
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Figure 5: Prior- and Posterior Density (continued) - Benchmark Model
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Notes: Notes: Prior (dashed lines) and posterior densities (solid lines) for the
benchmark open economy model.
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Figure 6: CUSUM Diagnostic - Benchmark Model
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Notes: Notes: The horizontal grey lines indicate 5% bands, the vertical line
indicates the 40%-burn-in of the Markov chain with 150 000 simulations.
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Figure 7: CUSUM Diagnostic (continued) - Benchmark Model

x T w
0.2 |
|
01| L,
0 Y =
-0.1 \
|
-0.2 l
0 5 10 15
X 104
o
[¢]
0.2 ;
AN
0 A
|
|
-0.2 l
0 5 10 15
x 10* x 10* x 10*
(9}
x
0.2 |
|
!
0 —W\u‘a
|
|
-0.2 l
0 5 10 15
x 10*

Notes: Notes: The horizontal grey lines indicate 5% bands, the vertical line
indicates the 40%-burn-in of the Markov chain with 150 000 simulations.

Given N draws from the Markov chain, the statistic is calculated as in Bauwens et al.

(1999)
1 N
CSS = (; ;zl 71‘ _l'ly) /0-)/’

where (1, and o, are the mean and standard deviation of the N draws respectively, and
% >\, 7, is the running mean for a subset of s draws of the chain. If the chain converges,
the graph of CS; should converge smoothly to zero. On the contrary, long and regular
movements away from the zero line indicate that the chain has not converged. According
to Bauwens et al. (1999), a CUSUM value of 0.05 after s draws means that the estimate
of the posterior expectation deviates from the final estimate after N draws by 5 percent
in units of the final estimate of the posterior standard deviation. The authors consider a
value of 25 percent to be a good result. Figures 6 and 7 show the CUSUM-paths along
with 5 percent bands for each parameter for 150 000 draws (note that the overall interval

corresponds to 25 percent bands).
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D.2 Exchange-Rate Pass Through and Price Stickiness

Figure 8: Exchange-Rate Pass Through and Price Stickiness
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Notes: Relationship between price stickiness and exchange-rate pass through
in the benchmark model, holding all other parameters constant. The inflation
response (y-axis) is measure in percentage points of the magnitude of the nom-
inal depreciation in the first quarter, for values of 6, € [0.01,0.99].
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D.3 Prior- and Posterior Density - Extended Model

Table 3: Prior Specification and Estimation Results - Extended Model

Prior specification Model estimates
Parameter Density Mean StdDev Mode 5% Mean 95%
import input share a Beta 0.67 0.15 0.76  0.60 0.77 0.90
inflation indexation a, Beta 0.50 0.25 0.09 0.03 0.15 0.30
wage indexation a, Beta 0.50 0.25 032 0.07 035 0.69
habit persistence h  Beta 0.70  0.15 095 0.82 091 0.96
price stickiness 0. Beta 0.50 0.25 0.89 0.85 0.88 0091
wage stickiness 6, Beta 0.50 0.25 096 0.82 092 0.99
price stickiness foreign 6, Beta 0.50 0.25 0.14 0.05 043 0.87
Monetary Policy rule
interest rate f; Beta 0.80 0.15 0.87 0.82 0.87 0.92
inflation fx Normal 1.50 0.15 1.05 085 1.09 1.36
output gap fy Normal 0.50 0.15 037 028 040 0.56
relation to foreign economy
export demand elast n*  Normal 1.00  0.25 .24 090 120 1.52
foreign cons w, Beta 0.10 0.05 0.06 0.02 0.05 0.09
shock persistence
preference Y, Beta 0.50 0.25 0.04 0.01 0.09 0.22
productivity v. Beta 0.80  0.10 090 0.71 0.85 0.94
risk premium Y, Beta 0.50 0.25 0.87 0.79 086 0091
shock variances Mode Dof*
cost push 0, InvGamma 1.60 2.00 1.18 098 1.16 1.37
wage cost o, InvGamma 130 2.00 0.66 0.60 0.68 0.78
preference o, InvGamma 0.80 2.00 0.79 0.67 0.79 0.92
productivity o, InvGamma 0.80 2.00 1.64 081 229 440
interest rate o; InvGamma 050 2.00 036 033 037 043

risk premium shock os InvGamma 150  2.00 032 027 034 043

Marginal likelihood: -794.746
“Note: Dof = degrees of freedom
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Figure 9: Prior- and Posterior Density - Extended Model

Notes: Prior (dashed lines) and posterior densities (solid lines) for the bench-
mark open economy model.
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Figure 10: Prior- and Posterior Density (continued) - Extended Model
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Notes: Prior (dashed lines) and posterior densities (solid lines) for the bench-
mark open economy model.
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