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Abstract 

We present a multi-country, multi-sector dynamic general equilibrium model with ICT and R&D-driven endogenous growth. 

The model presented has been developed to study the economic effects of public support to ICT R&D in the European 

Union. It accommodates alternative policy instruments that could be used in an attempt to stimulate private ICT R&D 

expenditures, including general production grants, tax credit or subsidies targeted at specific inputs. The model is 

calibrated to data from four country blocs Germany, France, the Rest of the EU and the Rest of the World. 
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A CGE model with ICT and R&D-driven
endogenous growth: A detailed model

description

Martin Aarøe Christensen
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Institute for Prospective Technological Studies.

Edificio Expo, C/ Inca Garcilaso 3. 41092 Seville, Spain.

Abstract

We present a multi-country, multi-sector dynamic general equilibrium model with
ICT and R&D-driven endogenous growth. The model presented has been developed
to study the economic effects of public support to ICT R&D in the European Union.
It accommodates alternative policy instruments that could be used in an attempt
to stimulate private ICT R&D expenditures, including general production grants,
tax credit or subsidies targeted at specific inputs. The model is calibrated to data
from four country blocs Germany, France, the Rest of the EU and the Rest of the
World.
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1 Introduction

We present a multi-country, multi-sector dynamic Computable General Equi-
librium Model (CGE) with ICT and R&D-driven endogenous growth. The

? The research is carried out in the context of PREDICT 2, a research project
co-financed by the Directorate General for Communication Networks, Content and
Technology (CNECT) and JRC-IPTS. One of the objectives of PREDICT 2 is the
development of a macroeconomic model allowing for the economic analysis of policy
scenarios related to national public support to ICT R&D in the European Union.
The views expressed are purely those of the author and may not in any circumstances
be regarded as stating an offi cial position of the European Commission.
Email address: martin.christensen@ec.europa.eu (Martin Aarøe

Christensen).
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model has been developed to study the economic effects of public support to
ICT R&D in the European Union. The model has, thus, been designed to
address some issues that are central to an applied economic analysis of alter-
native R&D promoting policies. First, the model accommodates a range of
policy instruments that may be used to stimulate R&D spending in the econ-
omy. These policy instruments include production grants, tax credits, public
procurements or subsidies targeted at specific inputs.

Second, the model addresses some special characteristics of R&D and the
dissemination of knowledge that are important for an analysis of policies to
promote R&D. The output of the R&D process is a special form of intangible
capital —knowledge. Knowledge is non-rival —its use by one person does not
preclude its use by another person. Knowledge is not used up in the production
process but continues to contribute to the common pool of knowledge. In
addition, knowledge in the form of a new idea, design or blueprint may be non-
excludable with one firm unable to prevent other firms from using it. When it
is non-rival and non-excludable, knowledge takes the form of a public good,
which discourages R&D as it prevents firms from recovering their initial R&D
expenditures. This market failure results in R&D expenditure levels below
the social optimum. However, knowledge may in some cases be embedded in
human capital, or firms may attempt at a cost to protect their idea or design
through legal procedures such as patents or copyright. Hence, knowledge is
sometimes characterised by some degree of rivalry and excludability which
gives rise to market power. Under these circumstances, monopoly rent makes
it possible for a firm to finance R&D projects, which provides an incentive
for innovation. In the model presented here knowledge enters in both a non-
excludable and an excludable fashion. R&D output in the model contributes to
the common pool of knowledge available to firms across sectors and countries.
Hence, a firm’s R&D-produced knowledge serves as a non-rival non-excludable
public good benefitting all firms. However, the new knowledge in the model
is also sold as blueprints that provide the purchasing firm with the exclusive
right to its use. This excludable knowledge in the model entitles the purchasing
firm to monopoly rent that covers the initial R&D expenditures.

Third, R&D in the model serves as an engine for growth through multiple
channels. R&D-produced knowledge expands the common pool of knowledge,
which spills over into increased productivity of R&D producers as these benefit
from the production of new knowledge and insights. R&D also leads to the
development of new designs or blueprints, expanding the range of available
production technologies. This is the case for ICT and for non-ICT production
technologies. ICT technology in the model is a multipurpose technology, widely
adopted across the economy in combination with skilled labour. Hence, an
R&D-induced increase in new ICT technologies affects the production of goods
and services across a broad range of sectors in the economy.
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Fourth, the model attempts to capture multiple transmission channels through
which R&D activity affects the economy. A change in R&D activity affects
relative prices and the allocation of labour, capital and goods in the economy.
The model therefore allows us to examine a wide set of economic impacts
derived from the implementation of a specific policy reform. This is especially
useful when the expected effects of policy implementation are complex and
materialize through different transmission channels.

The model we propose contains R&D-driven endogenous growth. Hence, it
falls within the large body of literature that studies the origin and causes of
economic growth. Within this literature different routes have been taken to
expand and improve upon the neoclassical growth model in which the presence
of long-term growth depends crucially on exogenous technological progress.

One strand of the literature focusses on broadening the notion of capital in
the model to include more than buildings and machines. Romer (1986) rein-
terpreted capital as a combination of physical capital, and blueprints and
knowledge, the latter being the outcome of R&D investments. By introducing
blueprints and new production techniques into the definition of capital, Romer
allowed for the presence of externalities from capital as firms learn from each
other. Such externalities contribute to sustained growth. However, large ex-
ternalities are required in such models to make sustained growth feasible. In
addition, this class of models suffers from the definition of capital becoming
very broad.

A second strand of the literature redefines capital to include physical capi-
tal and human capital (Lucas (1988), Jones and Manuelli (1990) and Rebelo
(1991)). Introducing the accumulation of human capital in the same manner
as physical capital allows for sustained growth without the presence of exoge-
nous technological progress or externalities from capital. As noted by Rebelo
(1998) a problem with this class of models is that growth occurs because work-
ers become more productive over time in a way that does not interact with
the invention of new technologies.

A third strand of the literature focusses on technological progress driven by
R&D. Romer (1990) proposed a model where profit-oriented innovations from
R&D lead to accumulation of non-rival technological knowledge and the de-
velopment of new patented capital varieties. The development of new capital
varieties ensure sustained growth. In the Romer setting, the firm obtains a
permanent monopoly in the new capital variety allowing it to cover the fixed
cost of R&D. Aghion and Howitt (1992) and Grossman and Helpman (1991)
develop models in which the monopoly power is only temporary as patented
intermediate goods are replaced by new that can be more effectively used in
the production process. The R&D-driven endogenous growth models of Romer
(1990), Aghion and Howitt (1992) and Grossman and Helpman (1991) share
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the common feature that as the population grows, so does the rate of techno-
logical progress and output per person. This is referred to as the "scale effect"
in the literature. Variants of the R&D-driven endogenous growth model with
no scale effects have been developed. In these models, the outcome of R&D
can either be utilised to increase productivity within a product line, or it can
be utilised to increase the total number of available products. Hence, larger
economies will have to allocate more R&D workers to improve a larger num-
ber of products (see Young (1998), Howitt (1999), Dinopoulos and Thompson
(1998)).

The R&D-driven endogenous growth model also has its critics. It has been
criticised for constituting a "knife-edge case" in the sense that it requires
the knowledge production function to exhibit exactly constant returns to past
discoveries. Furthermore it has been argued that even small deviations from
constant returns dramatically alter the nature of the growth equilibrium. Al-
lowing for slightly increasing returns to past discoveries would lead growth to
explode, while imposing slightly decreasing returns to past discoveries would
lead growth to halt in the absence of population growth (Jones (1999) and
Li (2000,2002)). However, Dalgaard and Kreiner (2003) argue that the R&D-
driven endogenous growth model is more general than it appears. They demon-
strate that the knowledge production function may exhibit decreasing returns,
increasing return or alternate over time between decreasing returns and in-
creasing return. The crucial condition for endogenous growth is that the mar-
ginal product of knowledge in producing new ideas converges towards some
positive constant in the long run. This implies that a new piece of information
never becomes unproductive in producing new ideas even if infinitely many
other pieces of information exist.

Another criticism of the R&D-driven endogenous growth model put forward
has been that it implies that permanent changes in R&D promoting poli-
cies will permanently affect long-term growth rates. Jones (1995a) raise this
criticism. In a time series analysis of post-Second World War growth paths
for the OECD countries, he finds no evidence of permanent effects on long-
term growth rates stemming from permanent changes in government policies.
These findings suggest that the stock of knowledge may be subject to depre-
ciation over time due to obsolescence. However, other empirical studies do
find that permanent changes in government policy have permanent effects on
income and growth (Kocherlatota and Yi (1997) and Kneller, Bleaney and
Gemmell (1999)). Jones (1995b) suggests a modification of the Romer (1990)
endogenous growth models in which long-term growth rates are invariant to
permanent changes in government policies. Subsidies to R&D and to capital
accumulation have no long-term effects but instead affect growth only along
the transition path to the new steady state. Although the long-term growth
rates become a function of exogenous parameters, Jones argues that the model
contains semi-endogenous growth in the sense that technological change itself
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is endogenous as a result of the pursuit of new technologies by rational profit
maximising agents. However, not only semi-endogenous growth models may
have the feature that government policy does not affect long-term growth.
Dalgaard and Kreiner (2003) show that the R&D-driven endogenous growth
model may also be specified in such a way that policy in the long run has
no impact on the marginal product of existing knowledge in producing new
ideas. Under these specifications, policy changes in the R&D-driven endoge-
nous growth model will only temporarily affect the growth rate as is the case
in the semi-endogenous growth model.

A number of studies have applied the Romer (1990) R&D-driven endoge-
nous growth setting in CGE models to examine the effect of trade and R&D-
promoting policies on growth and welfare. Diao et al. (1999) examine the effect
of R&D-promoting policies using a CGE model calibrated to data from Japan.
Ghosh (2007) studies R&D-promoting policies using a CGE model calibrated
to the Canadian economy. Křístková (2013) uses a multi-sector CGE model
of the Czech economy to study the long-term growth impact of R&D policies,
while Bye et al. (2009) examine the effects of R&D-promoting policies using
a multi-sector CGE model with strong open economy features 1 calibrated to
Norwegian data.

The model presented in this paper also applies the Romer (1990) R&D-driven
endogenous growth setting. However, to allow us to examine the effects of ICT
R&D promoting policies, the R&D activities related to ICT are distinguished
from other R&D activities. Furthermore, growth generated from development
of new ICT capital varieties is distinguished from growth generated from other
forms of capital. The R&D-driven endogenous growth model has not yet been
applied to the analysis of R&D-promoting policies targeted at ICT specifically.

Although the role of ICT has not featured prominently in CGE models with
endogenous growth, a vast number of empirical studies have examined the im-
pact of ICT on economic growth. These point to ICT as an important source
of economic growth. The contribution from ICT to growth in terms of capital-
deepening and total factor productivity (TFP) growth have been examined by
empirical studies using various growth accounting methodologies derived from
the endogenous growth literature. Oliner et al. (2007) use growth accounting
to examine the contribution from ICT to growth by including in their esti-
mates the accumulation a various ICT capital varieties (computer hardware,
computer software and communication equipment). This approach is in line
with the R&D-driven endogenous growth model strand of the literature in

1 The open economy features include strong technology spillover from abroad
through the use off all types of production inputs, internationally given interest
rates and internationally mobile capital varieties that are exported at prices deter-
mined abroad.
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which R&D leads to expanding capital varieties. Examining US growth in the
period 1973-2006, Oliner et al. found that the growth effects from ICT accel-
erated sharply during the second half of the 1990s, but became less important
after 2000. 2 The growth effect from ICT can be attributed partly to the use
of ICT capital in the private non-farm business sector of the economy and
partly to growth in TFP in the ICT producing sectors. After 2000, the growth
effect from ICT capital deepening and from TFP increases in the ICT pro-
ducing sectors has decreased from the high rates observed in the late 1990s.
Similar results are found by Jorgensen et al. (2008). Examining US growth
using a growth accounting framework with ICT capital and a broader sectoral
coverage 3 , Jorgensen et al. also find a large contribution from ICT during the
late 1990s, which has declined since 2000. The growth accounting framework
has also been used to examine the contribution to growth in countries other
than the US. Colecchia and Schreyer (2002) examine the contribution of ICT
capital to economic growth in nine OECD countries. They also find that the
growth contribution from ICT rose during the second half of the 1990s in all
countries. hence, not only the US benefitted from the surge in ICT capital
investment in that period. In the period from 1995-1999 ICT is estimated to
have contributed between 0.3 and 0.9 percentage points per year to economic
growth in the countries studied. This result indicates that the existence of a
large ICT-producing industry is neither a necessary nor a suffi cient condition
to successfully experience the growth effects of ICT. An estimated contribution
from ICT to growth is also found in studies of France (Cette et al. (2002)) and
the UK (Oulton (2001)). The findings from the growth accounting literature
underline the potentially important effect of ICT R&D on economic growth
in the EU.

The R&D-driven endogenous growth model emphasises the spillover of R&D-
produced knowledge into increased productivity as a source of growth. A large
number of empirical studies have tested for the presence of a spillover of this
kind at various degrees of aggregation - total economy, industry or intra-
industry level. A number of studies found trade to be an important source of
R&D spillover. Coe and Helpman (1995) examine cross-border spillover effects
using a sample of 22 OECD countries. They find that R&D not only makes
a significant contribution to TFP in the performing countries but also signifi-
cantly benefits its trade partners. The spillover effects from foreign R&D are
found to be as big as the effect from domestic R&D in smaller countries, while

2 The total contribution from ICT to growth is estimated at 0.74 percentage points
per year for the period 1973-1995, 1.84 percentage points per year for the period
1995-2000 and 1.12 percentage points per year for the period 2000-2006.
3 Jorgensen et al. includes the flow of services from owner-occupied housing and
from consumer durable goods into both output and capital input. Rapid growth in
these asssets results in estimates of non-ICT capital deepening that are larger than
those of Oliner et al.
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the effects from own R&D dominate the effects from cross-border spillover in
larger G-7 countries. Xu and Wang (1999) examine spillover of R&D in the
G7 countries to TFP growth in 21 OECD countries. They find capital goods
trade to be a significant channel of R&D spill-over. About half of the return on
R&D investment in a G7 country spills over to other OECD countries. Sakurai
et al. (1997) examine the effect on TFP of direct R&D and of R&D embedded
in traded investment and intermediate goods for 10 OECD countries. They
find that the effects from direct R&D and from trade in investment and in-
termediate goods vary widely across sectors. Especially strong spillover from
trade in investment goods was found for the ICT service sector. This indicates
that the purchase of R&D-intensive investment goods is an important source
of TFP growth.

Other empirical studies have examined the extent to which Foreign Direct In-
vestments (FDI) leads to productivity increases for domestic firms. Xu (2000)
uses data on US outward FDI from firms in the manufacturing sector into 40
countries between 1966-1994, and finds a positive relation between FDI and
productivity growth. Spillovers are found to be stronger in the richer than
in the poorer countries, indicating that the receiving country has to reach a
minimum human capital threshold in order to benefit from the technology
transfer from FDI. Other studies examine spillovers from FDI using firm level
data. Haskel et al. (2002) study inward FDI using a panel of UK manufactur-
ing firms for the period 1973-1992. They find evidence of significant positive
FDI spillover effect. The spillover is found to be stronger for US and French
FDI, suggesting different spillover potential for different countries. Griffi th et
al. (2002) also find significant positive spillover effects from inward FDI using
data for UK manufacturing firms. Keller and Yeaple (2003) study FDI activ-
ity in the US and find the spillovers from FDI to be positive and large. They
estimate that FDI in the US accounts for about 14 % of productivity growth
in US firms in the period 1987-1996.

Empirical studies, thus, generally find evidence of R&D spillover and identify
international trade and FDI as two major channels for this knowledge spillover.

Clearly factors affecting growth are numerous and cannot all be captured in
a single model. However, adopting a R&D-driven CGE model allows us, in a
tractable manner, to illustrate how R&D and the accumulation of knowledge
affects economic growth. Using the CGE model allows us to simulate different
scenarios and to examine the extent to which variations in economic struc-
tures and public funding policies might lead to variations in productivity and
growth.

The paper is organised as follows. Section 2 presents the model in detail.
Section 3 describes data and the calibration methodology. Section 4 provides
some concluding remarks.
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2 The model

The model is a multi-country, multi-sector dynamic general equilibrium model
with R&D-driven endogenous growth from Romer’s (1990) expanding capital
varieties. The model contains four country blocs: Germany, France, the Rest of
EU (REU) and the Rest of the World (ROW). Each country bloc is inhabited
by a set of representative households which consumes final goods and supplies
labour of a given skills level to the domestic production sectors. Each country
bloc contains a set of final goods sectors, homogenous capital producers, dif-
ferentiated capital producers and R&D producers. The national government in
each country bloc collects taxes, pays out transfers and provides government
consumption free of charge to its resident-households. The EU Member States
also pay contributions to the EU and receive EU transfers.

2.1 Production of final output

Final output production occurs in 5 sectors: (1) Agriculture, food and bever-
ages, (2) Low-tech manufacturing, (3) High-tech manufacturing, (4) Services,
(5) Information and communication technologies (ICT). Each sector produces
one type of output with a constant return to scale technology using interme-
diate goods, labour, and capital as input. Factors of production are perfectly
mobile across sectors within a country bloc but immobile internationally. Fi-
nal output sector firms face perfectly competitive output markets. The final
output from each sector are used as intermediate input in all final output sec-
tors and in the production of R&D. In addition final outputs are consumed
by domestic and foreign households and national governments. Final outputs
are also used for investment in homogenous and differentiated capital.

The final output production is represented by a nested Constant Elasticity of
Substitution (CES) - Leontief production function. 4 The upper nest is given
by a CES function that captures the substitution between an aggregate of
intermediate inputs and value added. The demand for aggregate intermediate
input and value added is given by

YI,t(i) = θF (i)

[
PI,t(i)

MCF,t(i)

]−σF (i)

YF,t(i)

V At(i) =
(
1− θF (i)

) [ PV A,t(i)
MCF,t(i)

]−σF (i)

YF,t(i)

4 A presentation of the complete nesting structure of the model can be found in
the supplementary technical appendix.
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where YF is the final output of sector i, YI is the aggregate composite of inter-
mediate inputs and V A is value added. The parameter θF governs the share of
the aggregate intermediate input composite used in production. The cost in-
dexMCF is the marginal cost of producing a unit of the final output, PI is the
price of the composite aggregate of intermediate inputs and PV A is the price
of value added. The composite of intermediate inputs are aggregated from the
5 types of intermediate inputs according to a Leontief production function.
Final output is produced using both domestic and imported intermediate in-
puts. Imported intermediate inputs are considered to be imperfect substitutes
for the domestically produced intermediate inputs. The final output producer
chooses domestic and imported goods according to a CES function (an Arm-
ington function).

The Imported intermediate inputs are sources across all countries and aggre-
gated according to a CES function. Import of intermediate input carry trans-
portation costs purchased from a provider of international transport services.
We assume that international transportation services enter on a proportional
basis with imported inputs. The demand for domestic intermediate inputs, im-
ported intermediate inputs and international transportation services are given
by

YD,t(i, j) = zI(i,j)θA(i,j)

[
PD,t(i, j)

PA,t(i, j)

]−σA(i,j)

YI,t(i)

YS,t(i, j, s) =
(
1− zST (i,j,s)

)
zI(i,j)θM(i,j,s)

(
1− θA(i,j)

)
×
[
PST,t(i, j, s)

PM,t(i, j)

]−σM(i,j)
[
PM,t(i, j)

PA,t(i, j)

]−σA(i,j)

YI,t(i)

YT,t(i, j, s) = zST (i,j,s)zI(i,j)θM(i,j,s)

(
1− θA(i,j)

)
×
[
PST,t(i, j, s)

PM,t(i, j)

]−σM(i,j)
[
PM,t(i, j)

PA,t(i, j)

]−σA(i,j)

YI,t(i)

where YD is domestic produced intermediate inputs of type j, YS is demand for
imported intermediate input of type j sourced from country s, YT is demand
for international transport services for the imported intermediate good, zI is a
share parameter for the aggregation of intermediate inputs, θA is a share para-
meter governing the proportion of domestic inputs, θM is a share parameter for
the proportion of imported intermediate inputs sourced from country s, and
zST is a share parameter governing the proportion of transportation services
associated with imported intermediated inputs. The the price of domestic in-
put of type j is given by PD, PST is a composite price index of imported input
of type j from country s (including cost of transportation), PA is a composite
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price index of intermediate input of type j and PM is a composite price index
of imported intermediate input.

The final output producing firm pays an input tax τD on domestic inputs
which are added to the price charged by the seller.

PD,t(i, j) = (1 + τD,t(i, j))P̃F,t(j)

The final output producer also pays an input tax τS on imported inputs which
are added to the sellers price. Import tariffs τM , are levied on imported inputs.
In addition exported inputs are given an export subsidy, τX . Hence, the price
for a given imported input of type j from country s are given by the sellers
price in country s in domestic currency less the export subsidy and added the
import tariff and the input tax. Suppressing the domestic country index the
price of imported inputs may be expressed as

PS,t(i, j, s) = (1 + τS,t(i, j))(1 + τM,t(i, j, s))(1− τX,t(j, s))St(s)P̃
s
F,t(j)

where S is the exchange rate. International transportation services are also
subject to input taxation and import tariffs. We assume that international
transport services are paid in the currency used in the ROW country bloc.
Hence, the price of international transportation services is given by

PT,t(i, j, s) = (1 + τS,t(i, j))(1 + τM,t(i, j, s))S
ROW
t P̃T,t(j)

Value added is made from a nested CES function with homogeneous capi-
tal, differentiated capital of two types (ICT and high-tech) and labour of the
various skills types. Differentiated capital is nested with high skilled labour
to form respectively a ICT composite and a high-tech composite in the pro-
duction function. This nesting structure is based on the assumption that the
operation of advanced capital requires a highly skilled labour force.

The differentiated ICT capital services are rented from capital producers each
producing their own variety of differentiated ICT capital. At any given period
AICT variety of ICT capital exists. We assume Spence-Dixit-Stiglitz (love of
variety) preferences. Hence, the composite of ICT capital services is given by

KICT,t(i) =
(
ÃICT,t−1(i)

)υICT (i)

(∫ AICT,t

0

(
KICTV,t(i, a)

σICTV (i)−1

σICTV (i)

)
da

) σICTV (i)
σICTV (i)−1

where KICTV is the capital service from differentiated capital of type a, and
ÃICT,t−1 is an exogenous productivity parameter. The rental price of ICT
capital service of type a is denoted by RICTV . The cost minimization index
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for ICT capital is

RICT,t(i) =
1(

ÃICT,t−1(i)
)υICT (i)

(∫ AICT,t

0
RICTV,t(i, a)1−σICTV (i,j)da

) 1
1−σICTV (i)

The demand for ICT capital variety a by the final goods producer in sector i
is given by

KICTV,t(i, a) =

(
1− θV A(i)

) (
1− θICT (i)

)
(
ÃICT,t−1(i)

)υICT (i)(1−σICTV (i))

[
RICTV,t(i, a)

RICT,t(i)

]−σICTV (i)

×
[
RICT,t(i)

PICT,t(i)

]−σICT (i)
[
PICT,t(i)

PV A,t(i)

]−σV A(i)

V At(i)

where θV A is a share parameter governing the share of the ICT composite in
value added, θICT is a share parameter for the proportion of ICT capital ser-
vices in the ICT composite, and PICT is the price index of the ICT composite.

The high-tech composite in the production function is nested with a low-
tech composite of homogenous capital, medium skilled labour and low skilled
labour. The demand for differentiated high-tech capital services is given by

KHTV,t(i, e) =
θV A(i)

(
1− θKL(i)

) (
1− θHT (i)

)
(
ÃHT,t−1(i)

)υHT (i)(1−σHTV (i))

[
RHTV,t(i, e)

RHT,t(i)

]−σHTV (i)

×
[
RHT,t(i)

PHT,t(i)

]−σHT (i)
[
PHT,t(i)

PKL,t(i)

]−σKL(i)

×
[
PKL,t(i)

PV A,t(i)

]−σV A(i)

V At(i)

where θKL and θHT are share parameters, PKL, PHT and RHT are composite
price indices, and ÃHT is an exogenous productivity parameter.

The demand for high skilled labour is given by
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LHS,t(i) =
θV A(i)

(
1− θKL(i)

)
θHT (i)

HHT,t(i)
1−σHT (i)

[
WHT,t(i)

PHT,t(i)

]−σHT (i)
[
PHT,t(i)

PKL,t(i)

]−σKL(i)

×
[
PKL,t(i)

PV A,t(i)

]−σV A(i)

V At(i)

+

(
1− θV A(i)

)
θICT (i)

HICT,t(i)
1−σICT (i)

[
WICT,t(i)

PICT,t(i)

]−σICT (i)

×
[
PICT,t(i)

PV A,t(i)

]−σV A(i)

V At(i)

whereWICT andWHT is the cost of a unit of labour working with ICT or high-
tech capital respectively. We allow for skills specific changes in productivity
HICT and HHT . The skills specific changes in productivity are assumed to be
driven by a exogenous process, reflecting productivity gains due to for example
education, training or organizational and managerial improvements.

Homogenous capital is nested with a labour composite of low and medium
skilled labour. The demand for homogenous capital services is given by

KLT,t(i) = θV A(i)θKL(i)

(
1− θLT (i)

) [RLT,t(i)

PLT,t(i)

]−σLT (i)
[
PLT,t(i)

PKL,t(i)

]−σKL(i)

×
[
PKL,t(i)

PV A,t(i)

]−σV A(i)

V At(i)

where RLT is the rental price of homogenous capital, PLT is the price index of
the low-tech composite, and θLT is a share parameter governing the proportion
of homogenous capital services in the low-tech composite. The demand for low
skilled labour and medium skilled labour is given by

LLS,t(i) =
θV A(i)θKL(i)θLT (i)θLM(i)

HLS,t(i)
1−σLM(i)

[
WLS,t(i)

WLM,t(i)

]−σLM(i)
[
WLM,t(i)

PLT,t(i)

]−σLT (i)

×
[
PLT,t(i)

PKL,t(i)

]−σKL(i)
[
PKL,t(i)

PV A,t(i)

]−σV A(i)

V At(i)

LMS,t(i) =
θV A(i)θKL(i)θLT (i)

(
1− θLM(i)

)
HMS,t(i)

1−σLM(i)

[
WMS,t(i)

WLM,t(i)

]−σLM(i)

×
[
WLM,t(i)

PLT,t(i)

]−σLT (i)
[
PLT,t(i)

PKL,t(i)

]−σKL(i)
[
PKL,t(i)

PV A,t(i)

]−σV A(i)

V At(i)

where θLM is a share parameter governing the proportion of low-skilled labour
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in the low-medium skilled labour composite, WLS and WMS is the cost of a
unit of low skilled and medium skilled labour respectively, and WLM is a cost
index of the low-medium skilled labour composite. We again allow for skills
specific changes in productivity HLS and HMS.

The final output producer pays taxes on labour and capital factor inputs. The
wage cost paid by the firm to low skilled labour (supplied by household of
type h) is given by the market wage W added the factor input tax τFL.

WLS,t(i) = (1 + τFL,t(i, h))W (h)

The rental cost of homogenous capital RLT is given as the market rental price
R̃LT added the factor input tax τFKLT .

RLT,t(i) = (1 + τFKLT ,t(i))R̃LT

The wage cost for the other types of labour and the capital rental prices for
the two types of differentiated capital can be found in a similar fashion. The
final output producer pays a gross output tax, τO. The relation between the
firms cost minimization and the price set by the producer is given by.

MCF,t(i) = P̃F,t(j)(1− τO,t(i)) , for j = i

2.2 Production of R&D

The model contains two types of R&D producing firms, producers of ICT R&D
and producers of non-ICT R&D. That R&D production is modelled separately
from the production of final goods and the investment decision is a simplifying
assumption of the model that does not alter the outcome of the policy analysis.
Each type of R&D firms produce new ideas and blueprints which are sold
as patents and used in the production of new differentiated capital goods.
New ideas and blueprints are produced from intermediate inputs and primary
factors. Output of each individual R&D producer expands the common pool
of technological knowledge available to R&D producers. These technological
spillovers constitute a form of positive externality which leads to an increase
in the productivity of the R&D active labour force. Consequently, spillover
becomes a source of further technological progress increasing the effi ciency of
producing additional blueprints.

The production function of the R&D sector is represented by a nested CES-
Leontief production function. The upper nest captures the substitution be-
tween an aggregate of intermediate inputs and value added. The demand for

15



aggregate intermediate input and value added is given by

YI,t(r) = θR(r)

[
PI,t(r)

MCXD,t(r)

]−σR(r)

X̃Dt(r)

V AI,t(r) =
(
1− θR(r)

) [ PV A,t(r)

MCXD,t(r)

]−σR(r)

X̃Dt(r)

where X̃D is the gross output of R&D of type r, YI and V A are respec-
tively the composite of intermediate inputs and value added. The parameter
θR governs the share of the intermediate input composite used in R&D pro-
duction. The variable MCXD denotes marginal costs, PI in the price index of
the intermediate input composite and PV A is the price index of value added.
The composite of intermediate inputs is aggregated according to a Leontief
production function.

The R&D producer uses domestic and imported intermediate inputs. Imported
material inputs are imperfect substitutes for the domestic material inputs.
Import of intermediate input carry transportation costs purchased from a
provider of international transport services. We assume that international
transportation services enter on a proportional basis with imported inputs.
The demand for domestic intermediate inputs, imported intermediate inputs
and transport services is given by

YD,t(r, j) = zI(r,j)θA(r,j)

[
PD,t(r, j)

PA,t(r, j)

]−σA(i,j)

YI,t(r)

YS,t(r, j, s) = zI(r,j)
(
1− zST (r,j,s)

) (
1− θA(r,j)

)
θM(r,j,s)

×
[
PST,t(r, j, s)

PM,t(r, j)

]−σM(r,j)
[
PM,t(r, j)

PA,t(r, j)

]−σA(i,j)

YI,t(r)

YT,t(r, j, s) = zI(r,j)zST (r,j,s)

(
1− θA(r,j)

)
θM(r,j,s)

[
PST,t(r, j, s)

PM,t(r, j)

]−σM(r,j)

×
[
PM,t(r, j)

PA,t(r, j)

]−σA(i,j)

YI,t(r)

where YD is domestic produced intermediate inputs of type j, YS is demand for
imported intermediate input of type j sourced from country s, YT is demand
for international transport services arising from the import of intermediate
good of type j sourced from country s. The share parameter zI governs the
share of intermediate input of type j, θA is a share parameter governing the
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proportion of domestic inputs, θM is a share parameter for the proportion
of imported intermediate inputs sourced from country s, and zST is a share
parameter governing the proportion of transportation services associated with
imported intermediated inputs of a given type and sourcing country. The the
price of domestic input of type j is given by PD, PST is a composite price index
of imported input of type j from country s (including cost of transportation),
PA is a composite price index of intermediate input of type j and PM is a
composite price index of imported intermediate input.

The R&D producer also pays an input tax τD on the domestic produced
input and an input tax τS on the imported intermediate inputs and transport
services. In addition import tariffs τM are levied on imported intermediate
inputs and exported input is given an export subsidy τX . Suppressing the home
country index the price of domestic input, foreign input and international
transportation services is given by

PD,t(r, j) = (1 + τD,t(r, j))P̃F,t(j)

PS,t(r, j, s) = (1 + τS,t(r, j))(1 + τM,t(r, j, s))(1− τX,t(j, s))S,t(s)P̃
s
F,t(j)

PT,t(r, j, s) = (1 + τS,t(r, j))(1 + τM,t(r, j, s))S
ROW
t P̃T,t(j)

Value added is produced from a combination of homogenous capital and low-,
medium- and high skilled labour. 5 Demand for homogenous capital services
is given by

KLT,t(r) = θV A(r)

(
1− θLT (r)

) [RLT,t(r)

PLT,t(r)

]−σLT (r)
[
PLT,t(r)

PV A,t(r)

]−σV A(r)

V At(r)

where θV A and θLT are share parameters, RLT is the rental price of homoge-
nous capital and PLT is a cost index of a low-tech composite aggregated from
homogenous capital, low skilled labour and medium skilled labour.

Demand for low, medium and high skilled labour is given by

LLS,t(r) =
θV A(r)θLT (r)θLM(r)

HLS,t(r)
1−σLM(r)

[
WLS,t(r)

WLM,t(r)

]−σLM(r)
[
WLM,t(r)

PLT,t(r)

]−σLT (r)

×
[
PLT,t(r)

PV A,t(r)

]−σV A(r)

V At(r)

5 Differentiated capital is excluded from the nested production function of the R&D
producers to avoid cumulative muntiplicators of the love-of -variaties effects.
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LMS,t(r) =
θV A(r)θLT (r)

(
1− θLM(r)

)
HMS,t(r)

1−σLM(r)

[
WMS,t(r)

WLM,t(r)

]−σLM(i)
[
WLM,t(r)

PLT,t(r)

]−σLT (r)

×
[
PLT,t(r)

PV A,t(r)

]−σV A(r)

V At(r)

LHS,t(r) =

(
1− θV A(r)

)
HHS,t(r)

1−σV A(r)

[
WHS,t(r)

PV A,t(r)

]−σV A(r)

V At(r)

where WLS, WMS and WHS is the wage of one unit of low skilled labour,
medium skilled labour and high skilled labour respectively. The cost of the
composite of low and medium skilled labour is given by WLM . The parameter
θLM governs the proportion of low-skilled labour in the low-medium skilled
labour composite. We allow for skills specific changes in productivity for low
and high skilled labour (HLS and HMS) driven by an exogenous process. The
productivity of high skilled research staff HHS is given endogenous in the
model. We assume that it rises as the common pool of knowledge resulting
from R&D expands.

The R&D producer also pays taxes on labour and capital factor inputs. The
wage cost paid by the firm to low skilled labour is given by

WLS,t(r) = (1 + τFL,t(r, h))W (h)

The wage costs paid for the other labour types can be found in a similar
fashion. The rental cost of homogenous capital RLT is given by

RLT,t(r) = (1 + τFKLT ,t(r))R̃LT

We assume that it is costly for the R&D producer to adjust the growth rate of
R&D output. The cost of adjustment takes the form of foregone R&D output.
The gross R&D output X̃D is given by

X̃Dt(r) = XDt(r) +
φXD(r)

2
(XDt(r)− (1 + gr)XDt−1(r))2

where φXD is a parameter that governs the cost of adjustment, and gr is the
model’s long term real growth rate. The R&D producer pays output tax τO
on blueprints produced. Net profit from R&D production is

πXD,t(r) = PXD,t(r)XDt(r) (1− τO,t(r))−MCXD,t(r)X̃Dt(r)

The relation between the R&D producers marginal cost and the output price
of blueprints is given by
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PXD,t(r) =
1

1− τO,t(r)

×

MCXD,t(r)(1 + φXD(r) (XDt(r)− (1 + gr)XDt−1(r)))

−φXD(r)

1+it
MCXD,t+1(r) (XDt+1(r)− (1 + gr)XDt(r))



We assume that once a new idea or blueprints is produced it is patented and
sold to a capital producer who utilize it in the production of a new capital va-
riety. However, the knowledge produced also diffuse into the stock of common
knowledge available to all R&D firms. We assume no depreciation of previ-
ously R&D produced new knowledge (an assumption that could be modified).
Hence, the accumulation of new ideas is given by

ARD,t+1(r) = ARD,t(r) +XDt(r)

The stock of new ideas in a given sector potentially effect the productivity
of all high skilled research staff domestically and abroad. The overall change
in productivity of the research staff in R&D sector r due to accumulation of
knowledge is given by

HHS,t(r) = ÃRD,t(r)
νRD

nr∏
ř=1

ARD,t(ř)
σRDd(r,ř)

nr∏
ř=1

ns∏
s=1

ωR(r,ř,s)ARD,t(ř, s)
σRDf(r,ř,s)

where σRDd(r,ř) is the elasticity of the spill-over from new ideas produced do-
mestically by R&D firms of type ř to productivity of research staff in R&D
firms of type r, the elasticity of international spill-over from knowledge of type
ř in country s to productivity of research staff in the domestic R&D firm of
type r is given by σRDf(r,ř). The coeffi cient ωR(r,ř,s) weights the spill-overs from
internal knowledge of type ř in country s to productivity of domestic R&D
firms of type r. We assume that the weights of the international spill-over coef-
ficient are related to bilateral trade flows. 6 The variable ÃRD is an exogenous
productivity parameter.

2.3 Production of capital varieties

All country blocs host two differentiated capital producing sectors, ICT and
other high-tech. Each of the two sectors consists of a number of firms each
producing a variety of differential capital. A producer of differentiated capital
must first purchase a patented blueprint from a R&D producer. Firms in the
ICT capital producing sector purchase blueprints from the ICT R&D produc-
ers, while firms in the high-tech capital producing sector purchase blueprints

6 Alternatively the weights could be moddeld simply as a direct diffusion of ideas.
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from the non-ICT R&D producers. Once the patent is bought it excludes other
firms from producing identical capital varieties. However, substitutes exist in
the form of other capital varieties. Having obtained a patent for a given capital
variety the capital producer invests in its capital variety and rents it to the
firms in the final output sectors.

Consider a producer of ICT differentiated capital. The firm invest in its ICT
capital variety a and rents it out to final output producers. To invest in its cap-
ital variety the ICT capital producer must produce an ICT investment good
composite. The ICT investment good composite is produced from intermediate
inputs with a nested Leontief-CES production function. In the production of
the investment good composite the ICT capital producer uses a mix of domes-
tic and imported intermediate goods according to a CES Armington function.
Import of intermediate commodities gives rise to transportation costs. We as-
sume that international transportation services enter on a proportional basis
with imported inputs

Demand for domestic intermediate inputs, imported intermediate inputs and
international transport services are

YD,t(a, j) = zICT (a,j)θA(a,j)

[
PD,t(a, j)

PA,t(a, j)

]−σA(a,j)

YICTV,t(a)

YS,t(a, j, s) =
(
1− zST (a,j,s)

)
θM(a,j,s)

(
1− θA(a,j)

) [PST,t(a, j, s)
PM,t(a, j)

]−σM(a,j)

×
[
PM,t(a, j)

PA,t(a, j)

]−σA(a,j)

YICTV,t(a, j)

YT,t(a, j, s) = zST (a,j,s)θM(a,j,s)

(
1− θA(a,j)

) [PST,t(a, j, s)
PM,t(a, j)

]−σM(a,j)

×
[
PM,t(a, j)

PA,t(a, j)

]−σA(a,j)

YICTV,t(a, j)

where YD is the domestic intermediate input of type j, YS is demand for
imported intermediate input of type j sourced from country s, YT is demand
for international transport services for the imported intermediate good and
YICTV is the investment goods composite. The share parameters zICT , θA, θM
and zST govern respectively the share of intermediate input of type j, the
proportion of domestic inputs, sourcing of importing inputs from country s,
and the proportion of international transport services. The price of domestic
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inputs is denoted by PD, PST is the price of intermediate inputs including
transportation, PM and PA is composite indices.

An input tax τD is levied on the domestic produced input. The firm also pays
an input tax τS on the imported inputs which are added to the sellers price
of the intermediate input. Import tariffs τM are levied on imported inputs.
In addition the exported input is given an export subsidy τX . International
transportation services are also subject to input taxation and import tariffs.
Suppressing the domestic country index the price of domestic inputs, imported
inputs and international capital services may be expressed as

PD,t(a, j) = (1 + τD,t(a, j))P̃F,t(j)

PS,t(a, j, s) = (1 + τS,t(a, j))(1 + τM,t(a, j, s))(1− τX,t(j, s))St(s)P̃
s
F,t(j)

PT,t(a, j, s) = (1 + τS,t(a, j))(1 + τM,t(a, j, s))S
ROW
t P̃T,t(j)

The presence of markets power as a consequence of the differentiated charac-
teristics of each ICT capital variety means that firms can charge a rental price
of capital above its marginal costs. Define net return of firm a in period t as

πICTV,t(a) = R̃ICTV,t(a)K̂ICTV,t(a)uICTV,t(a)−MCICT,t(a)IICTV,t(a)

where RICTV is the rental price of ICT capital variety a, K̂ICTV is the stock
of capital variety a , uICTV is the capital utilization rate and IICTV is new
investments by the firm. The ICT capital is rented out to firms in all domestic
final good sectors. Hence the total rental of ICT capital of type a is given by

R̃ICTV,t(a)K̂ICTV,t(a)uICTV,t(a) = R̃ICTV,t(a)
ni∑
i=1

KICTV,t(i, a)

We assume that the capital utilization can be varied from its long term rate
uICTV at the cost of higher capital depreciation. The cost of varying the capital
utilization rate is given by

φuICT ,t(a) =ϕu1ICT (a) (uICTV,t(a)− uICTV (a))

+
ϕu2ICT (a)

2
(uICTV,t(a)− uICTV (a))2

where ϕu1ICT
and ϕu2ICT

are parameters that govern the cost of varying the
capital utilization rate.

Accumulation of ICT capital follows
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K̂ICTV,t+1(a) = IICTV,t(a) + K̂ICTV,t(a)(1− δICT − φuICT ,t(a))

−
φKICT (a)

2

(
K̂ICTV,t+1(a)− K̂ICTV,t(a)

)2

K̂ICTV,t(a)

−
φIICT (a)

2

(
ĨICTV,t(a)− ĨICTV,t−1(a)

)2

where δICT is the depreciation rate and ĨICTV is net investments. The pa-
rameters φKICT and φIICT govern the cost of adjusting respectively the firms
capital stock and the firms net investment levels.

The ICT capital producer sets the capital utilization rate and makes its in-
vestment decision such as to maximise future expected profit

∞∑
j=0

( 1

1 + i

)j  R̃ICTV,t+j(a)K̂ICTV,t+j(a)uICTV,t+j(a)

−MCICT,t+j(a)IICTV,t+j(a)




subject to the capital accumulation process and demand for its capital variety.
The first order conditions are given by

R̃ICTV,t(a) = MCICT,t(a)
(
ϕu1ICT (a) + ϕu2ICT (a) (uICTV,t(a)− uICTV (a))

)

R̃ICTV,t+1(a)uICTV,t+1(a)

=
σICTV
σICTV−1

 (1 + it)MCICT,t(a)−MCICT,t+1(a)(1− δICT − φu,t+1(a))

+ΨICTa(a) + ΨICTb(a)− (1− δICT )ΨICTc(a)


where

ΨICTa(a) = (1 + it)MCICT,t(a)φKICT (a)

(
K̂ICTV,t+1(a)

K̂ICTV,t(a)
− 1

)

−MCICT,t+1(a)
φKICT (a)

2


(
K̂ICTV,t+2(a)

)2

(
K̂ICTV,t+1(a)

)2 − 1



ΨICTb(a) = (1 + it)MCICT,t(a)φIICT (a)

(
ĨICTV,t(a)− ĨICTV,t−1(a)

)
−MCICT,t+1(a)φIICT (a)

(
ĨICTV,t+1(a)− ĨICTV,t(a)

)
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ΨICTc(a) =MCICT,t+1(a)φIICT (a)

(
ĨICTV,t+1(a)− ĨICTV,t(a)

)
− 1

1 + it+1

MCICT,t+2(a)φIICT (a)

(
ĨICTV,t+2(a)− ĨICTV,t+1(a)

)
The capital utilization rate is set such that marginal revenue equals marginal
cost of the chosen utilization rate. The firm invest such as the expected rental
price is equal to a constant mark-up over the risk free return on its investment
adjusted for losses due to depreciation, expected gains due to changes in next
periods price of its investment goods and adjustment costs. We assume that
all ICT capital producers share an identical production technology and, hence,
all set identical capital rental prices and faces the same demand for their ICT
capital variety.

The value of the ICT capital producer of variety a entering the market at time
t is given by

VICTV,t(a) =
∞∑
j=1

((
1

1 + i

)j
(πICTV,t+j(a))

)

−PXD,t(r) +MCICT,t(a)K̂ICTV,t(a)

where PXD is the price of the patent purchased from the ICT R&D producer
prior to capital production. Hence, the value of the ICT capital producing
firm entering the market equals the value of the newly produced capital to be
rented out next period plus expected future income from capital rental less
the initial cost of purchasing the patent required for entering the market.

Total investment by the ICT capital producers are given by

IICT,t = AICT,tIICTV,t(a) +XDt(r)K̂ICTV,t+1(a)

Investment in ICT capital totals investment carried out by existing ICT capital
producers and investments by producers of new patented ICT capital varieties
that enters the market.

We assume that there are free entry to the market for differentiated capital
production. Asset market equilibrium requires that the following non-arbitrage
condition must hold

πICTV,t(a) + VICTV,t(a)− VICTV,t−1(a) = iVICTV,t−1(a)

An investor is indifferent between investing in the ICT capital producer and
holding a risk free bond. In equilibrium the price of patents for new ICT
capital varieties equals the expected discounted future return from producing
the capital variety. Firms are entering the market for ICT capital production
until the firm’s discounted net profit is equal to the entry costs. The price for
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new ICT patens is thus given by

PXD,t(r) =
∞∑
j=0

( 1

1 + i

)j  R̃ICTV,t+j(a)K̂ICTV,t+j(a)uICTV,t+j(a)

−MCICT,t+j(a)IICTV,t+j(a)




Total dividend of the ICT producing sector in any given period is given by

πICT,t(a) =AICT,tR̃ICT,t(a)K̂ICTV,t(a)uICTV,t(a)

−MCICT,t(a)IICT,t(a)− PXD,t(r)XDt(r)

The production technology of the high-tech capital producer is assumed to be
similar to that of the ICT capital producer. Hence, investment decisions of the
differentiated high-tech capital producers can be found in a similar fashion.

2.4 Production of homogenous capital

The model contains one type of low-tech homogenous capital. Firms in the
homogenous capital sector invest in homogenous capital goods and rent it to
firms producing final outputs and R&D. The homogenous investment good
composite YLT is produced from intermediate inputs with a nested Leontief-
CES production function. The homogenous capital producer uses a mix of do-
mestic and imported intermediate goods according to a CES Armington func-
tion. Import of intermediate commodities gives rise to transportation costs.
We assume that international transportation services enter on a proportional
basis with imported inputs

Demand for domestic intermediate inputs, imported intermediate inputs and
international transport services are

YD,t(u, j) = zLT (j)θA(u,j)

[
PD,t(u, j)

PA,t(u, j)

]−σA(u,j)

YLT,t(u)

YS,t(u, j, s) = zLT (j)

(
1− zST (u,j,s)

)
θM(u,j,s)

(
1− θA(u,j)

)
×
[
PST,t(u, j, s)

PM,t(u, j)

]−σM(u,j)
[
PM,t(u, j)

PA,t(u, j)

]−σA(u,j)

YLT,t(j)
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YT,t(u, j, s) = zLT (j)zST (u,j,s)θM(u,j,s)

(
1− θA(u,j)

) [PST,t(u, j, s)
PM,t(u, j)

]−σM(u,j)

×
[
PM,t(u, j)

PA,t(u, j)

]−σA(u,j)

YLT,t(j)

where YD is demand for domestic intermediate input of type j, YS is demand
for imported intermediate input of type j sourced from country s, YT is demand
for international transport services for the imported intermediate good.

The homogenous capital producer pays an input tax τD on the domestic inputs
and input tax τS on the imported input. Import tariffs τM are also levied on
imported inputs. In addition the exported input is given a export subsidy τX .
International transportation services are also subject to input taxation and
import tariffs. The price of domestic inputs, imported inputs and international
transport service may be expressed as

PD,t(u, j) = (1 + τD,t(u, j))P̃F,t(j)

PS,t(u, j, s) = (1 + τS,t(u, j))(1 + τM,t(u, j, s))(1− τX,t(j, s))S,t(s)P̃
s
F,t(j)

PT,t(u, j, s) = (1 + τS,t(u, j))(1 + τM,t(u, j, s))S
ROW
t P̃T,t(j)

where as earlier j is an index of goods and s is an index of sourcing countries
in the model.

Accumulation of homogenous capital follows

K̂LT,t+1 = ILT,t + K̂LT,t(1− δLT − φuLT ,t)

−
φKLT

2

(
K̂LT,t+1 − K̂LT,t(1 + g)

)2

K̂LT,t

−
φILT

2

(
ĨLT,t − ĨLT,t−1(1 + g)

)2

where K̂LT is the total stock of homogenous capital and uLT is the capital
utilization rate. The parameters φKLT and φILT govern the cost of adjusting
respectively the firms capital stock and the firms net investment levels. Note
that the capital utilization rate can be varied from its long term rate uLT at the
cost of higher capital depreciation. The cost of varying the capital utilization
rate is given by

φuLT ,t = ϕu1LT (a) (uLT,t − uLT ) +
ϕu2LT (a)

2
(uLT,t − uLT )2

Supply of capital services equal the total demand for homogenous capital
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services by final goods producers and R&D producers

K̂LTuLT =
ni∑
i=1

KLT (i) +
nr∑
r=1

KLT (r)

The homogenous capital producer chooses the capital utilisation rate and in-
vestment that maximizes the expected profit

πLT,t =
∞∑
s=0

((
1

1 + i

)s (
R̃LT,t+sK̂LT,t+suLT,t+s −MCLT,t+sILT,t+s

))

subject to the capital accumulation process. The first order conditions are
given by

R̃LT,t = MCLT,t
(
ϕu1LT (a) + ϕu2LT (a) (uLT,t − uLT )

)

R̃LT,t+1uLT,t+1+ MCLT,t+1(1− δLT − φuLT ,t+1) =

(1 + it)MCLT,t + ΨLTa + ΨLTb − (1− δICT )ΨLTc

where

ΨLTa = (1 + it)MCLT,tφKLT

(
K̂LT,t+1

K̂LT,t

− (1 + g)

)

−MCLT,t+1

φKLT
2


(
K̂LT,t+2

)2

(
K̂LT,t+1

)2 − (1 + g)2



ΨLTb = (1 + it)MCLT,tφILT

(
ĨLT,t − ĨLT,t−1(1 + g)

)
−MCLT,t+1φILT (1 + g)

(
ĨLT,t+1 − ĨLT,t(1 + g)

)

ΨLTc =MCLT,t+1φILT

(
ĨLT,t+1 − ĨLT,t(1 + g)

)
− 1

1 + it+1

MCLT,t+2φILT (1 + g)
(
ĨLT,t+2 − ĨLT,t+1(1 + g)

)
The homogenous capital producer chooses the capital utilization rate that
balances marginal revenue with marginal costs. The expected return on in-
vestments depends on the risk free interest rate, the depreciation rate, the

26



expected price of the homogenous capital good in next period and installation
costs.

2.5 Households

Each country bloc in the model is inhabited by 3 types of representative in-
finitely lived households. The households supply labour of their given skills
type (low, medium or high) to domestic firms, earn income from its holding
of financial assets, and consume goods produced by the domestic and foreign
final output producers. Labour supply in the model is endogenous with the
household at the margin choosing between an extra unit of goods consumption
and an extra hour of leisure.

We assume that the representative household supplying low skilled labour
are liquidity constrained with no access to credit markets and no holding of
financial assets.

2.5.1 Non liquidity constrained households

The representative households supplying medium and high skilled labour are
assumed to have access to credit markets. These household types are assumed
to hold shares in domestic firms, trade in risk free government bonds and hold
net deposits at domestic financial intermediates. The representative house-
holds derive utility from consumption and leisure. We allow for habit persis-
tence in consumption and leisure to capture a gradual hump-shaped response
of real consumption and labour to policy changes. 7 The representative house-
hold’s utility function is given by

Us(h) =
∞∑
t=s

βt−s

[
(Ct(h)− hCCt−1(h))

(
H −

(
L̂t(h)− hLL̂t−1(h)

))ηc(h)
]1−φc(h)

1− φc(h)

where β is the rate of time preference, C is the aggregate bundle of commodi-
ties consumed, L̂ is the hours of total labour supply, and H is the total hours
available for leisure or work. The parameter η measure the impact of leisure
on welfare of the representative household while the parameter φ is the related

7 Habit persistence are often used in medium scale macroeconomic models to cap-
ture the hump shaped response of consumption and labour observed in the data,
in which the peak response occurs several periods after the policy implementation,
see e.g. Christiano, Eichenbaum and Evans (2005), Smets and Wouters (2007) and
Ratto et al. (2008).
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to the intertemporal rate of substitution. 8 The parameters hc and hL governs
the degree of habit persistence in consumption and leisure respectively.

The aggregated composite of household consumption goods is given by a
nested CES function. The household consume domestic commodities CD and
imported commodities CM . Imported commodities are sourced across all coun-
tries and brings about international transportation costs. The household’s de-
mand for domestic and imported commodities and for international transport
services are

CD,t(h, j) = θa(h,j)θc(h,j)

[
PD,t(h, j)

PA,t(h, j)

]−σa(h,j)
[
PA,t(h, j)

PC,t

]−σc(h)

Ct(h)

CS,t(h, j, s) =
(
1− zST (h,j,s)

)
θm(h,j,s)

(
1− θa(h,j)

)
θc(h,j)

×
[
PST,t(h, j, s)

PM,t(h, j)

]−σm(h,j)
[
PM,t(h, j)

PA,t(h, j)

]−σa(h,j)

×
[
PA,t(h, j)

PC,t

]−σc(h)

Ct(h)

CT,t(h, j, s) = zST (h,j,s)θm(h,j,s)

(
1− θa(h,j)

)
θc(h,j)

[
PST,t(h, j, s)

PM,t(h, j)

]−σm(h,j)

×
[
PM,t(h, j)

PA,t(h, j)

]−σa(h,j)
[
PA,t(h, j)

PC,t

]−σc(h)

Ct(h)

where CD is demand for domestic commodity of type j, CS is demand for
imported commodity of type j sourced from country s, CT is demand for
international transport services and C is the bundle of commodities consumed
by household of type h. The parameter θc governs the share of commodity
of type j in the consumption bundle. The price index for the household’s
composite consumer bundle is denote by PC .

The household pays the consumption tax τD on domestic commodities and the
consumption tax τS on imported commodities. Import tariffs τM are levied on
imported consumer goods, and the exported consumer goods receive an export
subsidy τX . International transportation services are also subject to taxation
and import tariffs. Suppressing the home country index the price of domestic
commodities, imported commodities and international transport services are
give by

8 To ensure to ensure that the utility function is concave in the quantities of cun-
cumption and leissure we require that φ > 0, η > 0, (1−φ)(1+η) < 1, η(1−φ) < 1.
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PD,t(h, j) = (1 + τD,t(h, j))P̃F,t(j)

PS,t(h, j, s) = (1 + τS,t(h, j, s))(1 + τM,t(h, j, s))(1− τX,t(j, s))St(s)P̃
s
F,t(j)

PT,t(h, j, s) = (1 + τS,t(h, j))(1 + τM,t(h, j, s))S
ROW
t P̃T,t(j)

The representative household optimizes its utility subject to the budget con-
straint

(1− τL,t(h))Wt(h)L̂t(h)

+ (1− τK,t(h)) (π̂HT,t(h) + π̂ICT,t(h) + π̂LT,t(h) + π̂FI,t(h))

+D̂t(h) (1 + iD,t) +BG,t(h) (1 + it) + TH,t(h)

=PC,t(h)Ct(h) +Dt+1(h) +BG,t+1(h)

whereW is the wage for one hour of labour of skill h, τL is the income tax rate,
D̂ is the net holding of deposits at the financial intermediaries, BG is the net
holding of risk-free bonds issued by the national government in the country in
which the household resides, π̂HT and π̂ICT is dividends from the monopolist
capital producers in the high-tech and the ICT sector respectively, π̂LT is
dividends from the low-tech capital producers, and πFI is dividends from the
financial intermediates. The household also receives a lump sum transfer, TH ,
from the national government in the country in which it resides.

Intertemporal optimization gives the first order conditions

UC,t(h) = β (1 + iD,t+1)
PC,t(h)

PC,t+1(h)
UC,t+1(h)

UC,t(h) = β (1 + it+1)
PC,t(h)

PC,t+1(h)
UC,t+1(h)

(1− τL,t(h))
Wt(h)

PC,t(h)
UC,t(h) = UL,t(h)

where

UC,t(h) =

(Ct(h)− hCCt−1(h))−φc(h)

(
H −

(
L̂t(h)− hLL̂t−1(h)

))(1−φc(h))ηc(h)

− βhC (Ct+1(h)− hCCt(h))−φc(h)

(
H −

(
L̂t+1(h)− hLL̂t(h)

))(1−φc(h))ηc(h)
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and

UL,t(h) =

ηc(h) (Ct(h)− hCCt−1(h))1−φc(h)

(
H −

(
L̂t(h)− hLL̂t−1(h)

))(1−φc(h))ηc(h)−1

−ηc(h)βhL (Ct+1(h)− hCCt(h))1−φc(h)

(
H −

(
L̂t+1(h)− hLL̂t(h)

))(1−φc(h))ηc(h)−1

The household balances the marginal utility of current consumption with mar-
ginal utility of future consumption. Furthermore, the household supply labour
such that the marginal utility of consumption from an additional hour of
labour equals the marginal utility from an additional hour of leisure.

2.5.2 Liquidity constrained households

In each country bloc a representative household supply low skilled labour
to firms producing final goods and R&D. We assume that the household is
liquidity constrained with no holding of financial assets. Hence, the household
consume all its income each period. Thus the consumption is determined by
the budget constraint

(1− τL,t(h))Wt(h)L̂t(h) + TH,t(h) = Pc,t(h)Ct(h)

whereW is the wage for one hour of low skilled labour and τL is the income tax
rate. The household also receives a lump sum transfer, TH , from the national
government in the country in which it resides.

We assume that the liquidity constrained household possesses an identical
utility function to that of the non-liquidity constraint households. The com-
posite of household consumption C is also defined in a similar fashion to that
of the non-liquidity constrained households. Labour supply by the liquidity
constraint household, thus, follows a first order condition similar to that of
the non-liquidity constraint households.

2.6 National governments

The national government in each country collects taxes, pays out subsidies and
household transfers and purchases commodities for government consumption
which is provided free of charge to the representative households residing in
the country. The national governments in the countries which are members of
the EU also pay contributions to the EU and receive transfers from the EU.
Government consumption is a CES composite of domestic and foreign final
goods defined in a similar fashion to that of the private households.
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The government budget constraint is given by

TRt − B̂G,t(1 + it) = PG,tGt + T̂H,t + TEU − B̂G,t+1

where B̂G is national government issued bonds which is held by domestic
households, T̂H is the net transfers to domestic households, TEU is net transfers
to the EU and TR is the net tax revenue given by

TRt =TRL,t + TRK,t + TRO,t + TRC,t + TRG,t + TRI,t

+TRF,t + TRR,t + TRFL,t + TRFK,t + TRM,t − TRX,t

The net tax revenue consist of revenue from taxation on the production factors,
gross output taxation, consumption taxation, taxes on investment demand,
intermediate input taxation, and revenue from import tariffs less export sub-
sidies.

Income taxes are levied on each of the 3 skills types of labour

TRL,t =
nh∑
h=1

τL,t(h)WtL̂t(h)

Capital income tax is levied on households’dividends income from holding of
shares

TRK,t =
nh∑
h=1

τK,t(h) (π̂HT,t(h) + π̂ICT,t(h) + π̂LT,t(h) + π̂FI,t(h))

An output tax is levied on final outputs and on R&D.

TRO,t =
ni∑
i=1

τO,t(i)P̃F,t(i)YF,t(i) +
nr∑
r=1

τO,t(r)PXD,t(r)XDt(r)

Consumption by the household and by the national government is subject to
consumption taxation. The revenue is given by

TRC,t =
nh∑
h=1

nj∑
j=1

τD,t(h, j)P̃F,t(h, j)CD,t(h, j)

+
nh∑
h=1

nj∑
j=1

ns∑
s=1

 τS,t(h, j, s)(1 + τM,t(h, j, s))(1− τX,t(j, s))

×St(s)P̃ s
F,t(j)CS,t(h, j, s)


+

nh∑
h=1

nj∑
j=1

ns∑
s=1

τS,t(h, j, s)(1 + τM,t(h, j, s))S
ROW
t P̃T,t(j)CT,t(h, j, s)

and
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TRG,t =
nj∑
j=1

τD,t(g, j)P̃F,t(g, j)GD,t(j)

+
nj∑
j=1

ns∑
s=1

 τS,t(g, j, s)(1 + τM,t(g, j, s))(1− τX,t(g, s))

×St(s)P̃ s
F,t(j)GS,t(j, s)


+

nj∑
j=1

ns∑
s=1

τS,t(g, j, s)(1 + τM,t(g, j, s))S
ROW
t P̃ s

T,t(j)GS,t(j, s)

Intermediate inputs used in the production of differentiated and homogenous
capital is also subject to taxation. Total revenue from taxes on investment is

TRI,t =
nu∑
u=1

nj∑
j=1

τD,t(u, j)P̃F,t(u, j)YD,t(u, j)

+
nu∑
u=1

nj∑
j=1

ns∑
s=1

 τS,t(u, j, s)(1 + τM,t(u, j, s))(1− τX,t(j, s))

×St(s)P̃ s
F,t(j)YS,t(u, j, s)


+

nu∑
u=1

nj∑
j=1

ns∑
s=1

τS,t(u, j, s)(1 + τM,t(u, j, s))S
ROW
t P̃T,t(j)YT,t(u, j, s)

+AICT,t

nj∑
j=1

τD,t(a, j)P̃F,t(a, j)YD,t(a, j)

+AICT,t

nj∑
j=1

ns∑
s=1

 τS,t(a, j, s)(1 + τM,t(a, j, s))(1− τX,t(j, s))

×St(s)P̃ s
F,t(j)YS,t(a, j, s)


+AICT,t

nj∑
j=1

ns∑
s=1

τS,t(a, j, s)(1 + τM,t(a, j, s))S
ROW
t P̃T,t(j)YT,t(a, j, s)

+AHT,t

nj∑
j=1

τD,t(b, j)P̃F,t(b, j)YD,t(b, j)

+AHT,t

nj∑
j=1

ns∑
s=1

 τS,t(b, j, s)(1 + τM,t(b, j, s))(1− τX,t(j, s))

×St(s)P̃ s
F,t(j)YS,t(b, j, s)


+AHT,t

nj∑
j=1

ns∑
s=1

τS,t(b, j, s)(1 + τM,t(b, j, s))S
ROW
t P̃T,t(j)YT,t(b, j, s)

Final output producers pay tax on intermediate inputs, which gives the total
revenue.
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TRF,t =
ni∑
i=1

nj∑
j=1

τ d,t(i, j)P̃F,t(i, j)YD,t(i, j)

+
ni∑
i=1

nj∑
j=1

ns∑
s=1

 τ s,t(i, j, s)(1 + τm,t(i, j, s))(1− τx,t(j, s))

×St(s)P̃ s
F,t(j)YS,t(i, j, s)


+

ni∑
i=1

nj∑
j=1

ns∑
s=1

τS,t(i, j, s)(1 + τM,t(i, j, s))S
ROW
t P̃T,t(j)YT,t(i, j, s)

R&D producers also pays taxes on intermediate inputs.

TRR,t =
nr∑
r=1

nj∑
j=1

τD,t(r, j)P̃F,t(r, j)YD,t(r, j)

+
nr∑
r=1

nj∑
j=1

ns∑
s=1

 τS,t(r, j, s)(1 + τM,t(r, j, s))(1− τX,t(j, s))

×St(s)P̃ s
F,t(j)YS,t(r, j, s)


+

nr∑
r=1

nj∑
j=1

ns∑
s=1

τS,t(r, j, s)(1 + τM,t(r, j, s))S
ROW
t P̃T,t(j)YT,t(r, j, s)

Firms pays production taxes on factor inputs. The revenue from production
taxes on labour is given by

TRFL,t =
ni∑
i=1

nh∑
h=1

(1 + τFL,t(i, h))W (h)

+
nr∑
r=1

nh∑
h=1

(1 + τFL,t(r, h))W (h)

The revenue from production taxes on capital is given by

TRFK,t =
ni∑
i=1

(1 + τ fkLT ,t(i))R̃LT

+
ni∑
i=1

(1 + τFKICT ,t(i))R̃ICT

+
ni∑
i=1

(1 + τFKHT ,t(i))R̃HT

+
nr∑
r=1

(1 + τFKLT ,t(r))R̃LT

All imported intermediate inputs and commodities are subject to import tar-
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iffs. The revenue from import tariffs are

TRM,t =
nj∑
j=1

ns∑
s=1

τM,t(j, s)(1− τ sX,t(j))St(s)P̃
s
F,t(j, s)Mt(j, s)

Final output producers receive export subsidies from the national government

TRX,t =
nj∑
j=1

ns∑
s=1

τX,t(j, s)P̃F,t(j)Xt(j, s)

Government consumption is assumed to be a fixed proportion of GDP. To
rule out explosive levels of government debt we assume that the national
government adjust the net transfers to domestic households in response to
changes in public debt to GDP ratio.

2.7 Financial intermediary

Each country bloc in the model has a financial sector with perfectly compet-
itive financial intermediaries. The financial intermediary receives net deposit
from the non-liquidity constrained households and places these in international
traded bonds. We assume that the financial intermediary operates at no cost
(an assumption that may be relaxed later to allow for financial services funded
by an interest rate margin). In a given period the financial intermediary re-
ceives net deposit and convert these into internationally traded bonds. Each
period the financial intermediary, thus, faces the funding restriction

nh∑
h=1

Dt+1(f, h) = BEU,t+1(f) + SROWt BROW,t+1(f)

where D is the net deposit in financial intermediary f by household of type
h, BEU and BROW are net holdings of EU and ROW currency basket de-
nominated bonds respectively, while SROWt is the spot market exchange rate.
Note that a positive net deposit by domestic households means that the do-
mestic financial intermediaries holds internationally-traded bonds issued by
financial intermediaries in other countries, while a negative net deposit by
domestic households means that the domestic financial intermediaries issues
internationally-traded bonds held by financial intermediaries in other coun-
tries. The financial intermediary takes the deposit rate as given and chooses
its bond holdings such that it balances next periods return on household net
deposits with the expected return on international bond holding. Hence, each
period the financial intermediaries balances
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nh∑
h=1

Dt+1(f, h)(1 + iD,t+1) =BEUt+1(f)(1 + iEU,t+1)

+Se,ROWt+1 BROW,t+1(f)(1 + iROW,t+1)

where iEU is the interest rate on bonds denominated in the country’s domestic
currency and iROW is the interest rate on bonds denominated in the ROW
currency basket and Se,ROWt+1 is the expected exchange rate for next period. The
first order conditions for EU and ROW currency denominated bond holdings
is given by

(1 + iD,t+1) = (1 + iEU,t+1)

(1 + iD,t+1) =
Se,ROWt+1

SROWt

(1 + iROW,t+1)

Combining these first order conditions for internationally-traded bonds shows
that the uncovered interest parity holds

(1 + iEU,t+1) =
Se,ROWt+1

SROWt

(1 + iROW,t+1)

2.8 The EU

The EU receives net contributions from its member states and revenue from
import tariffs. Import tariffs τM are levied on imported commodities and in-
puts that are being sourced from non-EU member countries (ROW). Further-
more the EU pays subsidies to firms in the member states. For simplicity we
assume that all transfers between EU and agents in the EU member states are
carried out with the national governments as mediators. Hence, import tariff
are collected by national governments and paid as transfers from the national
government to the EU. Likewise subsidies from the EU to firms in a given
member state are paid as a transfer to the national government which then in
turn pays it to the firm. The net contribution to the EU from member country
c is given by

TEU,t(c) = TRMS,t(c) + aEU,t(c)GNIt(c)− TMS,t(c)

where TRMS is the revenue from tariffs on extra EU imports, the coeffi cient
aEU determine the country’s GNI contribution, and TMS is a lump sum transfer
from the EU to the member country. 9

Assuming that the EU balances its budget in every period by proportional
adjustments of the countries’GNI contributions the EU budget constraint is

9 The lump sum transfer covers payments related to the Common Agricultural
Policy (CAP), structural funds etc.
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given by
nc∑
c=1

TEU,t(c) = 0

Note that while the EU budget is assumed to balance in each period, we do
not assume that each of the individual member states net contribution to the
EU are balanced. Some member states may receive net benefits while others
pay net contributions, if this is the case the EU redistributes public funds
across member states.

2.9 International transport services

A perfectly competitive international transport sector produces transporta-
tion services of international traded goods. The transport service is sold to
importers of goods across all sectors and countries. The international trans-
port service is produced from intermediate inputs sourced from the service
sectors in all countries. The production of international transport services fol-
lows a CES production function. The demand for service j in country s is
given by

YTR,t(j, s) = θT (j,s)

 P̃ S
F,t(j, s)/S

ROW
t

PTR,t

−σT ŶTR,t
where YTR is the aggregate supply of international transport services, θT is a
share parameter governing the proportion of inputs sourced from country s,
and PTR is the corresponding price index

PTR,t =
(
θT (j,s)

(
P̃ S
F,t(j)/S

ROW
t

)1−σT
) 1

1−σT

2.10 Foreign trade

All final outputs can be traded internationally. Final outputs are sources in-
ternationally by firms, households and national governments. Imported final
outputs are considered to be imperfect substitutes for domestically produced
final outputs. The export price PX of commodity j to country c including
export subsidies can be defined as

PX,t(j, c) = (1− τX,t(j, c))P̃F,t(j)

Suppressing the domestic country index the value of the country’s export of
good j to country c is then given by
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nj∑
j=1

V Xt(j, c, ) =
nj∑
j=1

(
PX,t(j, c)

ni∑
i=1

YS,t(i, j, c)

)

+
nj∑
j=1

(
PX,t(j, c)

nr∑
r=1

YS,t(r, j, c)

)

+
nj∑
j=1

PX,t(j, c)(AICT,tYS,t(a, j, c) + AHT,tYS,t(e, j, c))

+
nj∑
j=1

(
PX,t(j, c)

nu∑
u=1

YS,t(u, j, c)

)

+
nj∑
j=1

(
PX,t(h, c)

nh∑
h=1

CS,t(h, j, c)

)

+
nj∑
j=1

PX,t(j, c)GS,t(j, c)

The export of services to the international transport sector is given by

nj∑
j=1

V XT,t(j, c) =
nj∑
j=1

(PX,t(j, c)YTR,t(j, c))

The value of the country’s import of goods and services of type j from country
c (including transportation services) can be expressed 10 as

10Note that import and export in the definitions used here are both valued at the
exporter’s customs frontier, referred to as free on board (fob) values. Hence, the
value of export and import includes export subsidies but not import tariffs. For
further details see for example Eurostat (2001).
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nj∑
j=1

VMt(j, c) =

nj∑
j=1

(
St(c)PX,t(j, c)

ni∑
i=1

YS,t(i, j, c) + SROWt P̃T,t(j)
ni∑
i=1

YT,t(i, j)

)

+
nj∑
j=1

(
St(c)PX,t(j, c)

nr∑
r=1

YS,t(r, j, c) + SROWt P̃T,t(j)
nr∑
r=1

YT,t(r, j, c)

)

+
nj∑
j=1

St(c)PX,t(j, c)
(
AICT,tYS,t(a, j, c) + SROWt P̃T,t(j)AICT,tYT,t(a, j, c)

)
nj∑
j=1

St(c)PX,t(j, c)
(
AHT,tYS,t(e, j, c) + SROWt P̃T,t(j)AHT,tYT,t(e, j, c)

)

+
nj∑
j=1

(
St(c)PX,t(j, c)

nl∑
l=1

YS,t(l, j, c) + SROWt P̃T,t(j)
nl∑
l=1

YT,t(l, j, c)

)

+
nj∑
j=1

(
St(c)PX,t(j, c)

nh∑
h=1

CS,t(h, j, c) + SROWt P̃T,t(j)
nh∑
h=1

CT,t(h, j, c)

)

+
nj∑
j=1

(
St(c)PX,t(j, c)GS,t(j, c) + SROWt P̃T,t(j)GT,t(j, c)

)

The country’s trade balance is given by

TBt =
nj∑
j=1

nc∑
c=1

(V Xt(j, c) + V XT,t(j)− VMt(j, c))

We allow for international capital mobility. Domestic financial intermediaries
can lend or borrow through internationally traded risk free bonds. The coun-
try´s current account is given by

CAt = TBt − TEU,t + iEU,tB̂EU,t + SROWt iROW,tB̂ROW,t

where B̂EU and B̂ROW is the country’s aggregated holdings of EU and ROW
currency denominated internationally traded bonds. This is given as the sum
of bond holdings by all domestic financial intermediates

B̂EU,t =
nf∑
f=1

BEU,t(f)

The country’s accumulated holding of international traded bonds is given by

B̂EU,t+1 + SROWt B̂ROW,t+1 = CAt + B̂EU,t + SROWt B̂ROW,t
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2.11 Market clearing

All markets clear in each time period. This requires that (1) demand for each
production factor in each country equals its supply, (2) demand for the out-
put from each final output sector in each country equals its supply, (3) The
output by R&D producers in each country equals the number of new capital
varieties invested, (4) total net holding of internationally traded bonds across
all countries equals zero, and (5) total household savings across all countries
equals total investment.

3 Data and calibration

The model is calibrated to replicate a given initial base year and to generate
a specified reference growth path.

3.1 Data and parameters

The model is calibrated to a dataset based on the GTAP 8 database. This
database covers 129 countries and contains data on value added, material
inputs, factor inputs, private consumption, public consumption, investments
and international trade for the base year 2007. The GTAP database is mod-
ified to a model consistent dataset using weights calculated from the Predict
database, national account data and other supplementary datasets.

The 57 sectors in the GTAP 8 database are aggregated to form the model’s
5 final output production sectors. The ICT sector is defined here according
to definition guidelines from the OECD. 11 The ICT sector, in some cases,
represents fractions of the existing GTAP 8 sectors. These GTAP 8 sectors
are split into ICT and the non-ICT parts by use of weights calculated from
national account data. The aggregation of the GTAP manufacturing sectors
into high-tech manufacturing and low-tech manufacturing sectors is done in
accordance with guidelines from Eurostat that groups manufacturing sectors
by their technological intensity. The remaining final output sectors services and
agriculture, food and beverage follows the standard GTAP 8 classification.

11 The ICT sector include the following NACE 1.1 sectors:
Manufacturing; Manufacture of offi ce, accounting and computing machinery (30) ,
Manufacture of radio, television and communication equipment and apparatus (32),
Manufacture of medical, precision and optical instruments, watches and clocks (33).
Services; Post and telecommunications (64), Computer and related activities (72).
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R&D expenditures are calculated for the 5 final output sectors using data from
the PREDICT database. The PREDICT database contains data on private
sector and public sector R&D expenditures. The R&D expenditure by each
sector is subtracted from the final commodity output and allocated to R&D
output. R&D expenditures in the ICT sector are allocated to ICT R&D out-
put, the remaining R&D expenditures are allocated to non-ICT R&D output.

Investments in physical capital are divided into the model’s three capital types
- homogeneous capital, ICT capital and other high-tech capital - using the na-
tional accounting classification of gross fixed capital formation by asset types.

The GTAP 8 database splits payments to labour into payments to skilled and
unskilled labour. The GTAP-defined payments to skilled labour are taken as
payments to high-skilled labour in the model. Payments to unskilled labour
are split into payments to low and medium-skilled households using weights
taken from the Socio-economic Accounts of the World Input-Output Database
(Timmer (2012)). The value of private consumption is split between the three
household types using weights based on the skills group’s relative income in
the base year.

Tax rates on labour and capital income are taken from the OECD tax data-
base. For the tax rate on labour income for low skilled households, we use
the average tax wedge for a single person at 67% of average earning with no
children. The tax rates for medium and high-skilled households are set as the
average tax wedge for a single person at 100% of average earning with no chil-
dren. The tax rate on dividend income is set to equal the net personal income
tax rate on dividend income. The aggregate net lump sum transfer from the
national government to households is set in such a way that the government
primary budget surplus is consistent with the dataset.

Households supplying low-skilled labour are assumed to be liquidity con-
strained with no holding of financial assets. The net income from national
government lump sum transfers for this household type therefore equals the
after-tax labour income, less the value of consumption. The remaining net
income from national government lump sum transfers is allocated to house-
holds, supplying respectively medium-skilled and high-skilled labour according
to their after-tax income from labour and capital.

We assume that the model in the base year is in steady state with a balanced
current account. Hence, bilateral trade flows, bond holdings and lump sum
transfers in the model are adjusted accordingly.

A number of model parameters are specified exogenously. The elasticities of
substitution in the model are set to reflect estimates in the literature (see e.g.
Van der Werf (2008), Okagawa and Ban (2008), and Koesler and Schymura
(2012)). The elasticity of substitution between intermediate inputs and value
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added in the upper nest of the final output production sectors σF is based on
estimates from Koesler and Schymura (2012), who estimate substitution elas-
ticities using data covering 35 sectors in 40 countries (27 EU countries and 13
other major countries) over a period of 12 years. The substitution elasticities
for each of the model’s 5 final output producers in each of the model’s 4 country
blocs are calculated as a weighted average of the estimated elasticities for the
relevant sectors. The resulting elasticities are shown in table 1. We have less
empirical foundation for the substitution between the various capital-labour
composites in the production function. The substitution elasticity between the
ICT composite and the KL composite σV A(i) is set at 1.5. The substitution
elasticity between the high-tech composite and the low-tech composite σKL is
also set at 1.5. We assume that the elasticity of substitution between differ-
entiated capital and high-skilled labour , σICT and σHT , is relatively low at
0.15 to reflect the assumption that highly specialised technology requires some
inputs from a highly-skilled workforce. The elasticity of substitution between
the low-medium labour composite and homogenous capital σLT is calculated
from estimates in Koesler and Schymura (2012). These are shown in table 1.
The elasticity of substitution between low-skilled labour and medium-skilled
labour σLM is set at 0.95. The substitution between the different capital va-
rieties , σHTV and σICTV , is not set exogenously but is calibrated to mirror
the markup on capital rental in the model given data on investments, capital
stocks and return on capital.

Table 1. Weighted substitution elasticities

Final output production σF σLT

Agriculture, food and beverage 0.655 0.286

Low-tech manufacturing 0.258 0.292

High-tech manufacturing 0.773 0.451

Services 0.885 0.367

ICT 0.897 0.433

R&D production σR σLT

R&D ICT 0.773 0.433

R&D non-ICT 0.897 0.451
Note: Elasticities are calculated from estimates in Koesler and Schymura (2012)

The substitution elasticities in R&D production between intermediate inputs
and value added σR are calculated from Koesler and Schymura (2012), see
table 1. We assume that the elasticity of substitution between high skilled
labour and the low-tech composite σV A(r) is set at 1.5. The remaining elas-
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ticities of substitution for R&D producers are set identical to those for final
good producers. The substitution elasticties for capital producers are also set
identical to those for final good producers.

The elasticity of substitution between commodities in the consumption bundle
σC is set equal to 1.2. The substitution elasticities for foreign trade is assumed
to be relatively high in the model. The elasticity of substitution between do-
mestic and imported commodities σA is assumed equal to 4 in production,
investment and consumption. The substitution elasticity between imported
commodities from the various sourcing countries σM are similarly set equal to
4. The only exception being the production of international transport services,
where the substitution elasticity between imported services from the different
sourcing destinations σT is assumed to be 1.25.

The inter-temporal elasticity of substitution in household preferences φc is set
at 1.5. The parameter governing household preferences for leisure ηc is also
set at 1.5. The parameters governing habit persistence in consumption and
labour, hC and hL, are set to 0.2 and 0.4 respectively. The capital utilization
rate for differentiated capital and homogenous capital are assumed to be 0.8.
Cost of adjusting capital utilization for all capital types is set as follows. The
parameter ϕu2 is set to 2 for all capital types, while the parameter ϕu1 is
given by the first order condition for capital utilization in the model. The
parameters governing cost of adjustment to capital and investment is set to
2 for all capital types. The parameter governing the cost of adjusting R&D
output is similarly set to 2.

The remaining parameters in the model are calibrated such that the model
replicates the dataset for the reference year and the specified reference growth
path.

3.2 The reference growth path

The model is calibrated to generate a reference growth path. We assume a
reference growth path where production, GDP, consumption and investments
across all countries growth at the model’s reference growth rate. The reference
growth rate is set to 1.64 pct. p.a. This corresponds to the annual average real
growth rate for the 28 EU Member States for the period 1995-2013. It is possi-
ble to specify an alternative reference growth path in which specified reference
growth rates varies over time and across countries. The annual inflation rate
is set to 1.81 pct. p.a. which corresponds to the annual inflation in the implicit
GDP deflator for the 28 EU Member States for the period 1995-2013. In its
main scenario Eurostat projects the annual growth in the population aged
15-64 in the 28 EU member states from 2015 to 2050 to -0.31 pct. p.a. We set
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the annual growth in the labour force accordingly.

The annual nominal interest rate for a risk free bond is set to equal 4 pct. The
households’discount rate β is set such that the model generates its long run
growth rate.

In the model economic growth is driven partly endogenously through R&D and
partly by exogenously specified growth components. The R&D-driven endoge-
nous growth in a country is generated from domestic knowledge accumulation
and from cross-border spillover of foreign knowledge. The growth from domes-
tic knowledge accumulation is govern by R&D productivity elasticities with
respect to the domestic R&D knowledge stock σRDd(r,ř). These are set at lev-
els comparable to estimates of TFP elasticities with respect to domestic R&D
stocks reported in Coe et al. (2008). The growth due to cross border spillover
of knowledge is governed by the R&D productivity elasticities with respect to
the foreign R&D knowledge stocks σRDf(r,ř,s). These elasticity parameters are
also set to levels comparable with estimates of TFP elasticities with respect
to foreign R&D stocks reported in Coe et al. (2008). Given parameters for
cross-border spillover, the initial stocks of knowledge are calibrated such that
the growth generated from R&D in each country equal the country’s refer-
ence growth rates. The exogenous growth components is then set such that
the model generates its reference growth path. This is done to ensure that the
model converge to a balanced growth path in which all endogenous variables in
all countries growth at the same long term growth rate and the transversality
conditions for bond holding are satisfied.

4 Concluding remarks

This report describes the first version of a CGE model with ICT and R&D-
driven endogenous growth. The model is specified in such a way that it cap-
tures the multiple channels through which R&D activity in the ICT sector
affect the economy. The model is therefore well suited to the analysis of R&D
production policies targeted at the ICT sector.

The merits of the model will be explored in future work through a series of
policy scenarios covering different amounts of spending, policy instruments
and sources of funding. The sensitivity of results to the setting of central
model parameters will also be analysed. The model will in subsequent work
be extended to include a detailed description of EU Member States and to
accommodate a broader spectrum of policy scenarios.
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A Appendix

A.1 The differentiated capital producer’s price setting

To simplify the notation we abstract for variable rates of capital utilization
and adjustment costs. The differentiated ICT capital producer set at time t
the rental price of capital RICTV,t+1 that maximizes expected profit

πt(a) =
∞∑
j=0

( 1

1 + it

)j  RICTV,t(a)K̂ICTV,t+j(a)−

MCICT,t+j(a)IICTV,t+j(a)− PXD,t0(a, r)




subject to capital accumulation

K̂ICTV,t+1(a) = IICTV,t(a)− K̂ICTV,t(a)(1− δICT )

and demand for its ICT capital variety

K̂ICTV,t(a) =

[
RICTV,t(a)

RICT,t

]−σICTV
KICT,t

where PXD,t0 is the price of the patent purchased from the R&D sector prior
to capital production. Substitute for IICTV,t using the capital accumulation
equation and for RICTV,t+1 using the inverse demand function.

RICTV,t(a) =

[
KICT,t

K̂ICTV,t(a)

]1/σICTV

RICT,t

gives

πt(a) =
∞∑
j=0


(

1

1 + it

)j


[
KICT,t

K̂ICTV,t(a)

]1/σICTV

RICT,tK̂ICTV,t+j(a)

−MCICT,t+j(a)

×
(
K̂ICTV,t+1(a)− K̂ICTV,t(a)(1− δICT )

)
−PXD,t0(a, r)




Differentiating with respect to K̂ICTV,t+1 gives the first order condition

−MCICT,t(a)

+(1− 1/σICTV )
1

1 + it
K̂ICTV,t+1(a)−1/σICTK

1/σICTV
ICT,t+1 RICT,t+1

+
1

1 + it
MCICT,t+1(a)(1− δICT )

= 0
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Substitute

−MCICT,t(a) + (1− 1/σICTV )
1

1 + it
RICTV,t+1(a)

+
1

1 + it
MCICT,t+1(a)(1− δICTV )

= 0

Rearrange

RICTV,t+1(a) =
σICTV

σICTV − 1
((1 + it)MCICT,t(a)−MCICT,t+1(a)(1− δICT ))
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