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1. Introduction

Empirical evidence suggests that Research and |@®went (R&D) activity and human capital
accumulation are two of the most important deteamig of technological progress and long-run growth.
As far as R&D is concerned, a recent study by OEGBcludes:...a 0.1 percentage point increase
in R&D? could boost output per capita growth by some @2qgent” (OECD, 2003, p.89). If correct, this
estimate points to the existence of significanesxdlities from R&D capital.Reflecting the importance
of innovation activity in growth, over the last @eles many industrialized countries have experienced
large increases in R&D employment. For example, rthmber of scientists and engineers engaged in
R&D in the United States was about 500.000 in 1866 became about one million in 1989. For Japan
these numbers are even more compelling: 117.00A965 against about 461.000 in 1989 (see
Segerstrom, 1998, Table 1, p. 1292). One problenatises from these data is that, notwithstantlieg
relevant impact that R&D seems to have on outputcppita growth and the huge amount of resources
that most of OECD countries have devoted in the fmasuch activity, we do not observe any upward
trend in growth rates in any of these countriesr dlre long run (Jones, 1995a,b; 2002; 260%hus, a
still open issue in endogenous growth literaturt® isnderstand how we can explain theoreticallyldlok
of any relation between R&D intensity and aggregat@nomic growth.

As for human capital, instead, the same OECD studytioned above concludes:.the long-run
effect on the level of GDP per capita of one addai year of education (corresponding to a rise in
human capital by about 10 per cent) ranges betwkand 7 per cent. These values contrast with many
studies that found no or very limited effects ahba capital on growth (see, for example, Benhahbidh a
Spiegel, 1994...). ...The magnitude of the impact mfahucapital on growth found in this analysis might
be interpreted as suggesting..the existence of...links between education levels and advances in
technology, through which human capital may noy @ifect the level of long-run output per capitat b

may also have more persistent effects on gro¢@&CD, 2003, pp.76 and 78).

1 Business R&D in percentage of GDP.

2 Measuring the social rates of return (spillovérsjn R&D activity has proved to be not an easy tadker taking into account

all the possible measurement problems, Grilich@9%) concludes that R&D spillovers are not onlyseré, but their magnitude
may also be quite large, with social rates of retuging significantly above private rates. Nadl®93) supports this conclusion
and suggests that the social rates of return to R€&¥age close to 50 per cent.

3 According to Jones (2004, pp. 41-44):.] A useful stylized fact that any growth modelishcome to terms with is the relative
stability of growth rates in the United States om®re than a century. [...] This stylized fact regmes an important benchmark
that any growth model must match. Whatever thenendriving long-run growth, it must [...] be able pooduce relatively
stable growth rates for a century or more. [...] Thiglized fact is even more problematic for thetfgeneration idea-based
growth models of Romer (1990), Grossman and Help(®881), and Aghion and Howitt (1992). These mogetslict that
growth is an increasing function of research effdatit research effort has apparently grown tremersiip over time. [...]
Between 1950 and 1993, [...] research effort rosemioye than a factor of eight. [...] It also reflectslarge increase in the
fraction of employment devoted to research. A ainfdct can be documented using just the dataHlerWnited States, or by
looking at spending on R&D rather than employmdtite bottom line is that resources devoted to redeaave exhibited a
tremendous amount of growth in the post-war pendai|le growth rates in the United States have bretatively stable”.



As a result of the empirical relevance of theskdj we now have a number of models focusing on the
relationship between R&D investment and human abpitcumulation and their impact on economic
growth. Notable examples of such models includesefier (1991), Eicher (1996), Redding (1996),
Arnold (1998), Blackburret al.(2000), Sjégren (2000), Lloyd-Ellis and RobertsG2p However, despite
the fact that those articles are highly suggestime represent important attempts to integrate skill
accumulation and innovation activity within a umify framework, our understanding of the possible
reasons why R&D effort and per capita growth mageap uncorrelated in the data remains, at most,
limited. The purpose of the present paper is taHis gap in the literature.

In more detail, by combining in the simplest plolesway the basic Lucas (1988) framework of human
capital accumulation with (a version of) the R&Dsbd model of Grossman and Helpman (1991, ch.3)
with imperfect competition in the product markdie objective of this work is to replicate, on thetaral
grounds, the empirical evidence of a lacking lirddvileen R&D intensity (measured by the share of
human capital devoted to research activity) andnecdc growth in the U.S. and other major
industrialized countries in the second half oftilientieth century.

At this aim we consider an economy with threeedtdght productive sectors. An undifferentiated
consumption good is produced using the servicea fiked-supply input (sayiand) and intermediate
goods. In order to produce intermediate goods, ipolisiic firms employ only human capital. Through
purposive R&D activity, technical progress expatits set of horizontally differentiated intermedsate
Unlike the traditional R&D-based growth literatuvee assume that the total supply of human capital m
grow over time. In this respect we postulate thisterce of a representative household that chquaas
not only for consumption, but also for skill acqti. In the model there is no physical capitaida
savings are used to finance innovative investmdmtgulation is constant and skilled (each agent is
endowed with a certain amount of skills that magpwgrover time through formal human capital
investment). Human capital is a homogeneous inpdtis totally employed to produce intermediates, to
perform R&D activity and to accumulate new humapitzé.

The main results we obtain are as follows. Ashim basic Lucas (1988) model, growth is driven only
by skill acquisition. Moreover, a change of the gomness of product market competition (PMC,
henceforth), affects the amount of resources (huoapital) devoted to research, but not economic
growth. Indeed, in the model a decrease of conipetihcreases the investment in R&D activity (this
the traditionalSchumpeterian effeeBchumpeter, 1942- of less competition in the pcbdoarket on
innovation), but leaves human capital accumulatftre growth engine) unaffected, since agents’
incentives to acquire skills are independent of PM@s in this specific sense that our model iteab
account for the empirical evidence (mentioned earh this paragraph) of a rising amount of resesrc



invested in R&D and a simultaneous approximate temty of economic growth in the U.S. and other
major industrialized countries in the second hathe twentieth century.

The rest of the paper is organized as followsti@e@ introduces the basic model. Section 3 prssen
the general equilibrium solution of it and Sectibrexamines its properties along the balanced growth
path equilibrium (BGPE, hereafter). In Section 5 emmpute the equilibrium growth rate and sectoral
distribution of human capital. The main result lvé paper on the relationship between PMC, R&D effor

and growth is presented in Section 6. Section tlodes.

2. TheModd

The model economy is composed of a representdtouesehold and firms. The representative
household consists of one infinitely lived ageningeinvolved in four types of activities: consungpti
goods production, intermediate goddsianufacturing, human capital investment and R&Moref
Population is stationary and consumption goodspaneluced within a perfectly competitive market in
which prices are taken as given and each inputrispensated according to its own marginal product. |
the intermediate goods sector monopolistic firmmlpce horizontally differentiated products entetimg
production function of the homogeneous consummiimods as an input. The household invests a fraction
of its fixed time-endowment to acquire skills ariceach point in time allocates portions of the dée
stock of human capital to produce intermediatef)tent new varieties of capital goods (researcid) ta
accumulate new human capitaPurposive R&D activity is the source of technotadiprogress. In this
economy technical progress happens through invgmigw varieties of differentiated capital goods
within a separate and competitive R&D sector. Ideorto produce nevdeas we assume that human
capital and the existing stock of knowledge cag#@plproximated by the number of available capitaldy

4 Today there exists wide evidence in favor of thpdigesis that the relationship between PMC andumtbdty growth might
be positive or, at most, inverse U-shaped at ttme éir industry level (see, among others, Gero¥®51 Nickell, 1996; Blundell
et al, 1999; Aghioret al, 2002). For this reason ti&shumpeterian growth paradighas been recently extended along several
lines and now we know that many alternative argumean be put forward in order to explain theoedtycwhy greater
competition in the product market is likely to le@d least up to a given threshold) to a bettedpctivity performance (Aghion,
Dewatripont and Rey, 1997 and 1999; Aghion and ko@®96; Aghion, Harris and Vickers, 1997; Aghietnal, 2001. See also
Aghion and Griffith, 2005 for a concise survey)isloutside the scope of the present article ttan endogenous growth model
that reconciles the theory with the empirical enicon the relationship between PMC and growth agarhere being, instead,
to provide an explanation to the lacking link betweconomic growth and (increasing) R&D intensitgrathe long run in many
developed countries.

5 In the remainder of the paper we shall often ush ®xpressions dstermediate goodsntermediate inputscapital inputs
capital good=or simplyintermediate®r durables All these terms will be supposed to have the sareaning.

6 Asitis explained in Barro and Sala-I-Martin (899p.172-173), one can think of the total stockwfan capital (say) as

the fixed size of the total labor force (populatiarour case, since in the economy under analfigietexists only one infinitely
lived representative agent who performs severah@uic activities at the same time) multiplied by taverage level of skill
(quality) of the typical worker/member of populaticSinceH grows only because of improvements in the avesgElevel, in

the rest of the paper we can use the tekili as a synonym ofiuman capital Therefore, and as an example, when we say
sectoral distribution of skillsve are, as a matter of fact, referring togketoral distribution of human capital



varieties) are combined with constant returns desand postulate an R&D production function where
technology spillovers, if positive, are incomplété/e focus on this last peculiar hypothesis becduse
seems to accord well with most of the existing eioai literaturé and because it allows us avoiding the
implausible prediction (that we find in the firstrgeration R&D-based growth models) of exponentially
increasing growth rates if human capital grows ptrally trongscale effect). When a new blueprint is
discovered, an intermediate goods producer acqtlegerpetual patent over it and, hence, s/he can
manufacture the new variety and practice monopobing forever.

The economy under analysis presents two furtheuliggities that are worth mentioning here. Thetfir
is that each sector employs human capital. Moreigely, we assume that this factor input is employe
(directly) in the intermediate and R&D sectors gmtlirectly, through intermediate inputs) in the
consumer goods industry. This is the same hypath@sithe sectoral distribution of (skilled) laboe w
may find in Grossman and Helpman (1991, ch.3).Heunhore, we hypothesize that the ratio of human to
technological capital is constant in the very lang. This assumption, while being in line with the
available evidenc®allows us to characterize a BGPE where these onmd of capital may grow over
time at a common, steady and positive rate.

Besides assuming an R&D technology that display@mplete knowledge spillovers, the main
difference between our model and the path-breagiiogth literature with horizontal product innovatio
(especially Grossman and Helpman, 1991, ch.3xisiththe economy we are going to analyze the suppl

of human capital (skilled labor) may grow over timledeeper description of the model economy follows

Consumer Goods

This sector is competitive and produces a homamesjetraditional good through the following
aggregate production function:

Y = l—aj'(xjt F a0(0g). ()

7 In R&D-based growth models technology is essdgtiahvisaged as mon-rival, partially excludablegood. As a non-rival
good, it can be accumulated without bound on acppita basis, making it possible to generate itgemporal spillovers. In the
present framework, by incomplete (inter-temporahinology spillovers we mean that, in the abserfi@notherreproducible
factor input (human capital in the paper), the piaihn of new ideas (starting from the stock okatty accumulated technical
knowledge) comes ultimately to an end.

8 See Keely (2001) and Keely and Quah (1998).
9 See Goldin and Katz (1998). Recently, Caselli @98nd Helpman and Rangel (1999) have emphasizeddhcational
requirements of the new information technology, e Amable (2000) finds that education acts ingtementarity with trade

specialization in the sense that a sufficientlyhHigvel of education of the work force is requitecbenefit from specialization in
electronics and other technologically advancedossct



According to this technology, at any time pertaslitput (Y;) is obtained by combining with constant

returns to scale a fixed supply inpatd.land,l), owned by the representative household, Bndifferent

varieties of intermediate inputs, each of whictemsployed in the quantity;. In the modela is a

parameter that determines the elasticity of suligiit (€ between any pair of intermediate inputs, equal

to:
1
e=——.
l1-a

We assume thatr is strictly between 0 and 1, which implies thateimediate inputs are imperfect
substitutes in production.

Because this industry is populated by a large mrmab identical and atomistic firms engaging in
perfect competition on the product market, in eqriilm each variety of intermediates receives s o0

marginal productivity:
pe=a(x)™,  TOON,). (2)

In equation (2),p;, is the inverse demand function faced at tini®y the generig-th intermediate

producer, after normalizing the total amount of/gess of landl] to one.

Intermediate Goods

The intermediate goods sector consists of monsteadily competitive firms, each producing a
differentiated variety with the same technology:

x, =h,,  GiOON,).

This production function is characterized by constaturns to scale in the only input employed (hum
capital) and, according to it, one unit of humampitzd is able to produce (at each time) one unit of
whatever variety dne-for-onetechnology)l® Therefore, for each producer of intermediate gothds
marginal cost of production coincides with the waage accruing to one unit of human capital. Foifmyv
Romer (1990) and Grossman and Helpman (1991, clwe3)x;ontinue to assume that each intermediate
input embodies a design created in the R&D seatdrthat there exists a patent law which prohihitg a
firm from manufacturing any intermediate good withthe consent of the patent holder of the design.

10 Grossman and Helpman (1991, ch.3) assume thatmietéate local monopolists us@ae-for-onetechnology in raw labor. A
one-for-ongechnologyin human capital for capital goods manufacturingastulated by Arnold (1998), p. 85.



The generig-th intermediate firm maximizes (with respect xq) the instantaneous profit under the

inverse demand constraint (equation 2). From tis¢ dirder conditions, it is possible to obtain tege

rate accruing to one unit of human capital empldpetie capital goods productiomy ):

_ -1
w, =a?(x, . ©)
Since all intermediate good designs provide tmeesemprovement in productivity, we can focus on a

symmetric equilibrium where;, =x, 0j 0 (0, N,) .11 Accordingly, each local monopolist faces the same

wage rate yv; =w;, 0j 0 (0, N,) ]. Combining equations (2) and (3) yields:

1 1 .
pjt :_th =—W=p , DJD(QNt)- 4)
a a

Hence, when firms producing capital goods are idahteach of them produces the same amount of
output, faces the same wage rate accruing to ietdiate human capital and fixes the same pricerier o

unit of its own good. This price is equal to a aansmark-up(1/a ) over the marginal cost).

In the remainder of the paper we uge as aproxy for the degree of PMC in the uncompetitive
intermediate sector. Indeed, the industrial orgationliterature (both empirical and theoretical) gerigral
uses the so-calldderner indexto gauge the intensity of a firmmeonopoly powewithin a market. Such
an index equals the ratio of price (P) minus magtosts (MC) over price. Given the definition of
markup (price to marginal costs), the Lerner index can be written as:

Lerner Index= (P-MC)/P = 1-1rh, m = P/MC = 1ia .
From the last equation it is possible to conclils:
(1-Lerner Index=1/im= @ .

We see that (Lerner Inde)!2 depends only om: the lower the markup, the lower the monopoly powe
of a firm and the more competitive an industry.timn, the markup is lower when the elasticity of
substitution between each pair of intermediatdsgher and in our model such elasticity dependslgol
(and positively) ona . Thus,a corresponds to standard measures of competition.

Since in this economwr represents also the share of total output goirgafotal (goods), looking at

this parameter as a measure of competition hasintiplication that variations in the markup and

11 The hypothesis of symmetry is dictated by the wagh variety of capital goods enters the final outpchnology and by the
fact that all intermediate producers use the same-for-ong production function.

12 This is the same measure of product market conietised in Aghioret al.(2002).



variations in the input income shares are striatig univocally related to each othétdowever, this is
not a novelty in recent economic theory literatufellowing Hall (1988) and Gali (1995), other paper
that measure the aggregate markup as some funatidhe input shares in income in monopolistic
competition models include Neiss (2001), Cavel§2063) and Przybyla and Roma (2005). Moreover, in
the first-generation endogenous technical progggssvth theory €.g. Romer, 1990), monopolistic
intermediate firms choose a markup that is exaaflyal to the inverse of the capital share (seesJané
Williams, 2000, p. 68).
N
Defining by H , = jhjtdj the total amount of human capital employed initttermediate sector and

0

using the hypothesis of symmetry across intermedians, it is possible to obtain:

H. .
X, =W"=xt, OjO@ON,). (5)
t

Given x., the instantaneous profit accruing to a gengfic intermediate firm in the symmetric

equilibrium is:

m=ati-af {t| =m cinen) ©

As we would expect, equation (6) states that estyammetric equilibrium, just gsandx, so too the
instantaneous profit is equal for every varietyndérmediates. Also notice that, since we are dgaliith
a monopolistic competition sector, the profit iedmsing in the number of intermediate produdd)s (

R&D Activity

Producing the generjeth variety of capital goods entails the purchase specific blueprint (thg-th

one) from the competitive research sector, charaettby the following aggregate technology:
N, = bHEAN?, b>0, BO[0Y), (7)

where N, denotes the number of capital good varieties iegjsat timet, H,, is the total amount of

human capital employed in this sector dnid a positive productivity parameter. The produetiunction
of new ideas we employ here is a variant of the R&Phnology used in Jones (1995a) and Arnold

13 Recent empirical evidence (Gali, 1995, pp.58-6(t8léa and Saint-Paul, 2003 and Jones, 2003b)tpadmthe presence of
substantial differences across countries and awerin the shares of factor inputs in income.



(1998). It displays constant returns to scaleHy, and N, jointly considered and states that research
human capital d, ) is an indispensable input for the production efrideas. The reason why we use
this R&D technology is threefold.

First of all, and depending on the strength of kiealge spillovers in the innovation activity (measiir
by the parametel3), the technology reported in equation (7) allovesto keep two cases potentially
distinct14 The first one 3=0) is the case where there exists no knowledgeosgillin the innovation
activity and new ideas are obtainkdearly from human capital input in researchi (). The Jones
(1995a) and Arnold’'s (1998) specification of the R&rocess does not allow taking this particularecas
into account> The second case is instead the one wlﬁdfe(o;l). According to Keely and Quah (1998,
pp.24-25) and Keely (2001), this is probably thestmelevant (both theoretically and empirically3,ia
real life knowledge spillovers do occur, but @meomplete(either at the micro or the macro level).
Indeed, whenf#0, equation (7) above highlights very well this ideh positive, but incomplete
knowledge spillovers.

The second reason, related to the previous ong,wehuse the R&D technology of equation (7) is
that, when g is positive and lower than one, that equation ioomls to capture &rowding effect” in
research: increases in R&D human capital raisentimber of inventions made in the time unit, busles
than proportionally (the R&D technology is strictboncave inH,). Many theoretical as well as
empirical works have recently put this last featofréhe innovative activity forwaréb

Finally, as it will be clear in a moment, the R&Echnology we use in this paper, together with the
hypothesis that the ratio of human to knowledgeitahjis constant in the very long run and our
assumption about the human capital accumulatidmt#ogy (to be introduced shortly), allows us sodyi

for a BGPE where the amount of human capital engalag each production sectar( and H, ) grows

over time at a common, constant and positive gitee by the growth rate of the aggregate stodkigf

factor input). In other words, equation (7) allowsto analyze the long run predictions of an endogs

. AYHY
14 The Jones (1995a) and Arnold’s (1998) R&D techgylis of the form: A= A with yO (0,1), ,\/D[O,l), and wherea
a

is a positive constantA denotes the number of intermediates producibtier&tt and H 4 is the human capital input in research

(see Arnold, 1998, p. 85, equation 3). AccordingAtmold (1998, p. 85, footnote 4}:..It can be shown that if the R&D
technology is homogeneous it must either have tiigh@ouglas form...or else reveal constant returnsdale...In order to
avoid case distinctions, we, like Jones (1995Yrictsattention to the Cobb Douglas caseContrary to these two very influential
contributions, in this paper we want to focus ottergion on a constant returns to scale R&D teabgwljust because we are
interested in maintaining the two cases discugsée main text separate.

15When g =0, the R&D technology of equation (7) coincides vittle one used by Grossman and Helpman (1991, mh. 2,3-
57) and Funke and Strulik (2000, p. 494) in thespective endogenous growth modeithout knowledge spillovers. Since

(70 (0,1), this specific situation cannot be analyzed bye3dii995a) and Arnold (1998).
16 see, among others, Kremer (1993), Jones (1995a$tkey (1995).



growth model WheregHj =0y, =9y =9y =9 (with g,, denoting the growth rate of variateand g

being a positive constant, to be endogenously aéted)1? In turn, when this equality holds, then each
economic sector that employs human capital receivamstanshareof this factor input and it is exactly
the aim of this paper to analyze the correlationvben R&D effort (the share of human capital gaing
innovation activity) and economic growth in the dormun (when both these two variables are suppased t
be constant).

As a final comment, it is worth pointing out theting the R&D technology of equation (7) in a model
where economic growth is sustained by innovativivitg and the total amount of human capital is

exogenously given may be rather problematic, seitteer wheng =0 or S0 (01) it would imply the

cessation of growth in the log run. Such an outcoamnot occur in this paper, since the engine @ivijr
is human capital accumulation.
Given that the research sector is competitive, fisms will enter it until all profit opportunitiegare

completely exhausted. Accordingly, the static zenadit condition amounts to setting:

5
1 H
B( Nth Wit :VNt 8)
t
VNt=jex —jr(s)ds mdr,  1>t. 9)

t t

Symbols used in equations (8) and (9) have theviatlg meaning:w,, is the wage rate accruing to one

T

unit of human capital employed in research actjitye termex| —Ir(s)ds is a present value factor

t
which converts a unit of profit at time into an equivalent unit of profit at tinter is the real rate of

return on the consumers’ asset holdings (to e ééfin a moment)7z; is the profit accruing to theth

intermediate producer (once thth infinitely-lived patent has been attained) awgl is the market value

of one unit of research output (the gengiilb idea allowing to produce theth capital good variety).
Notice thatV,, is equal to the discounted value of the profitfla local monopolist can potentially earn
from t to infinity and coincides with the market value tbk j-th intermediate firm (this must be so
because in the model there exists a one-to-ondomthip between number of patents and number of

capital good producers).

17t is easy to show that, with an R&D technologytioé form: N =bNYH ¥, y0[01) and ¢ 0(01), an equilibrium where
9H, 9N =9 is constant does exist if and only ¢f = (L- ) . In sum, our model modifies the Jones (1995a) Ambld’s
(1998) R&D technology so as to allow for such efpuilim to exist.



Households

We consider a closed economy where an undiffextadi final good can be consumed only. The
economy under analysis is composed of a representafinitely-lived household that owns assetshia
form of ownership claims on firms and chooses pfansonsumptiond), asset holdingsaj and human
capital ). The household has unit measure and there iopolation growth8 This hypothesis implies
that, at each timg¢ the household’s own stock of human capitdl dquals the aggregate stock of this
factor input H). The household also owns the available amoutdaraf (), which is used just to produce
the homogeneous final output and whose (fixed) lsupps normalized to one. It sells the servicethsf
input to the competitive consumption good firms aackives, as a price, its own marginal produgtivit
Following Lucas (1988), we also assume that theesgmtative household is endowed with one unit of
time and optimally allocates a fractionof this time endowment to productive activitiessgarch and
capital inputs production) and the remaining fract{1-u) to non-productive activities (education). Given
the household’s choice of the optimalthe labor market clearing conditions determireedbcentralized
allocation of the productive human capital betwaemufacturing of intermediate goods and inventibn o
new ideas (research).

With an instantaneous utility function(c,) =log(c,), the decision problem of the household can be

stated as follows:

00

Max U, = je“" log(c,)dt , p>0 (10)
{couahk, ’
st:  a= ra +wuh +p, —¢ (11)
h = 3@-u)h - ¢h, 3>0, p0(01), Osu<l Ot (12

a,, h,, and p,, are given.

The choice variables of this problem ace and u,, whereasa, and h are the state variables.
Equation (10) is the household’s inter-temporditutfunction; equation (11) is its budget consttaand
equation (12) represents the human capital suppigtion. The other symbols used in equations (10)
through (12) are the followingp is the positive subjective discount ratés the real interest rate amd
is the wage rate accruing to one unit of humantahpp, is the price accruing to the household from

selling the services of the fixed-supply input @arno downstream firmsp is a constant parameter

reflecting the productivity of the education teclugy and ¢ denotes the constant human capital

18 The introduction of exogenous population growttuldanot alter the main results of the model.

10



depreciation rat&? Since human capital is homogeneous (and, henceyexcthe same reward across
sectors), in equation (11) we denoted the wagegeitey to one unit of human capital at titrg@mply by

w;, (without any subscript indicative of the sectorendthat unit of human capital is actually emplgyed

Moreover, as many other models, in equation (12r@minue to assume that the education technokogy i
linear in the available stock of human capitdl {Vhile being aware of the so calldahearity critique”
(see Stiglitz, 1990; Solow, 1994; Cannon, 2000;e3pr2003a, 2004), we may easily justify this
assumption on several grourids:

“...In some cases this assumption is justified byeresfce to externality effects which convert
diminishing returns at the individual level to ctenst returns at the aggregate level.... In others it
motivated by the inclusion of a broader set of isp{aside from just time spent on education and
training) in human capital production.... And in otbestill, it is merited by appealing to an

overlapping generations economy in which offspringerit at least some fraction of the human
capital of their parents...(Blackburnet al, 2000, p. 195).

For our purposes, it is most straightforward tmkhin terms of the first alternative above. In eth
words, we consider the variant of the basic Lucadehin which the possible spillovers from eduaatio
are internalized. In the present context this fniely plausible since we are considering theecadere
there exists only one household (of unit measuré)é economy and population is stationary.

With 4, and A, denoting respectively the shadow prices of theshbald’s asset holdings and

human capital stock, the first order conditionshaf representative household’s problem read as:

e‘ﬁt
T = Alt (13)
k)
Ay = Ay Wr (14)
At == A (15)
AU, + A, [00-u) - = - (16)

Conditions (13) through (16) must satisfy the d¢aists (11) and (12), together with the two

transversality conditiondim A,a, =0 andlim A,.h, =0.
t-oo t oo

19 According to equation (12) human capital may beuawlated devoting man-hours to formal educatidivities. Thus, the
depreciation of the human capital stock in the stihg technology can be thought of as including ploéential losses from skill
deterioration (Barro and Sala-I-Martin, 1995, p31L7

20 A |inear human capital accumulation technologgl&o present, among others, in Arnold (1998, pe8biation 1), Blackburn
et al.(2000, p. 196, equation 9) and Funke and StrullO( p. 494, equation 5).

11



3. General Equilibrium Analysis

In order to solve for the general equilibrium dfetmodel, we use the symmetry hypothesis -

Xp =H i IN, =%, 0jO(O,N,)- and, for notation simplicity, drop the index»n the variables depending

on time. Next, for givenu’ (the optimal fraction of human capital that the $ehold devotes to
production activitied!), the equilibrium allocation of human capital beem capital inputs production

(H;) and researchH,) is found by solving the following two-equationstem:

H +H,=uH (17)
W, = wy. (18)

Equation (17) is the market clearing conditionliaman capital, whereas mobility of this factoruhp
across sectors implies the equalization of its wate (equation 18). In addition, as the total gabfi the
household’'s assets must equal the total valuermkfithe following condition must also be checkedi
symmetric equilibrium:

a=NV,, (19)

whereV, is given by equation (9) and satisfies the follegvasset-pricing equation:

\./N = rVN 71 (19a)
with:
_ P
m o= aﬁl’ (19b)
H a
and p = (l—a)N(WJJ , | =1. (19c)

In the model, one nevdea allows a new intermediate firm to produce one n&niety of capital
goods. In other words, there exists a one-to-olaiosaship between number wfeas number of capital
good producers and number of intermediate inpugtias. This explains why, in equation (19), th&lto
value of the household’s asse#§ i equal to the number of profit-making interrmagdifirms () times

the market value\(; ) of each of them (equal, in turn, to the markdueaf the correspondindea). On
the other hand, equation (19a) suggests that theest on the value of theh intermediate firm(rVy)

must be equal, in equilibrium, to the sum of tworts:

- the instantaneous monopoly profit,) coming from the production of tiieh capital input;

21y will be endogenously determined in the next paplr
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- the capital gain or loss matured ¥p during the time intervadt(\/.N ).

Finally, it is worth noting that whertd; andN grow at the same constant rate (this happens in the

BGPE, as we are going to show in a moment) equdtidc) incorporates the Malthusian idea that
technological progress (in this model the contirmuexpansion oN) is the only force able to offset the
law of diminishing returns in the use of the fixeapply input (land, in our case). We can now mava t
formal definition and characterization of the ba&lath growth path equilibrium of the model outlined i

the previous sections.

4. TheLong Run Balanced Growth Path Equilibrium (BGPE)

In this paragraph we restrict our attention toeafgrt-foresight balanced growth path equilibrium
where the growth rate of any variable dependingroe is constant and the value of the refie H, / N,

remains invariant.

Continuing to define withg,, =M/M the growth rate of variabll we note immediately that when
g, is constanty is constant as well (see equation 32This means that the household will optimally

decide to devote a constant fraction of its fixedetendowment to worky) and education (1f)
activities along the BGPE.
With R, u” and g,, constant, equation (17) becomes the key one irmhatysis. Indeed, under these

conditions,H; /N turns out to be also constant. Using this fad possible to show that the following

results do hold along the BGPE (mathematical dédmeof such results can be obtained from the autho

upon request - sé¢otes for the Referees not to be publistedietails):

9:=0.=0, =0y =09y =9=(d-¢-p) (20)
r=0-¢ (21)
gVN :grr:gw:0 (22)
’ 1 1
i a Y1ys pia-p).  Hn _ 5—(0—,0J1-ﬁ
S 2P 5 - oS- 0 , = 23
N (kcJ[bj (G-9o-0-p) N ( A (23)

22 ps already mentioned, our assumptions on thedfizee representative household and the populaiowth rate imply that
H = h. Therefore, in the remainder of the paper we angy, instead ofgy, .
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(24)

C
I
>

Equation (20) states that the balanced growth (g}eis equal to the difference between the

productivity of human capital at schoab §, the skill obsolescence rate in the educatiohrtelogy (¢ )
and the subjective discount ratg ). This is the common rate at which the househad&et holdingsaj
and consumptionc}, the price of the fixed supply input servicep, }, the number of capital good

varieties N) and the total stock of human capitéd) @row in the long run. According to equation (2hg

real interest rater) is constant. Moreover, along the BGPE the mavkéie of a generic idea/(; ), the
profit (1) of the corresponding intermediate firm producihgt idea and the wage accruing to one unit

of human capital §, =w; =w) are also constant. This is written in equatio®)(Zquation (23) gives

the equilibrium values of the constaht; /N and H /N ratios, whereas equation (24) represents the

optimal (and constant) fraction of the househotiite endowment that it decides to devote to wark)(
in equilibrium. Given the set of results (20) thgbu24), it is possible to note that fpto be positive the

condition d > ¢+ p has to be checked. In turn, whg®0, and with p >0, the real interest rate)(is

positive. Finally, whend >¢+ p and with f0[01), a0(01) andb>0, the two ratiosH,; /N and

H, /N are both positive. Sincg >0, the conditiond > ¢ + p also assures th@<u" <1.

5. Economic Growth and the BGPE Distribution of Human Capital across
Sectors

We now use the model developed in the previousosecto compute the output growth rate of this
economy and to analyze the distribution of humapitahacross economic activities in the symmetric,

balanced growth path equilibrium. At this aim, wstfrewrite equation (1) as:

H- a H a
Y, =I"N| | =WN,, W= L
Nt Nt

Then, taking logs of both sides of this expressaon totally differentiating with respect to timegw

obtain:

759Y=gc=ga=gg=9N=9HEg=(5-¢-p)- (25)
t
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Thus, as in the basic Lucas’ model (1988), ougratwth depends exclusively on human capital
accumulation. This result derives from our defonitiof the BGPE as an equilibrium where the ratio of
human to technological capital is constant. To find the equilibrium value of such a ratio, we plug
equations (23) and (24) into (17) and obtain:

_H. _9d 5-p-p\es[ 5-p-pli-a)_
R‘_Nt_p( b j {(5-40-;?)(1-0)}_& - 0

In the expression above the human to technologagaital ratio R) has been obtained as a function of

the productivity parameter of the human capitabauglation technology(d), the constant obsolescence
rate of skills @), the productivity parameter of the knowledge talpaccumulation proces®)( the
subjective discount ratéo), the inverse of the mark-up charged over the matgiost by each capital

good producer ¢ ) and B (which measures the strength of knowledge spitfeom technological

capital in the innovation activity).

Summing-up, along the BGPE we see that:

the growth rate of all variables depending on tinse constant (in particular, we have
Ov=9:=0.=9n=9=0-9¢~p);

- the amount of human capital devoted respectiveljntermediate inputs productiorH() and to
research ) also grows at the common and constant gy =0y, =0u =0y = o-@-p;

- the rental price of the fixed supply inpup,() grows at ratey. This happens because in the long run
technical progress raises the productivity of sarclinput and, then, its market price;

- u'and (14’) are constant, meaning that the household opyndecides to devote a constant
fraction of its fixed time-endowment to work anduedtion;

- the real interest rate)( the profit of thg-th intermediate firm ), the market value of theth idea
(Vy ), and the wage going to one unit of human capitlalso constant.

GivenR, the shares of human capital devoted respectteetiurables productions{), research &, )

and skill acquisition §,, ) in the decentralized BGPE are easily obta#fed:

S-E;:—-—:;—: (27)

23 From equations (27) through (29), it is possildecheck that, as we would expect, the followingperties do hold in the
presence of a positive growth rate (g>0)sa)+ sy =u* = p/J; b) s; +sy +sy =1;¢) 0<sj,sy,54 <1.
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s EHN:HNE:Hlep(é_gl_p)(l_a) (28)
""H NH NR Jo-¢-p1-a)
sy =1-(s; +s,) =1-U :5;5'0. (29)

Looking at equations (27) through (29), we coneltitat in the model the equilibrium distribution of
human capital across sectors is, among other fgctdso influenced by the degree of PMC in the
intermediate sector (llerner Indexe a). However, this variable does not affect the ougrowth rate,
gy - As a consequence, in this economy changes ohay well have in the long run a bearing on the
economy-wide R&D effort (and, more generally, oe thistribution of human capital across productive

sectors,s; and sy), but not on economic growth. This is what we gpalin the next section in more

depth.

6. Product Market Competition, R& D Effort and Economic Growth

The analysis of the last paragraph allowed us tecti@ variable (PMCg ) able to affect R&D effort
(sy ), but not economic growth. Since in this paperweat to explain why R&D intensity has increased
so much in the last decades in many industrializedntries with per capita growth remaining

simultaneously almost constant, the possible chanwge time of product market competition in the
intermediate goods sector becomes a promisingigoltd this puzzle.

All the results stated up to now have been obtaimeter the assumption thatis strictly greater than
(¢+ p). As already mentioned, this hypothesis guararitetshe balanced growth rag {s positive. In
the present section, while continuing to keep #ssumption, we study how the degree of PMC in the

intermediate sector affects the shares of humaitatagvoted to each sector and the aggregate browt

rate of output in our model economy. The resukssaimmarized in the next table:

0" g S\ |'S | Su

Oa0(01) | 1 ‘ o | - |+ ]o0

Table 1. Comparative statics results

The table above shows that an increase of PM@drirttermediate sector (an increaseaof has a

positive impact on the share of human capital devdb the production of capital goods;) and a
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negative one on the share of human capital devotegsearch ¢, ). We also see that the same increase
of PMC leaves unaffected both economic growth X and the amount of resources going to the

formation of new human capitas( ). Hence, we can state the following:

PROPOSITION:

Within an integrated growth model of determinisdicd horizontal R&D activity with incomplete
knowledge spillovers and human capital accumulatidrere economic growth is sustained by a supply
function of human capital a la Lucas (1988), anréase in the degree of product market powEra()

increases unambiguously R&D effod,(), while leaving aggregate economic growth (g) waraied.

Proof:

From equations (25) and (28), we haag% =0 and%i <0.
a a

In our paper human capital may be accumulated twee through devoting a fraction of the
household’s fixed time-endowment to education imesit and R&D activity requires (together with the
existing stock of knowledge capital) only human idpto run. Consequently, and unlike the
contributions by Romer (1990), Grossman and Help(d&91) and Aghion and Howitt (1992), we can
regard theshare(instead of the stock) of human capital that theslketiold allocates to innovation at each
point in time along the BGPE agpeoxyfor the economy-wide research effort. In this respeir model
suggests thateteris paribug? in the post-war period (1950-1993) there mightéhbeen in the United
States (and, more generally, in the G5 counfiies)decrease of the degree of PMC in the intermediat
sector that in those countries led to a rise in Ri&bentives (the share of human capital resources
allocated to innovation activity) without any comtitant increase in the growth rate of income (drive
only by private schooling investment decisions)e Bimpirical test of a similar hypothesis is leffuture
research.

7. Concluding Remarks

In the second half of the last century the amafntesources devoted to R&D activity has risen
considerably in the US and many other industridlizeountries, without any simultaneous and

proportional increase of the growth rate of outfhat, instead, in most cases has remained rehativel

24 Namely, for a given productivity of education tactpgy (J), human capital depreciation ratg) and time preference rate
(p).

25 The evidence of a rising investment in R&D andrautaneous relative constancy of economic growtisimilar also for
France, Germany and Japan. See Jones (1995b)6gpl91 Figures IV and V.
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constant (Jones, 1995a,b; 2002; 2004). By consigean endogenous growth model that integrates
purposive and horizontal R&D activity with humarpital accumulation, this paper provided a possible
theoretical answer to such empirical puzzle. Indegthin a theoretical framework where innovation
takes place through an R&D technology that displaysstant returns to human capital and the existing
stock of knowledge, and where individuals may iasee their own level of skills without employing
knowledge capital, we found that skill accumulatisthe only force driving long term economic grbwt
Moreover, and under the hypothesis that the rdtibuman to knowledge capital is constant along the
BGPE, we showed that the degree of competition gniotermediate firms plays no role on economic
growth, but influences the allocation of the reprablle factor input (skills) across productive sest
(research and intermediate inputs production). dmentletail, an increase of the monopoly power exgoy
by uncompetitive producers increases unambiguaigyshare of human capital resources devoted to
R&D without affecting the equilibrium output growthte. Accordingly, the model predicts that changes
in the level of product market competition in tintermediate sector may have represented an eleshent
paramount importance in the explanation of howrigiag investment in R&D can be reconciled with the
approximate constancy of income growth rates.

However, behind these results two important questsiill remain open in the future research agenda.
We believe that further empirical research (espigad the macro level) needs to be done in ordeshied
light on the impact the degree of product markehpetition (differently defined and measured) may
exert on growth, R&D effort and, more generally,tbe sectoral distribution of skills in the presercd
human capital accumulation. Furthermore, and amgaftir this empirical test, one would analyze hbe t
theoretical findings of the present paper mightngjeain the presence of richer hypotheses on theahum

capital accumulation process and its interactiah wisembodied technological progress.
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Notes for the Referees
(NOT TO BE PUBLISHED)

In these notes we derive the set of results (2@ugh (24) and equation (26) in the main textwhat
follows, we continue to denote by,, the growth rate of variablel. Moreover, our assumptions on the
size of the representative household and the ptpulgrowth rate imply thaHH =h. Hence, we can use

interchangeablyg,, or g, .
From equation (12), wheg, is constanu turns out to be constant, too. This means thatgatba

balanced growth path equilibrium (BGP&)he household will devote a constant fractiont®biwn time-

endowment to worku) and educationallfu) activities. Consequently, the optima{which we denote by

u’) will be constant and endogenously determinedutinothe solution to the household decision

. 13
problem. From equation (17), and with, g, E% :b(%j and RE% time-invariant,H; /N, is
t

t t
constant in equilibrium. In turn, this implies thatis also constant along the balanced growth paé (s
equation 5 in the main text).
Consider now the representative consumer’s prolflequiations 10 through 12 in the main text),
whose first order conditions are stated in equati@8 through 16 and that we rewrite below for

convenience, together with the consumer’s condtraind the transversality conditions:

e_ﬂ
(13) —=4A, p>0
G
_ o)
(14) /‘11 - /‘21 W ) 0>0

t
(15)  Agr, =-Ax
16)  Aywu + A, [00-u)-d=-dx,  O(01)
(11)  a =ra +wyuh +p, -¢
(12)  ho=3@-u)h - gh

a,, hy, and p,, are given,

!imAltq =0 and !lm Axh =0.

26 As mentioned in Section 4 of the main text, the BAP defined as an equilibrium where the growtle ratt any variable
depending on time is constant, as well as the cdtfmiman to technological capitd)(
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From now on we omit the indéxnear the time-dependant variables. Combining émpsmtl4 and 16
we get:

A) %=—(5—¢),

2

whereas, from (15):

A _

B
) A

-r.
Equation 14 implies:

M _ Ao
C)—=—7-gq,, or:
)/]1 A 9w

D) r=(5-¢)+9..

Along the BGPE the wage accruing to human c&italconstant ¢, =0, see later on in these notes).
Accordingly, the real interest ratg) s also constant. Withand H; /N being constant, and using (6) in
the main text, equation 9 becomes:

H |
E) Vy :a(l—a)(wjj je‘r("t)dr, r>t, a0(01).

t

Solving the integral above vyields:

a
E’) Vy :a@(%j :
Such result was obtained under the hypothesisrtbdd . In @ moment we shall show that this hypothesis
is always checked along the BGPE. Equation (E’s gt in equilibrium the market value of mea
(Vy) is constant.
GivenV, and making use of equation (8) in the main texg, (the wage rate accruing to research human
capital) is equal to:

F) wy, =bV,, (%jﬂ _pali=a) (iﬂlf .

r N ) |H,

From equation (3) in the main text we know thatisymmetric equilibriumw; (the wage rate accruing

to human capital employed in the intermediate sg&o

27 |n equilibrium the wage accruing to the human cdpitput employed in the intermediate and reseaecitors is the same.
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, HJ a-1

Equatingw, andw; (see equation 18 in the main text), one can déterthe equilibrium constant value

of H;/N:
H) Hi_ (oY1 e (g, )14,
N \1-alb N
Combining equations 13, 15 and (B) in these notesk able to obtain the usual Euler equationngivi

the optimal household’s consumption path:

c
) —=g.=r-p.

o
From the equation above we clearly see that r tmeigireater thap (and, then, positive) in order fay,

to be positive.
In the symmetric case (and witlel), from the final output production function theiger (p,) of the

services of the fixed supply input - land - at tinoan be written as:
H. )’ _ :
L) p =(- a)N[W‘) (See also (19¢) in the main text).

This implies that:

(L) 9, =9n-

From equation (19) in the main text and using {Ethese notes:
(M) 9, =9y *+ 9y, =9n-

Combining (L") and (M) above, we obtain:

(N) 95 =9. =09y -

Using equations (11) and (B) in these Notes, weshav

O)ﬂ:—ga+wuﬂ+ﬂ_£.
A a a a

Instead, from equations (12) and (A) we obtain:

)
P)A—Z:—gh—ud.

2

Equations (F) and (G) together also imply that:
Q) gWN :gwj EgW:Ol
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whereas employing equations (C), (O), (P) anda@@ve yields:

S)Ezwuﬂ+ﬂ+5u.
a a a

In obtaining this result we also used the fact that= g, (see equation M above) and thgt{ = g,
along the BGPE (whetd andN grow at the same constant rate).

Using equations (Q) and (N), and knowing thatul$ constant in equilibrium; 2p,, =gy 3) a,, hy
and p, are given constants, (S) leads to the conclusiatctais constant. In other words:

T) 9c=0a=9p =0x-

Putting equations (T) and (I) together it is pokestb obtain:

D) r=gy+p,

whereas equating (D’) and (D) yields:

Q) 9,=0y +p-(0-9).

At this point, equating (Q’) and (Q), we are aldebmpute the growth rate Nf( g, ) along the BGPE:
U) gy =9, =9=(0-9p-p). (See equation 20 in the main text)

Given g, , it is now possible to calculate:

T) 0c=0.=0, =0y =0 = (5— Q- p); (See equation 20 in the main text)

D) r=0-¢; (See equation 21 in the main text)

Q") 9y, =9, =9 =0; (See equation 22 in the main text)
H 1

H’) WJ = (%)[%)l_ﬁ (6-9)o-9p-p)"“P; (See equation 23 in the main text)

1
Hy :(—5'4"'ij’
N b '

Notice that forg to be positive the conditiod > ¢ + p has to be checked. When this condition is met, the
real interest rater) is positive (sincep>0). In turn, this implies that the market valueasfe unit of
research output ) is positive for eaclN >0 andH; > Oalong the BGPE (see equation E’ above).

To find out the optimalu (and denoted byu"), we combine equations (A) and (P), recalling that

0, =094 =0y, Obtaining:

V) u’ :%. (See equation 24 in the main text)
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When g >0, and with ¢ (0]), J is strictly greater tharp, which impliesO<u” <1. Also note that,
under equations (A), (B), (U), (T’) and (D”) andttvip > 0, the two transversality conditions are trivially

checked, since:

lim Aya, = Ao lim e”=0;
lim Ay = Aygfy lim e =0,

where A,, and A,, are respectively the given shadow prices of thestbold’s asset holdings and human

capital stock at the initial time (t=0).

Finally, using equation 17 in the main text, arithw

L u*:ﬁ;
5
’ ES
i _( a Y(1\-8 B

- L= =" do-9)0-9-p)s, and

(5] do-ae-p- o) o

Hy Y

. g.ﬁ[ﬁ] =g=d-¢-p,

it is straightforward to obtain (see equation 2&him main text):

R S == =
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