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1. Introduction *

Wage inequality decreaséadthe 1970 and hasincrea®d sincethe ealy 1980s i the
US (seeTable 1). Theincrease in inequality in the 198Gs has drawn alot of attention.
Fourexplanations have been proposed: a change i educatioral attainment,” achang
in institutions li ke minimum wage laws, a dange in the bias in techndogicd change
and increased trade with low-wage courtries. Through a process of elimination o
explanationghat are not clealy suppated by the data, biased techndogicd changeis
arguedo be thedominant explaration for the observed pattern in wage inequdity. To
explain wage inequality further, given this date of affairs, there ae two ways to
proceedThefirst isto test empiricdly the daim that abiasin techndogica changeis
responsibléor theincreaseininequality. Krueger (1993 examineswhether there exists
atechndogy-related skill premium. Computer-use turnsout to berelated dredly with
a skill premium.® A second route to strengthen the case for a biased-techndogica-
changeexplanation, which is the default ‘explanation’, is to explain how a biased
technologyshock arises and haw it istranslated into inequality. Most literature, taking
the secondroute, explains how the bias relates to inequality (for example Greenwood
and Yorukoglu, 1997).

This paper extendsese contributionshby taking the next step of explaining where
thebias in tecindogy comes from. We develop amodel that predicts that an increa®
in thesupdy of educated workerscausesabiasintechndogicd changewhich cancause
therelative wage of skill ed workersto increase. In particular, we ague that the steady
increase in the supdy of educated workers that most Western emnamies have
experiencedn the postwar period can be seen as the driving force behind the non-
monotonic time pattern o skill premiums. Since both the pace ad the nature of
technologicathange ae endogenousin our model, we ae aleto establisha mnredion
betweerobserved trendsinwageinequality andtechndogyind caors. Wageinequality

! The aithors thank Patrick Francois for stimulating discussions and comments. Cononents
an ealier version by Oded Galor, Theo van de Klundert and Huw Lloyd-Elli s are gratefully
acknowledgedAt the time of writing this paper Nahuis was also affiliated with Tilburg
University and CentER.

2 Educaional attainment clealy increased (see Table 1), as such this implies a downward
pressur@ntherelativewage of skill ed workers. An alternativeway of interpretingthe evidence,
howeverjsthat the quality of highschodsdeaeased (and hencethequality of unskill ed workers
decreased). This might put downward pressure on the relative wage of unskilled workers.

*This is not uncontroversial. DiNardo and Pischke (1997 argue that the relation is urious.
However, Autor, Katz and Krueger (1998) reconfirm earlier findings of Krueger (1993).



isinherently linked to R& D productivity; the same shock that driveswage patternsal so
explains the decline in patents per dollar spent on R&D.

Our key assumption is that skill ed workers perform tasks that are fundamentally
differentfrom those of unskill ed workers. Whil e unskill ed workers contribute diredly
to (current) production, skill ed workers are enployed as non-production workers. The
lattercontribute to the continuows processof organizational change andimprovements
within a firm that affects the future productivity of the firm. In this process they build
onandfurther expandthe knowledge stock that is already acaimulated within the firm.
Non-productiorworkersboth use and producenew knowledge. Inthis stup,anincrease
in the supdy of skill ed workers givesriseto two effeds. Thereisadired conventional
effed that deaeases wages of skill ed workersin order to induce firms to absorb the
increasedsupdy and expand nonproduction jobs. However, if firms employ more
skilled non-production workers, the demand for knowledge inpus in non-production
rises.To generate these inpus, skill ed workers themselves dioud be eanployed, so
demandor skill ed labou increases. This oond effed courterads the conventional
effect. This is an induced investment effed: the expansion d norproduction jobs
triggers investment in organisational knowledge caital. If sufficiently large, the
investmenteffed may offset the conventional effed. Investment incentives are
significant if the cost of capital does rintrease too quickly in resporse to increasd
investmenandif thereturnstoinvestment can besufficiently appropriated. Wefindthat
underthese drcumstances, the firm iswilli ng to attrad skill ed labour at a higher wage
if educdional attainment raises, that is, the demand curve for skill ed labour slopes
upward.

Thedegreeof appropriability asthe key determinant of the skill premium patternis
endogenouim the full version d our model. In particular, we distinguish between two
types of knowledge investment: first, firms can acawmulate knowledge internally
(inhouse R& D), and, seaond, they can buytechndogy in the patent market. Internal
knowledgeacamulationallowsfirmstointernali zepart of theintertemporal knowledge
spilloversfrom reseach, bu thisisimposdgble when taking out patents. We show that
at low levels of the suppy of skilled labour, patents are the dominant source of
techndogy aaqquisition, appropriability is weg, and skill premiums are mainly
determinedby the conventional mecdhanism. However, with a high suppgy of skill ed
labour, most reseach effort is endogenouwsly all ocated to firm-spedfic knowledge
accumulation,appropriability has improved, and the induced investment effed
dominateghe mnventional effed. Hence, if skill ed labou beawmes gradually more
abundantthe share of patentsin total R&D output dedines geadily, while the skill
premium first decreases and then increases.



Table 1 Non-production wage-bill and employment share, relative wage and
R&D intensity and productivity in the US 1973-1989.

1973 1977 1981 1989

Non-production wage-bill share 337 351 397 414
Non-production employment share 246 261 .285  .303
Non-production/production wage differential 155 153 153 1.62
Supply of high educatidh 10.8 16.6 215
R&D intensity manufacturing .063 .062 077 0.1
Patents per million $ R&D 1.7 1.5 1.1 1

# Source: Machin and Van Reenen (1998).

® Source: OECD Employment Outlook (1993).

¢ Share of college educated, for 1970, 1980 and 1990.
4 Source: Kortum (1993).

Our model repli cates the main styli zed fads that guide the wage-inequality debate.
First, the majority of US industries have, despite the increases in the relative st of
skilled workers, increeased theratio o skill ed to unill ed labour (Bound aad Johnen,
1992 Berman, Boundand Grili ches, 1994 Katz andMurphy, 1992. Table 1 showsthat
thewage-bill shareof nonproductionworkersincreased from the eally 197Gtothelate
1980s.The non-productionemployment shareincreased in bah the 197G asthe 198G
whereaghe non-production/ production wage ratio fell in the 1970 and increa®d in
the1980s. Asasemndstylized fad, it isworth stressng that within industry increases
in the ratio of skilled to urskill ed workers overwhelm the between industry shifts
(Boundand Johrson, 1992 Berman, Boundand Grili ches, 1994,Katz and Murphy,
1992).Althoughinterseaoral redlocaions can be included in o model, we do nd
wantto focusonthisasped. Third, ou model replicaesthefindingthat skill upgrading
is positively correlated witR& D intensity changes (Madin and Van Reenen, 1988.



Finally, our model is consistent with the longterm fal in the number of patents
generated per R&D doll4r.

This paper relatesto the literature that anaysesthe interadion between techndogy,
wageinequality and the exdovment of sKkill s. There ae two strands. The first takes a
biasedtechndogy shock as given and explains the dfed onwage inequality. Caselli
(1999) for example shows how a techndogy revolution affeds inequality if the
workforceis heterogenowsin training cost. Greenwoodand Y orukodu (1997 analyse
howan accéerationin investment-spedfic techndogy aff eds productivity growth and
wage inequality if skilled workers have a ©omparative alvantage in techndogy
implementationThese analyses|eare unexplained where the techndogy shock comes
from.

Thesemndstrand d analysis, including Acemoglu (1998, Kiley (1999, Gaor and
Tsiddon (1997, Galor and Moav (1998, and Lloyd-Ellis (1999, explains - as this
paper does where the bias comes from.

Acemoglu’s (1998 model and ous have in common that an increase in the
endowmentof skills induces investment in tecindogy which raises inequality.’®
However, ou approach completely differs with resped to the type of investment
considere@ndthe asciated investment incentives. First, Acemoglu treas <ill ed and
unskilledworkersas ymmetric fadorsof production. Investment consists of purchases
of reseachlab equipment. We expli citl y adknowl edgethe diff erent nature of production
versusnonproductionwork, where non-productionwork has an investment characder.
Secondtheinvestment incentive in Acemog u’ s model depends onthe market sizefor
innovationstargeted at either skilled or unskill ed labouw. If these markets are not
segmentededndogicd change would na be biased. Our model avoids this extreme
degreeof market segmentation. Our crucial investment incentive isnot market size but
the degree to which the value of innowations can be gpropriated by firms. Third,
induced nvestment endogenowsly aff edsthe nature and productivity of reseachin our
model,which allows us © look beyond the labour market effects on which Acemogl|
focusesOur model providesanew testable prediction, ban bythedata, that the number
of patents per R& D ddll ar deaease by increasesin the supgy of skill ed labour. Fourth,
Acemogluintrodwces a sedor bias where we introduce abias within sedors which
correspondsnore dosely to the stylized fads mentioned above. Finaly, in contrast to

“Thoughnot apparent from Table 1, in the late 1980 the number of patents per R&D dall ar
increasechgain. We do nat focus on this asped here & it is dill unclear how important the
numerous ingtitutional changes with resped to the patent system are in explaining this (see
Kortum and Lerner, 1998 and Jaffe, 1999).

°A similar induced-innovation medhanism is foundin Kiley’'s (1999) deterministic version o
Acemoglu’s analysis.



Acemoglu’sresults, wefindthat with deareasingreturnsin theknowledge acamul ation
process changes in wage inequality are temporary only.

Galor and Tsiddon (1997) explain the ¢yclicd pattern of wage inequality by the
evolutionof the return to ability. Workers differ with resped to ability and the returns
to ability change because of two types of techndogicd change. First, infrequently
occuring major techndogicad breakthrougls raise the return to ability and increase
wageinequality. Income distribution shiftsonly gradually becaise mobilit y of workers
iS na instantaneous. Second, subsequent incremental innovations gradually make
technologicabdvancesmore acceshblefor low abilit y workers, whichtendsto deaease
wage inequality.

GalorandMoav (1998 usethe asumption d heterogenous ability levelsto explain
theobserved patternsinwithin-groupinequality. Skill ed workershaveonaverage higher
ability, which allows them to adjust more quickly to new techndogies than urskill ed
workers.An acceeration in tecdhndogicd progress benefits ill ed workers and in
particularhigh-abilit y skill ed workers sthat inequality bath between andwithin groups
rises.We could incorparatethis key insight in our model by all owing ability to differ
within groups and by allowing the retuimabilit y to rise with techndogicd progress
for bath production and norproduction workers. Our model would then replicate the
observedncreaseinwithin-groupinequality in bahthe 197Gsand 198G. However, we
chooseto abstrad from this and focus on the medanism driving between-group
inequality.

Lloyd-Ellis (1999 expli citly separates out the devel opment of new technd ogiesand
theabsorption o thesein production. For bath adiviti es kill sareimportant. Depending
onthe avail abledistribution d skill s, techndogiescan beintroduced faster thanthey are
absorbed such that wage inequality is driven up.

The emphasis in this paper on the investment charader of skill ed work relates the
paperto the literature showing that skill ed labour has a comparative alvantage in
implementing technology and R&D (Bartel and Lichtenberg, 1987).

Finally, this paper uses building docks from the literature on endogenous growth
like, for example, the intentional acaimulation of knowledge by profit-maximising
firms. We combine the benchmark R& D growth models, where patents are assumed to
takecare of rent appropriation (e.g. Grosaman and Helpman, 1991 and Romer, 1990)
with an approach based onfirm-speafic knowledge. Thus, we assumethat firmsrely on
bothin-house R& D andfirm-spedfic knowledge sswell as patents developed usingthe
pool of pulic knowledge (d. Peretto, 1998 ad 1999 Smulders and Vande Kluncert,
1995and ThompsonandWaldo, 1994. We usethefad that spill oversare not complete
and instantaneous; this fad is well documented (see Jaffe, Trajtenberg, Henderson,
1993).We extendthetheory of growth based onfirm-spedfic knowledgeby broadening
the concept of technological change to organisation change (management etc).



The plan o the paper is as follows. Sedion 2 introduces the model. Sedion 3
separatesut therolefor firm-spedfic R& D andspell sout therelation ketween thistype
of investment andthe skill premium. Sedion 4exploresthefull model by allowing bdh
for growth based on tents along gowth based onfirm-spedfic knowledge. Therewe
endogenise the degree of appropriability. Section 5 concludes.

2. A general-equilibrium model of non-production jobs
2.1 Overview of the model

There is a ontinuum of firms, ead supdying a unique product variant under
monopolisticcompetition. For notational conveniencewe normali zethe massof firms
to unity. Firms hire two types of labour, labelled skill ed (H) and urskilled (L). The
supply of both types of labour is exogenously given.

As explained in the introduction, we interpret skill ed workers as non-production
workersto be mntrasted to production workers which are suppased to be less ill ed
(notethat the enpiricd lit eraturethat documentsthe changeintheskill premium applies
the productiorVnonproductionclassficaion). Indeed, educaionandtrainingresultsin
two typesof skill s. The more dementary skill sconsist of basicinsights and cgpabiliti es
to undertakegivenadivitiesata cetain acaracy. Beyond this typeof skill s, there ae
moresophisticated skill sto analyse existingadivitiesandto generate new knowledge.
Thosewho oldained thefirst type of educaionare cdl ed urskill ed workers. Thasewho
also oltained the second type ae cdled skill ed workers. We may think o skill ed
workers as marketing managers, organisatiquerts, financial planners, research lab
workers etc.

Firms maximize profits and consumers maximize utility. Consumers have Dixit-
Stiglitz preferences over a variety of goods. We mnsider a dosed econamy without
uncertainty and perfect foresight in which all markets clear.

2.2 Preferences and households' behaviour

Theconsumer side of themodel foll owsthe by naw standard approach of growththeory.
The representative consumer cares about an index (C) of differentiated consumption
goods k) a la Dixit and Stiglitz (1977):

el
€

1 €

1 .
fxi di
0

C= , (2)
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wheree isthe mnstant elasticity of substitution. Consumers maximize intertemporal
welfarethat feauresa mnstant discourt rate () and constant el asticity of intertemporal

_ooclh
U= f P A E— (2
t (1-p)

substitution (1g):

Maximizationof (1)-(2) subjed to the gpropriate budget constraints implies that the
priceelasticity of demandfor any goodx, equals e, andthat the dhange of consumption
over time is governed by the Keynes-Ramsey rule:

r‘ﬁc:ﬁ“LPC: (3)

wherer is the nomina interest rate, p, is the price index for the differentiated
consumption good and hats indicate growth rates.

2.3 Technology

Each firm produces according to the following production function:

X = (n BLy = F(fn, L) - 4

Final output is denated x. L are unskill ed workers® whase df edivenessor productivity
dependon a composite knowledge stock or aggregate (organisational) quality index
n! . Two types of knowledge matter: firm-spedfic knowledge ( f ) developed by
skilled workersinhowse, and knavledge (n) acquiredby buying petents from skill ed
workers active in specialized research firms.

Skilled workers hired inhouwse by the firm (H;;) gradually improve the organisation,
productiontechndogy a (perceved) product quality (throughmarketing). The one-

® Note that we dlow for deaeasing returns to urskilled labour 0<8<1. The underlying
assumption is that the firm also employs a fixed factor whose size is normalized to one.
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dimensional variablécaptures all these different aspedise styli zed representation
of the accumulation process for ideas is as follows:

fy = & n)Hy = G(f,f ., Hy),  ayy e [0,1),he (01]. 5)

wherea dat denotes a time derivative. The (non-production) work of skill ed workers
improves the production environment for the unskilled workers.” The term in
parenthesesapturesthe diff erent types of knowledgeinpus <ill ed workers use. First,
theyanalyse, exploit and expandthe stock of acaumulated firm-spedfic experience and
organisationaknowledge capital ( f;).° Second,skill ed workersbenefit from knowledge
developedor other firms, ascaptured bythe averagelevelsof firm-spedfic knowledge
(f) and patented knowledge( n) held by other firms. Thisscondtype of knowledge
inputsis beyond control of the individual firm and gves rise to the intertemporal
knowledge-spilloveexternality that is familiar from R& D-based endogenous growth
modelsFirmsdo nd internali setheintertemporal spill oversto ather firmsbecausethey
cannot appropriate the aociated returns. However, firms do internalize the
intertemporalspill over effed from own knowledge generation to their own non
produdion adivities: they take into acourt that acaumulation o spedfic knowledge
not only affeds production bu also provides inpus for future reseach. Since the
productivity of own knowledge for future reseach is governed by elasticity «, this
parameter quantifies the role of intertemporal appropriability effects.

Patentsreproducedinan R& D sedor where spedali zed "reseach firms" may enter
freely. Skill ed workers hired byreseach firms (H,) produce yn*f o patents per unit of
time. The productivity of research firms is increasing in bah types of knowledge
distinguished. The production function a research firm thus faces is:

i), 6)

" Thereare deaeasing returns with resped to skill ed labour inputs. This captures the " stepping
on toes effed”, indicaing congestion and dupgication in reseach (see Jones, 1995, for an
extensive discussion).

8 For an extensive discusson onthe firm-spedfic nature of knowledge, see Smulders and Van
deKlundert (1995 and Peretto (1999. For an explicit treatnment of the tadtnessof knowledge
see Dosi (1988).
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Theknowledgeoutput is ldinapatent market. Appropriability inthisreseachadivity
is gnaller than for firm-spedfic reseach. In particular, we aume that a new patent
improvesproduction d firms, for which the inventor is fully rewarded, bu it aso
improvesproductivity of research for whichtheinventor isnot rewarded. Tradeinideas
amongfirmsrequires a patent register in which technicd detail sand general principles
aredocumented and bywhich they beamme fredy available to other resarchers. Asin
almog all R& D-based growth models (Romer, 1990,Grosaman and Helpman, 1991,
Aghion and Howitt, 1998), in our patent sector, researchers butlikdotal stock of
public knowledge, but cannot internalize the contribution they make to this stock.

Theimportanceof our distinction between firm-spedfic and patentable knowledge,
which have different weightsin thefirm’ sadivities, is sippated byevidencein Cohen
etal (2000 andin Kedy and Quah’s (1998 review of the anpiricd literatureonR&D,
technologyand gowth. The latter show that: (1) inpus in the knowledge production
function are strondy related to knowledge output and (2) output of knowledge
productionisinacairately proxied by patents, as "Most knowledge aceamuation dces
not occur from private firms R&D producing patentable knowledge."® A final
observations that spillovers do @cur but do nothappen atomaticdly or completely.
Hence we do not assume perfect nor automatic knowledge spillovers, as is clea from

the distinction ketween fand f. in ou spedficaion and the fad that other firms
knowledge enters (5) but not (4).

Cohenet a (2000 paint out that seaecy and complementariti es between the firm’'s
existing adivities and rew adivities are more important to secure the returns to
innovationthan patents. In the last decale, seaecy has become even more important
relative to patents. Nevertheless patents are indispensable & a complementary
appropriabilitymecdhanism and as ameans to exchange knowledge. Weinterpret these
survey results as follows. Firm-spedfic R&D credes knowledge with strong
complementaritieso the firm’'s own adivities, bah production and norproduction
activities.It can be eaily kept secretand exlusively exploited bythe firm itself since
it is intimately linked to it®wn idiosyncrasies. When taking outor aajuiring patents,
knowledgeof awider applicability is involved. Patents ensure that the inventor gets a
rewardfrom any firm that appli esthisknowledgein prodwctionadiviti es. However, the
patentystem cannd prevent, andinfad stimulates, thedisclosure of informationabout
generalprinciples and ideas behind the invention that can be used in nonproduction
activities.

We extend the regularities related to spill overs and knovledge acamulation --
familiar to the R&D-based endogenous growth literature -- to all nonproduction
activities. To seethe aaogy ketween R&D and aher non-production work, we may

°See Keely and Quah (1998), page 3, second italics added.
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think of anew way of organisingafirm. The implementation and development of new
organisationakchemes often takes yeas and bulds on past experience. From the
organisationascheme that a spedfic firm works out some more general principlescan
beuseful for other firmstoo. If thisinformationiswritten dowvn or disseminatesin some
way, other firms might benefit too (/). However, a next firm reorganising might use
thisinformation bu still needsto gothroughthe processof convincing, motivatingand
adaptingto spedfic "own" circumstances™ (that is increasing the firms gedfic
knowledgestock, f,). Thoughwe aguethe model to be gplicableto the broad caegory
of al nonproductionworkers, theremainder of the analysisisexpressed in R& D terms
only.

3. The role of firm-specific R&D

To focus on the main mechanism driving the model results for the skill premium, we
postponehe discusson d patentable knowledge to the next sedion.In this dionwe
takethe number of patents held by ead firm as a given constant. All skill ed labour is
allocatedo firm-spedfic R&D in equili brium. Formally, this represents aspedal case
of the model withy=0.

3.1 Firm behaviour

Demandfor unskill ed and skill ed workers is determined by the firms' production and
non-produwtion cedsions, giventhat firmsarerestricted byadownward-sloping cemand
curve for final output.

Skilledworkers output isnot soldinthemarket direcly* By hiringskill ed workers,
thefirm can invest in firm-spedfic knowledge. The wage the firm iswilli ngto pay for
skilled labour depends thus on the rate of return to investment in firm-spedfic
knowledge.The firm invests up to the paoint that the marginal return to investment in
firm-specific knowledge equatke cost of capital. This no-arbitragecondtion can be
written as*?

19 Jovanovic (1997 argues that adjustment and implementation costs of ideas dominate the non
rivalness of knowledge.

1 Clea examplesareoutput of the marketing manager, the human resourcemanager, the product
designers, and the organisational experts.

“The following three @uations can be straightforwardly derived from the firms dynamic
optimizationproblem. Firmsmaximizeprofits, discourted byinterest rater, subjed to (4),(5) and
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—l%+ a;f“+'
”(1 s) y 1! 7)

=r,

q

wheree isthe dagticity of demand from equation (1) and qisthe shadow value of firm-
specfic knowledge, or in ather words the firms internal acourting price for non
productionworkers' output. The left-hand side of the eguation represents the marginal
returnfrom non-production workers' adivities. The first term represents the value of
theircontributionto improvingefficiency of production,the secmndterm representsthe
valueof their contributionto providing knavledge inpusfor the processof investment
in firm-spedfic knowledge, andthefinal term capturesa caital gain (capturingthefad
thatif the price to knonvledge acemulation increases over time, investing today in
knowledge becomes more attractive).

Thefirm hires skill ed labourup to hepoint where the marginal cost of hiring (the
wagefor skill ed labour, w,,) equalsits marginal product which is the marginal amourt
of knowledge it generate¥/oH, valued at the price of knowledge

of

S

Similany, the firm hires unskill ed labour up to the point where the marginal cost of
hiring (the wage for unskill ed labour, w;) equalsits marginal revenue product. Taking
into account that the firm’'s demand curve for final goods slopes downward, we find:

w, =p| 1 1) ox 9
L e) oL ) (
3.2 Short-run partial equilibrium

We now redwcethe condtions governing firm behaviour to ore equation. We asaume
that firms are symmetric. Because the mass of firms is one, in equilibrium the
representativéirm absorbsall | abour (L,=L andH,=H,=H). The symmetry assumption

thedownward sloping demand curve for its output. Suppressng the firm indexi, we may write
theHamiltonianas p(F(f;n, L)) F(f;n,L)-w, L-w,H +q G(f,f,ﬁ,Hf) ,whereF() istheproduction
function in (4) and3() is the accumulation function in (5).
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also implies thatand f grow at a common rate, denoteddywhich can be written
(from (5)) as:

“(1-a-y) 17k
g =& Ve, . 10)

Asaiming that both H and L grow at a common rate | and evaluating the partial
derivatives, we find:
L

_L
W 1-2
HHf

2B (g + by m) ¢ BN = P 1)

wherehats denate growth rates. This equation equatesthered cost of capital tothered
returnto investment. We can useiit to studythe partial-equili brium short-run eff eds of
anincressein the suppy of high-skill ed labour H by keeguingthe knowledge level f and
thered cost of capital r - constant. Whenever thereturn to investment increases, there
will be a1 induced demand for skill ed labour and hence an upward presaure on their
relative wage.

Thefirst term on he lhs represents the direct eff eds of investment for production.
If more skill ed labour is employed the first term becomes snaller.”® The reasonis that
thecostsof productivity improvements, relativeto productioncosts, risewithH because
of diminishing returns (A<1). Throughthis channel, a higher supgy of skill ed labour
reduces their relative wage. This is toaventional effect of an increase in skills.

The other terms on the |hs reflea the dfeds of knowledge growth onthe future
relative costs of (or return to) organizaional change. Let us first consider the term
(B-v)g. Ontheonehand,thelarger theimpad of organizaional change, as captured by
g, on poductivity of unskill ed labour, as cgptured by B, the more atradive it is to
invest.Large increasesin productivity i nducefirmsto invest now rather than later. To
be able to undertake these investments, firmsincrea® their demand for skill ed labour.
On the other hand, if knowledge spill overs from other firms are large, knowvledge
growthresultsin large reductions over timein the st of organisational change, which
reduceghe incentive to invest now and makes firms willi ng to pastpone investment,

'3 1f more unskilled labour is employed (L increases), the return to investment is higher, and
hencethe skill premium. This isdue to the fact that more production workers benefit fram th
sameincrease in productivity due to the nonrivalness of knowledge. This is analogous to
Acemoglu’s (1998)medchanism. The mechanism driving our inducel-investment effed relaes

to the second term on the lhs of equation (11).
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thusreducingthe demandfor skill ed labour. If the scopefor productivity improvements
(B) islarge and spill overs(y) are small, firms are willi ng to invest more in resporse to
a higher growth rate. Ceteris paribus, this increases demand for skilled labour.
Employing more skill ed labour increeses the rate of productivity growth. Hence, if
spilloversare small, this may increase the demand for skill s. Thus the demand for
skilled labour tends to increase because of this channel.

The thirdterm onthe Ihs, the rate of increase in the skill premium, refleds the fad
thatif skill ed labour becomes more expensive to hire over time, investment becomes
moreexpensive over time, andit is attradive to undertake investment now rather than
in future. This also increases the demand for skills, ceteris paribus.

3.3 General equilibrium

We now closethe model by takinginto acamurt goods-market equili brium and cepital -
marketequili brium. The former implies C=x, and p_=p. The caital market is in
equilibriumif therate of return satisfiesthe Keynes-Ramsey rule (3), which can now be
written asr-p = 0+px. Combining(3), (10) and (11), and using (4 to solve for £, we
find:

1

wy/wp

A
Bg + 0, = wy/w, , 12)

—(1-vB) - L2
p-(1-vy/B) 5

L
Hy

where =0+[A+0(p-1)]l. Thisequationintwo unknavns, viz. the skill premiumw,,/w,
andthe growth rate g, subsumes equili brium in the markets for output, urskill ed labour
andcapital andwill be shortly referred to asthe no-arbitrage condtion. By confronting
it to the condtion for equili brium in the skilled labou market, eq. (10), we can
determine the dynamics in general equilibrium.

Our main resultsthat an increase in the supgy of skill ed labour may increa® the
skill premium. We show thisoutcomefor the asaumptionthat there ae mnstant returns
with resped to knowledge acumulationinthenon-productionadivities, that isa+y=1.
As a result, the rate of growth in the economy depends aupiy of skill ed labour
only; see(10). Toavoid acceerating gowth rates, we assumethat thereisno popuiation
growth (=0). Note that both restrictions are usual in endogenous growth literature.

The model is now fully represented by equation (10) and (12). Figure 1 depicts
equation(10) astheverticd linelabelled GG. The SScurveinthefigureisthelocusfor
whichthe skill premium, w,, /w, isconstant, ascan be derived from equation (12). This
curveslopes upward as no-arbitrage requiresthat a highrate of growth -- which makes
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it attradivetoinvest in knovledge by hiringskill ed workers-- ismet by highcosts. Full
employmenbf skill ed labour requiresthat the eonamy isawaysonthe GGline. The
skill premium jumps immediately to its longrun value, given by the point of
intersection between the GG line and the SS curve.

A G s A o G| s
Wy /Wy T Wy /Wy &
s /
s S
G G G
g g

Figure 1. Firm-specific knowledge and the skill premium

An increase in the supdy of skill ed labour may raise wage inequality in general
equilibrium,since, if Hincreases, the SSlocus diftsdown andthe GG-lineshiftsto the
right. To find the ndtions for a rising skill premium, we derive the dosed-form
solutionfor the skill premium. Substituting (10) into (12), andtakinginto account that
a+y=1 and that the skill premium is constant, we find:

(A/8)L .
©/BeH, * + [p-(1-v/B)1H,

wylw, = 13)

Differentiation with resped to H, reveds that the condtion for a rise in the skill
premium is given by:

wzp o (-HT - AN 14)

This last condtion nealy reveds four determinants that may cawse the demand curve
for skills to slope upward.
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First, appropriabilityof the (intertemporal) returns © non-poduction adivities (as
measuredby «) shoud be high. The mirror image of thisisthat spill oversto ather firms
(asmeasured by y) shoud be low. This underlines our key assumption that skill ed
workerscreae the knowledge that is subsequently used as an essential inpu in non
productiomadiviti es. If new knowledgeonly affedsthefirm' sproductionadivitiesand
all knowvledge inpus in nonproduwction adivities come from outside (i.e. «=0),
condition(14) is never satisfied and the demand curve for skill s dopes conventionally
downward.Note that most of the endogenous growth literature consider this case by
assuminghat all intertemporal spill overs from reseach are external effeds for the
individual firm.

Secondthe mst of capital shoud na risetoofast with increased investment, that is,
p shoud besmall (notefrom the Keynes-Ramsey rule (3) that p governsthe sensiti vity
of interest rates with resped to growth and investment). This emphasises that non
productionlabour is engaged in the investment process rather than the production
processilf firms hire more skill ed labour, investment and gowth risesin the eonamy,
forcing howsehad dsto save more. Thisinducesthem to require ahigher rate of return on
theirsavings, espedally whenthey prefer asmoaoth consumption pettern (p large). When
firms face ahigher cost of capital, investments in firm-spedfic knowledge by hiring
moreskill ed labour, becomeslessattradive. Theriseinthe st of cepital thusmitigates
the demand for skilled labour and partially offsets the rise in the skill premium.

Third, diminishingreturnswith resped to knowledgein production (asmeasured by
1-PB) reducetheskill premium. Diminishingreturnsreducethe value of additionsto the
knowledge stock, which are generated by hiring more skilled Idbour.

Fourth,diminishingreturnswith resped to skill edlabour in nan-prodictionadiviti es
(as measured by 1-1) reduce the skill premium. Diminishing returns reduce the
marginal value of skilled labour for the firm and thus depress their wage.

Tosummarize, arise of the skill premium asaresporseto ahigher suppy of skill ed
labourrequires that the intertempora returns from an expansion of non-production
activitiesacaue mainly to the firm rather than to sharehadders (in the form of higher

“Thiseffed vanishesif there aenospill overs(i.e. if y=0).Inthiscase, al knowledgeiscreaed
insidethefirmwith constant returnswith resped to knowledge (see (5) and ndethat a= 1 vy=1).
Onthefirm level a constant rate of growth of knowledge can be attalned equal to &H which
translatesna mnstant rate of total fador productivity growth equal to BF,Hf Hence dmlnlshmg
returnsarenolonger important. Incontrast, if thefirmrelieson ousideknowledge (y>0), it takes
into acount that an increase in firm-spedfic investment reduces its rate of knowledge growth
for agiven rate of growth in the outside knowledge stock, f*. This hurtsthe firm more, the more
importantthe diminishing returns in the use of knowledge in production are (as measured by

1-p).
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ratesof return) or other firms (because of spill overs). Moreover, thereturns sroudd na
fall too guckly because of diminishing returns in production a nonproduction
activities.Only under these drcumstances, the firm passes throughthe intertemporal
returns to non-production workers in the form of higher wages for skilled labour.

While condtion (13) wasderived for the cae of endogenousgrowth (1-«-y=1=0),
it turns out that under the same @ndtion the skill premium rises in the short run if
1-a-vy, | >0 (seeappendix). In this case of "semi-endogenous growth” (Jones 1995,
in the short-run gowth changes as in an endogenous growth model, bu the long-run
growth rate is exogenous because the productivity of investment falls as more
knowledge per worker is acaimulated. The longrun effed on the skill premium
varishes together with the long-run growth effed. This again reveds that the upvard
pressurenthe skill premium iscrucialy linked to increased investment oppartuniti es,
which make hiring skill ed workers that produce investment goods (knowledge) more
attractive.

4, Endogenous appropriability and patents

Themodel discussed inthe previous edioncan explaintheupsurgeininequality inthe
1980sprovided that the intertemporal returns can be gpropriated sufficiently. To be
ableto explain both the deaease andtheincreasein inequality in the 1970 and 19805
respectivelythe degreeof appropriability shoud have altered owr time. This sedion
showshat appropriabilit y changesendogenously inthemodel oncewenolonger fix the
patentstock and nolonger limit innowation to inhowse R&D. An increase in skill ed
laboursupdy causes a labou redlocaion from patent development to firm-spedfic
R&D. Since intertemporal knowledge spill overs can be gpropriated in the latter
researclsedor, bu not intheformer one, ecnamy-wide gpropriability improves. This
mechanisnsimultaneously explains the skill premium time pattern and the downward
trend in patent productivity.

4.1 Appropriability and endogenous growth

To analyse the full model that was outlined in sedion 2, we have to complete the
equationglescribing howsehadsand producer behaviour, (1)-(9), with the behavioural
eqguations for the research firms.

Free entry of reseach firms implies that the price of a patent, p,, equas the
production cost:
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Wy

L

D= 15

Thedemandfor patentsfoll ows from the no-arbitrage cndti onanalogous to equation
(N

on . 16)

Comparingequation (16) with (7) revedsthe aucia diff erence between the two types
of reseach: the private return to firm-spedfic reseach includes a term valuing the
contributionof current reseach to future reseach productivity (¢df/df), while the
private return to developing patents does not include such an intertemporal return.

Equilibrium on the market for skilled labour now reads:

H +H, =H. (17)

he remainder of this sdion dscuses gymmetric stealy-state equilibria with
endogenousgrowth. The endogenous-growth requirement implies the following
parameterrestrictions. y=1-o-v and ¢=1-p. To simplify expressons we set
A =3 = 1. We introduwe avariable for the ratio of the stock of firm-spedfic
knowledgeto the number of patents A=f/n. Thisratioisanindicaion d the degreeof
appropriabilityin the eonomy’ s research-ceapital stock. In the steady state, theratiois
constant and we denote the common balanced growth ragsdh by g. Using (17),
we can rewrite (5) and (6) as f=£4 “H, and 7i=y4 (H-H), and eguate the expressons
to find the following expression for the balanced growth rate:

g = —MAH 18
L+(e) 4™ ) (

1> Cf. Footnate 12. The Hamiltonian for the producer’s maximizaion goblem now reads
p(F(ﬁn,L))-F(ﬁn,L)—wLL—wHHf+qG(f,f,r7,Hf) +(gq,-p,)I,, Wherethefina term captures patents:
g, is the wstate variable associated to the patent stock and 7, = 7 isthe firm's purchase of
patents. Equation (16) follows from the optimality conditions with respégiadn.
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Equation (18) is depicted in the upper pasidtigure 2as the balanced growth (BG)-
curve.The BG-curveis hump-shaped, readingitsmaximumat 4°*¢ = ¢/v.Atalow
degreeof appropriability (A), the ecmnony has arelative abundace d patents which
impliesalow productivity of the patent sector. Balanced growth, however, requiresbaoth
the stock of patents and the stock of firm-spedfic capital to grow at equal rates. This
impliesthat skill edlabour must belargely employedinthelow-productive patent sedor.
Hencegrowth islow. Increasesin A make the patent sedor more productive and hence
lessresource mnsuming for balanced growth. This allows for a higher growth rate.
IncreasingA further reduces the reseach productivity within firms, making the
accumulatiorof firm-spedfic capital thebottlenedk (andloweringthefeasiblebalanced
growth rate again).

In equilibrium the returno patent development equels the cog of captal. We find
thisno-arbitrage condtion bysubstituting (4), (9), and (15) into (16). Alongabalanced
growth path (whergy, /w,_andA are constant) this boils down to:

L

wylw,

rp = (A-ByA® . 19)

Thereturn to patent development is increasing in the patent elasticity in production
(1-B) andthe prodwction size (L), and is deaeasing in the dfedive st of reseach
(wy/xA ).

A similar no-arbitrage equation hddsfor investment infirm-speaficknowledge. The
marginalreturn to inhowse R& D equal s cost of cgpital, asin (11), which can bewritten
along the balanced endogenous growth path as:

L

wylw,

r-p = BEA V+ag . 20)

The structure is analogous to (19) again bu for the term that indicaes the dynamic
externality that is appropriated (the strength of this mechanism is goveragd by

The cost of capital follows from the Ramsey rule, (3), &ag from (4):

r-p = O+pg . 21)

Combiningthe caital-market equations, (16)-(21), we find the foll owing relationship
between growth and appropriability:
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I ) % Ml S
(a-p)(1-PyxA™™® + pBg

22)

Theupper-parel of Figure 3 cepctsequdion (22) asthe ARB-curve. Itsupward dope
implies that a higher growth rate is to be met with greaer scarceness of patents to
prevenirbitrageoppatunities. High gowthimplieshighreturnstoin-house R& D (see
equation(20)). To equali sereturns A hasto increase, asis obvious from equation (19).

Combiningthe caital market equations (16)-(21), we can also derive thefollowing
relationship between the skill premium and the degree of appropriability in the
economy'’s research-capital stock:

"1 [(a-p)(1-Byd e + ppe]—L

w, adA” 23)

The skill premium is unambiguowsly negatively related to appropriability A if a<p.
However,we from now on focus on the cae where a>p.'® Then, the skill premium
dependsiecatively onA at low levels of Aand paitively at highlevels of A. Equation
(23) is depicted as the U-shaped SS-curve in the lower panel of Figure 2.

Now we can again analyse the dfeds of anincreasein the supdy of skill ed labour.
The BG-curve shifts upward to BG'. The intersedion d the BG'- and ARB-curve
determineshe new equili brium in which the degreeof appropriability of the research-
capitalstock is higher. In the lower panel, the skill premium deaeases. Shifting the
BG'-curve up by further increasing the supdy of skill leans that the degree of
appropriabilityincreases further, but now the skill premium increass. The movement
alongthe SScurveisthus consistent with the empiricsof the skill premium time pattern
in the 1970s-1980s. There is als@dence ontherise in the appropriability indicator.
Cohenet a (2000 document arise in the importance of seaecy and complementary
firm-specificadivitiesin protedingthereturnstoinnovation,rel ativetotheimportance
of patents.

19t can be eaily chedked that in the caewhere a:<p, the skill premium conventionally deaeases
with the supgy of skill ed labour. Note that dso in the previous sedionwe foundtha a>p isa
necessary condition for the conventional effect not to dominate, see (14).
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Figure 2. General equilibrium with endogenous appropriability

Why does the skill premium fall when skill ed labour is scarce but rise in a skill ed-
labour-abundaneconomy? More skilled labow implies higher growth and larger
berefitstointernali zingintertemporal spill oversfrom R& D. Thefaster growth,themore
skilled labour is employed in firm-spedfic reseach departments, since firms can
appropriateheintertemporal benefitsof high gowthrates. Higher growthratesincrease
the demandfor skill ed labour, thus counteradingthe mnventional downward presaure
onskill premiums. Indeed, equations (19) and (20) point out that higher growth benefits
firm-specificR&D, see guation (20). Arbitrage shiftsthe emnamy towardsrelatively
morefirm-spedfic knowledge: equality of thereturnsin (19) and (20) requiresarisein
A. This dhift reducesthe returns from incressingthefirm' slabour productivity (seethe
first term onrhs of (20)), and the return to firm-spedfic R&D reliesrelatively more on
the appropriated intertemporal spill overs (seethe secondterm ontherhs of (20)). On
the econamy-wide level, appropriability of dynamic gains becomes more important
when growth incresses. Hence while for low suppy of skilled labouwr and
correspondinglyow growthratesthe conventional eff ed dominates, for highsuppy and
high growth, the appropriability effect dominates, which increases skill premiums.
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4.2 The patent-productivity puzzle

Empirical researcbdoaiments a fall in productivity of R&D in terms of patent output
perred ddlar of R&D. The fall is foundfor both the 197G and the 198G, that is, a
monotonidall that contrast with the U-shaped pattern for the skill premium inthe same
period?’

Our extended modelot only generates the olserved pattern for the skill premium,
butalso predictsthat it is accompnied byafall in patert productivity. A gradual rise
in the suppy of high-skill ed labour shifts research adivity towards more firm-spedfic
researchTypicdly, firm-spedficresearch generateslessvisiblereseach ouput: seaecy
andtadtnessof the knowledge generated in thisway make that the propensity to patent
is typicdly lower and innovation is underestimated in the innowetion statistics. As a
result,reseach output statistics tend to report afal in ouput when research shifts to
firm-specificreseach, becaise thesestatisticsconcentrate on @tents. On the research
input side, however, it is difficult to separate out the inputs in firm-spedfic reseach
from those @med at developing patents. Hence, typicaly, measured patent output fall s,
but measured inpu is not correded for the reduction in inpus direded at patent
development.

In the model, the following ratio comes closest to the statistic that is used in the
empirical literature on research productivity:

n

Hw,/p, 24)

thatis, the number of new patents divided by the total realcost of R& D, ignaring the
distinction between inputs into firm-specific reseaaot those into ather resarch. If
inputswere measured corredly, the productivity statistic would be rip,/H,w,,, which
would be mnstant and equal to urity (inthe steady state) dueto ou assumption o zero
profitsin theresearch sedor, see(6) and (15). However, theratio above hastotal inpus
Hinstead of H, in the denominator, and because of zero profitstheratio bdls down to
H./H which is diredly related to the gpropriability measure A in the steady state
(combine (18) andi/n=g=y4?® from (6)):

"Theupsurgein patenting (even per R& D ddllar) inthelate éghtiesis, acordingto Kortum and
Lerner (1998, associated with an increase in reseach productivity. The increase could be
mimicked in the model by increasing the exogenous research produdivity in the patent sedor.
Thispantisignared further asit empiricdly still unclea how important theinstitutional changes
from 1984 onward have been in affecting the patent practice (see Jaffe, 1999).
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i _| np, |H, H, 1 25)
Hw,l/p, Hwy| H H  1+(yg)A4""®

HencewhenH increases, Aincressesmonaonicaly, andmeasured patent productivity
falls monaonicdly. Thusfrom the 197G to the lake 1980 we register afal in paent
productivity.

5. Conclusion

Wageinequality increased in the 198Gs in the magjority of OECD courtries. In the
evaluationof the patential explanations for this phenomenon, trade, institutions,
technologyandrelativefador suppies (education), thetechndogy explanationwas | eft
by default.

We showed that an increased endowvment of skill ed labour might induce anincreasse
in the relative wage for skill ed labour. The agument that this paper developed starts
with the expli cit recognitionthat skill ed labour or non-productionworkersperform tasks
that are similar to investment adivities, that is, skill ed workers produce knowledge
capitl. Onceiit is recognised that skill ed workers use knowledgewhile producing
knowledge, increased avail ahilit y of skill ed workersincreeasestheir wages, provided that
(1) the degree of appropriabilitf investment in organsationd capital is sufficiently
large, (2) the investment cost dorisetoofast and (3) diminishing returns related to
knowledge accumulation do not set in too strongly.

In order to focus on the novel conredion between appropriability and wage
inequality, we deli berately left out some important aspeds. First, as explained in the
introduction,we did na consider within-groupinequality. Second,we did na examine
endogenousesporsesof labour suppy to changesinequality. Theliterature drealy has
developediseful insights in theseageds (seeGalor and Moav (1998)andAcemoglu
(1998 sedion 4 respedively). These insights can be eaily applied to ou model.
Anotherimportant extension would be the distinction betweenmajor innovaionsand
incrementatechnicd change. It would al ow to study more explicitly in ou set-upthe
introduction and dffusion d the computer which plays aimportant role in the wage
inequalitydebate. Moreover, sinceappropriabilit y islikely to dff er betweenincremental
changeand major inventions, the extension could diredly interad with the central
mechanism in our approach.
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Appendix: non-scale growth

In this appendix we analyse the more general version d the model presented in sedion

3. We asaume that there ae diminishing, rather than constant, returns with resped to

knowledgein nonproduction adivities, and we take into ac@urt popuation gowth

(a+y<1,1>0). The main dfference with the cae in the previous sedion is that now

longrun growth becomes independent of the size of the skill ed labou force Hence,

there is no scale-effect on the growth rate from an increase in the supply of skills.
Thegrowth rate depadson the supply of skill ed labour and on he stock of firms-

specificknowledge acumulated in the past, see euation(10). Accordingly, thegrowth

rateisapredetermined variablethat changesover time. Diff erentiating (10) with resped

to time yields the equation of motion for the growth rate:

g =M -(l-a-y)g . (A1)

Hence the GG locus for constant growth rate reads

g =M/ (1-ay). (A.2)

The SSlocusisthe same asin the cae of endogenous growth (except for the fad that
U, takes adiff erent value becaise of popuation gowth) andfollowsdiredly from (12).
Figure A depicts the phase diagram that results from equations (12) and (A.1).
Transitional dynamics occur along the upward-sloping saddle path.

To analyse the mnsequences of an increase in the suppy of skill ed labour, we now
needto dstinguish between longrunandshort-runeffeds. For simplicity, we cnsider
a permanent increase khatt=0, but allowH to grow at raté at all other dates.

Thelongrun gowth rate is nat affeded by the supdy shock (GG-locus remains
unchanged)whil e the SScurve shifts down. Hencein the longrun, the skill premium
unambiguouslyledinesinresporseto anincreased suppy of skill edlabour. Intheshort
run,thegrowthrateincreasesbythe expansion d non-productionjobs. The combination
of the shift of the SSlocus and the short-run increase of the growth rate produces a
(short-run)result that isvery simil ar to that in the exdogenous growth case analysed in
the main text. Indeed, the skill premium may increase in the short run. To derive an
exactcondtion for the upward-sloping demand airve to arise, we lineaize eyuaions
(12) and (A.1) arounthe steady state and cdculate the short-run resporse of the skill
premium to a change in the supply of skilled labour. The linearized system reads:
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wH/NwL a+d, -9, wH7wL a+?, (A.3)

0 -M

0Qe-
0Q.
S

where tildes refer to percentage deviatitmos the initial steady state (log-lineaized
variables) and a=pg[p-(1-y/B)]. From (10) we find the initial change (atimet=0) in
the growth rate (which is predetermined):

0) = 1A, (A.4)

whereﬁf is the permanent shock to the skill endowment.

The stable root of this g/stem is Al. Hence, we can cdculate the jump in the skill
premium as:

wH/MwL(O) = - (A.5)

M+a+(1-0)9,| -
—|H..
M+a+9, 4

Theskill premium incressesin the short runif the expressonin parenthesisisnegative.
Taking into account the definition afgiven above, we find the following condition:

Y b,
a>p + (1 —[3)E + (1 —X)E . (A.6)

Notethat thisisexadly the same condtionasfor the exdogenous growth case, see(14),
althoughnow of course @ andy nolonger sum upto urity (and ¥ takesadiff erent value
becausef popuation gowth). Hence, the very same mechanisms as already explained
in the main text apply. Theintuition behindthis smil arity isalso provided in the main
text.
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Figure A. The skill premium with firm-specific and semi-endogenous growth
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Abstract

In the US the skill premium and the nonproductior/production wage diff erential
increasedstrondy from the late 1970 onwards. Skill -biased techndogicd change is
now generally seen asthe dominant explanation, which cdl s for theoriesto explain the
bias. This paper shows that the increased supdy of skill - which is usualy seen as
countervailingherisein skill premiums- canadually causerisingskill premiums. The
analysisstarts from an R& D-driven endogenous growth model. Our key assumptionis
thatskill ed labour is employed in non-pioduction adiviti es that both gererate and ug
knowledge inputdf firms can afficiently gppropriatethe intertemporal returns from
theseadivities, that is, knowledge that is acawmulated is sufficiently tadt, skill
premiumsmay rise with the supgy of skill ed labour. The dgreeof appropiability is
endogenous, which means that firms can choose to acaimulate tadt versus codified
knowledge We show that the degreeof appropriahility rises with the suppy of skill s.
As a result, the skill premium first falls attebn increases when skill ed labour suppy
rises. Simultaneously, patents per dollar spent on R&D fall.



