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Abstract;

The 20" century was a period of exceptional growth, driveainly by the increase in total factor
productivity (TFP). Using a database of 17 OECD countries over 8#0-2013 period, this paper
integrates production factor quality into the measof TFP, namely by factoring the level of
education of the working-age population into theamge of labor and the age of equipment in the
measure of capital stock. We then estimate howditifigsion of technology impacts the growth of this
newly measuredTFP through two emblematic general purpose technodpgiectricity and
information and communication technologies (ICTing growth decomposition methodology from
instrumental variable estimates, this paper fif#g education levels contribute most significandly
growth, while the age of capital makes a limitelthaugh significant, contribution. Quality-adjusted
production factors explain less than half of lapayductivity growth in the largest countries excipt
Japan, where capital deepening posted a very lkewgé&ibution. As a consequence, the “one big
wave” of productivity growth (Gordon, 1999), as et the ICT productivity wave for the countries
which experienced it, remains only partially exptad by quality-adjusted factors, although education
and technology diffusion contribute to explain gelier wave in the US in the 1930s-1940s. Finally,
technology diffusion, as captured through our tvemeayal purpose technologies, leaves unexplained
between 0.6 and 1 percentage point of yearly groeshwell as a large proportion of the twd"20
century technology waves. These results suppott bosignificant lag in the diffusion of general
purpose technologies and raise further questiorswider view on growth factors, including changes
in the production process, management techniquésfinancing practices. Measurement problems
may also contribute to the unexplained share ofvtiro
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1. Introduction

Growth in the 28 century was characterized by three stylized fagtsch the growth literature has
tried to explain in recent decades. First, theqaestarting with the second industrial revolutioasva
period of exceptional growth compared with the drgtof mankind including the first industrial
revolution. World GDP per capita growth averagesPd.per year from 1870 to 2000, as compared
with less than 0.1% during the pre-industrial eral ®.3% during the first industrial revolution
(Maddison, 2001). Second, this take-off was unea@nss countries, leading to a “Great Divergence”
(Galor, 2005) between emerging and advanced eca&sonaind was staggered across advanced
countries (see for example Baumol, 1986, Barro,1188d Bergeauet al, 2015). The subperiod
1913-1950 thus witnessed the largest growth ratetdtal factor productivity in the US, with an
average 2.4% per year, while it amounted to 1.1%uropean countries. The subsequent subperiod
1950-1974 was exceptional, with an average 3.6%wvilwrger year. Finally, GDP per capita has
slowed markedly since the 1970s in advanced castexcept during the 1995-2005 period in the US
and the UK, where productivity accelerated thakthée ICT technology revolution, raising questions
about the durability of the pace of growth in tHg' 2entury (Gordon, 2012, 2013 and 2014). Which
factors drove this strong but heterogeneous prodiycgrowth in the 28 century? When considering
the average number of years of education in thelptipn over 15, the US and the current euro area
countries were at a comparable level in 1920, whil&#940 every American had spent on average 1.5
more years in school, and 2.2 more years in £958at is the role of education in explaining thedJS
advance in terms of productivity in the 1940s argb(s? Regarding technology adoption and
diffusion, the US was the first country to massjveitegrate electricity into its economy at the
beginning of the 20century and was one of the most ICT-capital iritensountries at the end of that
century. How can the use of such fundamental tdogres explain the heterogeneous growth rates of
productivity in developed countries?

Growth accounting exercises presented in Solow{L@&re a first attempt to analyze the respective
roles of production factors (capital and labor)t $rey failed to explain the bulk of ®0century
growth. As reported by Bakkaat al. (2015), Solow finds that more than 85% of US pudibity
growth between 1909 and 1949 can be attributeattd factor productivity TFP), defined as the
residual of the decomposition of production ovepitzd stock and labofTFP improvements are then
attributed to technical change, which remains nwrkess a “black box”. This is partly related te th
difficulty of capturing the role of general purpasehnologies (GPTSs), due to their diffusion lage(s
for instance David, 1990), their pervasiveness dydamic technological effects (Bresnahan and
Trajtenberg, 1995). Indeed, GPTs’ contribution goegond factors included in the growth accounting
approach such as capital deepening in GPT-relatgipment andTFP improvement in GPT-
producing sectors. First, GPTs lead to fundamesttahges in the production process of GPT-using
industries. These changes may be poorly accountad firowth accounting exercises as they require
the accumulation of complementary organizationgliteh (Basu and Fernald, 2007). Second, GPTs
may generate spillovers to seemingly far-away sectblelpman and Trajtenberg, 1998). In fact,
Lipsey et al. (2005) define a GPT asa“single generic (...) that initially has much scdipe
improvement and eventually comes to be widely dsdthve many uses, and to have many spillover
effects.

In spite of these difficulties, several papers hattempted to distinguish growth factors over thagl
run on a large panel of countries (see Crafts daRb@ke, 2013, for a survey). In particular, Madsen
develops a long-term database on OECD countriesexathines the respective roles of capital
deepening andFP (Madsen, 2010a), production factors areP determinants (Madsen, 2010b) and
human capital (Madsen, 2014). He emphasizes thermag of TFP in growth dynamics. In amongst
the vast convergence literature, Barro (2015) emsigha the role of education and democracy in
conditioningB-convergence for a country panel starting in 1&#&geaucet al. (2016) show that the
bulk of 20" centurys-convergence depends @irP and capital deepening. Cervellati al. (2013)
find that, since 1880, income gaps between rich podr countries have related to the health

2 All these figures come from sources that willdeailed below and are used throughout the paper.
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environment, the occurrence of wars and geograbhéraoteness. They derive their analysis from
unified growth theory (Galor, 2005), which providescrofunded and macrodynamic models that
attempt to highlight the causal relationship betwkeman capital, technology and growth,

In this paper we estimate the role of quality-agjdsproduction factors and technology diffusion in
the GDP per capita growth of 17 OECD countries dher period 1890-2013. First, we draw on a
previously built long-run dataset (see Bergeaudl, 2016) on a large number of countries, with data
reconstructed in purchasing power parity and basedonsistent assumptions. With these data, we
decompose GDP growth between the contribution oflyction factors, capital and labor, to obtain
TFP as a residual. Second, we adjust these produietadors for quality, taking into account levels of
education and the age of capital stock. Third, stéraate the contribution of technology diffusion to
TFP growth, focusing on two general purpose technekgnamely electricity and ICT, which are
often considered as characteristic of differentetogy diffusion periods during the 2@entury (see
among others Comiet al, 2006a and 2006b and Lipset/al, 2005). The originality of our approach

is twofold: the empirics are realized on an oritjilasge dataset for countries over a long period an
we try to assess the impact on GDP per capita grofthe two indicators of factor quality (educatio
and age of capital) and the two GPTs (electricity BCT use). This assessment is carried out through
the estimation of elasticities which are, for ea€hhese four aspects (two concerning factor qualit
and two concerning GPTs), assumed to be the sanadl fmuntries of the dataset and over the whole
of the 1890-2013 period. This choice seems senfiblevo reasons. First, to be consistent with the
way our database is constructed, we make commootigpes across time and countries as much as
possible: for example, we use the same permaneentory methodology to build the capital stock
and we use the same capital elasticity to compwelEP indicator (see Bergeauet al, 2015).
Second, this choice has been made in the existergture €.g.Madsen, 2008a and 2008b; Barro and
Lee, 2013); hence, it yields deriving elasticittbat can be compared with the estimates of these
articles.

Numerous papers have attempted to characterizeotbeof technology diffusion in productivity
growth using growth accounting approaches. Amomgrst Jorgenson and Stiroh (2000), Oliner and
Sichel (2000) and Oliner, Sichel and Stiroh (200&Yye focused on the contribution of ICT in the US
at the end of the 3DCentury. Regarding the comparison of industrialohations, Crafts (2002)
studied the contribution of steam engines in theduking 1780-1860, and electricity and ICT in the
US during 1899-1929 and 1974-2000 respectivelyavdaland Pohjola (2008) compared the
contribution of electricity during 1920-1938 andT@uring 1990-2004 in Finland. In the latter paper,
electricity is believed to have accounted for 26 GPtotal growth between 1920 and 1938, while the
effect of ICT capital is considered lower, with @entribution to total growth of 16%. These numbers
are consistent with the findings of Bakletral. (2015) who revisited the idea that electricity was
main factor of growth in the US in the 1920s andnid that electrification explained 28% of
manufacturingTFP growth during this period. An abundant literaturgs hemphasized the role of
innovation and innovation diffusion in interactiaith education and institutions. For countriesha t
technological frontier, growth relies on improvednfan capital through education (see Krueger and
Lindahl, 2001, for a survey) and increasiFfgP through innovation. The innovation process hinges
education levels and suitable institutions (labod @roduct market regulations, quality of the legal
system, political system, etc.) as well as relati@etor endowment and market size (“Directed
technical change”, see Acemoglu, 1998, 20bBor countries not at the frontier, even those
conducting significant R&D activity such as FranGermany and the United Kingdom, adoption of
new technologies from abroad is the main sourdeadfnological progress (Eaton and Kortum, 1999).
Heterogeneity in the adoption and diffusion of nehnologies is large and explains a significant

* Basu and Fernald (2002) show that imperfections fentions in output and factor markets matter lie t

relation between aggregate technology and aggrqgathuctivity. For example, with heterogeneous firm
mark-ups, the same resources may be valued diffgrem different uses. Then “reallocating resources
towards more socially valued uses raises aggrematuctivity, without necessarily reflecting chaage
technology’ Citation from page 964 of Basu and Fernald (20@&quist (2001) raises the question of the
role of innovation policy with respect to technojadjffusion.
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share of the “Great Divergence” (Comin and Mesti@013). Comin and Hobijn (2010) provide
evidence that those countries that caught up tret wioh the US in the postwar period are those that
also saw an acceleration in the adoption of nevanelogies. But adoption of new technologies
requires both “social capability”, relying on a nmum level of education within the population and
appropriate institutions, and “technological coragree” making it cost effective to adopt the leasler’
technology (Abramovitz and David, 1995). These dmus that enable one to benefit as much as
possible from new innovations could play a grownode in the future if the rate of innovation
accelerates, as observed for example by Fernald Janés (2014), who suggest that such an
acceleration could happen within the next decadetduhe rise of emerging countries like China and
India which will generate rapid growth in the numtué researcherSOne of our most significant
contributions to this literature consists in theteynatic comparison our study makes possible of a
fairly large number of developed countries througttbe 28 century, including technological leaders
and laggards. As stressed by van Ark and Smits22@dost of the literature on technology diffusion,
adoption and on estimating the impact of GPTs @iverlong-run has focused on the UK and the US,
because of better data availability and coveragmveyer, little is known about other countries that
were not necessarily at the productivity frontierdathat might have reacted differently to the
development of GPTs.

Beyond our manifold results, the three main contridms to the literature are the following: (i) amgo
factor quality, education levels contribute to gtowhe most, while the age of capital makes a
significant, although limited, contribution; (ii)uglity-adjusted production factors explain lessntha
half of labor productivity growth in the largestuwtries, except for Japan, where capital deepening
accounts for a large share of the growth. As aemumsnce, the “one big wave” of productivity growth
(Gordon, 1999), as well as the ICT productivity wdar the countries which experienced it, remain
unexplained by quality-adjusted factors, althougg ¢arly access of the masses to higher education
partly explains the US's lead before World Wafiily we estimate the contribution of general pwseo
technologies to long-term growth. Technology diifus as captured through our two GPTSs, electricity
production and ICT intensity, also contributes xplaining the US's lead in the 1930s-1940s and ICT
productivity waves but leaves unexplained betweénabd 1 percentage point of yearly growth, as
well as a large share of the twa™ntury technology waves. These results suppaint dsignificant

lag in the diffusion of general purpose technolegead a wider view on growth factors including
changes in the production process, financing teglas, etc., as emphasized by Ferguson and Wascher
(2004). Finally, and this aspect will be developetbw, some measurement errors bearing on all the
variables of interest may also contribute to thexptained share of growth.

In what follows, Section 2 presents the data s@uetel construction methods. Section 3 focuses on

the contribution of factor quality. Section 4 adshes the impact of the spread of technologiesiddect
5 concludes.

2. Data: sources, method and construction

The original dataset used in this study comes fBargeaudet al. (2015), updated and enlarged to
include more countries (2.1.). We have completésldhataset with data on levels of education (2.2.),
age of capital (2.3.) and the spread of some getexhnologies (2.4.).

2.1. The original dataset

Our main dataset is the one used in Bergestual. (2015) and based on the works of Ceteal.
(2009) and Bergeauekt al. (2016) consisting of data for 17 OECD countriegrothe period 1890-

*  “[T]he rise of China, India and other emergingreemy countries, [is] likely [to] impl[y] rapid gweth in

world researchers for at least several deca@tion from page 48 of Jones and Fernald (2014)



2013. These countries have been chosen for theimoedic relevance: the G7 (the United States,
Japan, Germany, France, the United Kingdom, ltalgg &€anada), five other euro area countries
(Spain, the Netherlands, Belgium, Portugal andaric) and five other countries which are of specific
interest in terms of productivity (Australia, Svatiand, Denmark, Sweden and Norway). In addition,
a euro area has been reconstituted, aggregatingmaBgr France, Italy, Spain, the Netherlands,
Belgium, Portugal and Finland. This approximatierras acceptable as, in 2010, these eight countries
together accounted for 93.2% of the euro area's @BRountries in 2010). The starting date, 1890,
has been chosen so as to have sufficiently long sienies to initialize our capital stock.

A detailed description of the construction of thiataset is given in Bergeawd al. (2016), in
particular its appendix A which presents the sowfcde data. To compute GDP over this long 1890-
2013 period, we have drawn mostly on Maddison (208hose series have recently been updated and
improved by Bolt and Van Zanden (2014). Maddisoovtes data for GDP and population, mainly
from 1820. We have supplemented these data witlorredtaccounts data. For other series and in
particular to compute capital intensity and labosductivity, three basic series are needed for each
country: employment, average hours worked per worked capital. The capital indicator is
constructed by the perpetual inventory method (PEplied to each of the two components
(equipment and buildings) using the correspondings$tment data. The yearly depreciation rates used
to construct the capital series by the PIM are T6ftequipment and 2.5% for buildings, following
Cetteet al. (2009) and are assumed to be constant across tichespace. Finally, the damage that
occurred during the World Wars, earthquakes in dagrad the civil war in Spain are, as far as
information is available for these, taken into agtao build the capital series.

For long aggregate historical data, we have usegksséduilt by economists and historians on
consistent assumptions. Many of these data areduigj uncertainty and inaccuracy, not only for the
most distant periods but also for recent ones.d&ta are built at the country level assuming canista
borders in their latest state. It should be noted, thowever talented economists and historians are
strong assumptions are required to reconstituteesmountries, and in addition retropolating series o

a different year basis may bias the estimated droates, as argued in Prados de la Escosura (2015).
We may nevertheless consider that the orders ohinate of our estimates and the ensuing large
differentials in productivity levels and growth eatare fairly reliable and meaningful. Series f@FG

and capital are given in 2010 constant nationaterwnies and converted to US dollars at 2010
purchasing power parity with a conversion rate ftbePenn World Tables.

For this study, we have improved and completedBbrmeaudet al. (2015) database, including or
building series for education, age of capital dregpread of technology as described below.

2.2. Levels of education

Since the development of new growth accounting &aorks based on the addition of the stock of
human capital in the production function, many raties have been made to compute series of
educational attainment. First, figures for school auniversity enroliment have been used. For
example, Mankiwet al. (1992) proxied the rate of human capital accunuiaby the share of the total
population that is currently attending secondathost, while Barro (1991) used the same measure to
proxy for the stock of human capital. However, canmpg different education systems can be
cumbersome and macroeconomic studies have strugmh#ed convincing experimental results that
match theories. In addition, these approaches beee widely criticized because they focus on a flow
which only makes sense if we are at the steadg.sBihce these first developments, many studies
have chosen to focus on educational attainmenefised by the average time spent studying in the
total population over the age of 15 or *2aking advantage of newly improved datasets. Kgpia
(1991) was one of the first to compute and shaoh slata. Since then, further improvements have

®  The calculation starts with primary school an@slaot include kindergarten or any other type afcation
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been made and educational attainment is availaldey dive years for a large set of countries from
1950 to 2010 in the Barro and Lee (1993, 2010)sdsitar alternatively every 10 years from 1960 to
2020 in Cohen and Soto (2007). These series caaxtemded back to 1870, with one observation
every decade, using data from Morrisson and MUg209). Finally, Barro and Lee have recently
updated their series and cover the time period -2®2M, with one point every 5 years. Once again,
this measure is not perfect. First, several ecosizn@.g. De la Fuente, 2011; Krueger and Lindahl,
2000; and Soto, 2002) suggest that, while they ragularly improved, these data suffer from
measurement errors due to differences in educéieracross countries, which may lead to a bias in
growth regression. Others (see in particular PeitcB001) argue that the average number of years of
education cannot be expected to be correlatedetidmomic growth if the quality of education is not
taken into account. For this reason, some studies bsed literacy rates or exam results to captere
quality of education (see Hanushek and Ludger, 2@d2example). Unfortunately, such data are
available for a very limited time period and canbetincorporated in our study.

Because we wanted to take advantage of our lorg pienspective, and to use on yearly data as much
as possible, we have updated our dataset with eeiessof educational attainment provided by van
Leeuwen and van Leeuwen-Li (2014) and availablenfi870 to 2010, except for Denmark, for which
before 1900, only 1890, 1880 and 1870 are givenH@ee linearly interpolated these data). At the
beginning of the 20 century, Canada, France, Germany and Switzerlare e countries with the
highest level of educational attainment with oveye@rs in education, while Finland, Portugal and
Japan recorded less than 2 years of educatiomefdnd of our dataset, in 2010, Portugal is byHfar
country with the lowest level of education in itsppilation, with an average duration of 7.8 yeaas, f
behind Australia, Canada and the US with aroungie3s. Other countries stand at around 12 years,
except for Spain (9.9), Italy (11) and Belgium )1as seen in Chart 1.
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Source:van Leeuwen and van Leeuwen(kD14).

Strikingly from Chart 1, we see that the averagellef education was roughly the same for the euro
area and the US in 1900, whereas the latter haora educated population by an average of 2.2 years
in 1950. Educational attainment in the working-ageulation is a stock that is very slow to adjast t
an increase in the average years of schoolingnefsageneration. Therefore, this difference caneot b
attributed to World War 1l as children who wereegtied by the war in their curriculum during the
early 1940s account for only a very small sharénhefpopulation over 15 in 1950. This is rather the
result of the “high school movement” in the US iterg in a large increase in secondary attainment i
the US from 1910 to 1940 (Goldin and Katz, 199&megly due to the building of new public schools.
Hence, according to Sydner (1993), secondary eneoit doubled between 1920 and 1930, while it
did not increase much in Europe in addition to e&t a lower level (Goldin and Katz, 1997;
Morisson and Murtin, 2009; Barro and Lee, 2015)th& same time, there was not much difference in
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tertiary enrollment between the two regions aceaydd data from Mitchell (1998a, 1998b). At the
end of the period, the US still had a significattance over the euro area. This difference waslynost
driven by differences in tertiary education whiclmezged during the 1950s along with mass
investment in research during the Space Race.

2.3. The age of capital

We have calculated the average age of the equipoagitil stock, which is an indicator of the
quality of this factor and should therefore be mpooated into the production function. This simply
translates the intuitive idea of a vintage effadtler capital should be less productive than newer
capital, as suggested by Solow (1959, 1962) andldped subsequently in numerous papers, such as
for example Nelson (1964) and more recently Gitteet al. (2003).

With our yearly series on investment in volume tgriib is possible to compute an estimate of the
average age of capital stock. To do so, we have tisefact that capital stock is computed by thd Pl
and therefore:

t
K, =K, (1—8)+1, = 2 Ie(1 = &) F + Ky(1 - 6)t
k=1

WhereK;andl, stand respectively for the capital stock instalieéthe end of yedrand the investment
realized during yeatr, andd is a depreciation rafe.

The average age of the capital installed at theoégdart, A, is computed using the relation:

_ 1+ A4)A=-0)K

A

1
=(1- é)(l + A1) (1)

To use relation 1, we need the valueAgf the average age of capital at the starting yéasuo
investment series. Assuming that before this sigear investment grew at a constant @téhenA,
is computed by the relatidn:

1-6
Ay = —— 2
°TS5+G 2)

One must also consider the case of exceptionatui¢isin due to wars or natural disasters such as
earthquakes. We have taken this exceptional déistnuimto account in our capital evaluation (see
Bergeaudet al, 2016, for details). However, their effect on agenot trivial as it would require
knowing exactly what type of capital was destroy@te have considered that the destruction was
homogenous in the age distribution of capital stacHl that it therefore has no effect on the average
age of capital.

Results from these calculations are presented artChfor the US, Japan, the United Kingdom and
the euro area for equipment capital stock. Theameage varies from 4 to 8 years depending on the
period. It increased strongly during the Great Bspion in the US, which weighed strongly on
investment; it decreased strongly during World Walue to the war effort, and more modestly during

® In our model, depreciation of each element oftahfollows a geometric distribution where the pability

of depreciation i$. This distribution is memoryless, that is, thelgability of depreciation is independent of
the age of capital, and the average life expectahcgpital is then equal tgo

In practice, we compute G by taking the averagd® growth rate of GDP over 10 years. This relahip
makes a strong assumption, but the initial stockagfital is computed years before 1890, which ésfitst

year in this study. The empirical impact of thisnglification is then of minor importance in the agk
capital evaluation.



the ICT wave as new investment was needed to incat the new technology. In the euro area and
the United Kingdom, it increased strongly during Mdd/Nar 1l as the conflict depressed investment
and decreased in the post-war reconstruction peltidchs been on an increasing trend since 1990 in
Japan due to the banking crisis and since the diahorisis in other areas, as credit constraints a
low demand prospects weigh on investment. Smatletra-cyclical fluctuations can be observed.

Chart 2
Average age of equipment capital (in years)
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Source: Authors’ calculations — see text. The depreciatatp is assumed to be equal to 10%.

2.4.  Spread of technology

To measure the diffusion of technology over the lelperiod, we have drawn on the CHAT database
constructed by Comin and Hobijn (2009). This dasebarovides annual estimates of the diffusion of
more than 100 technologies for a large set of cmmtWe have selected one technology which is
often considered to be representative of the dewedmt of technologies during the"26entury, the
production of electricity in kWh (see Conmet al, 2006a and 2006b). Data have been completed with
series using the World Development Indicators af iWorld Bank up to 2013 and have been
standardized by total population. To measure tlfifeigion of technology in the more recent time
period, we have drawn on the work of Cedteal. (2015), which provides estimates of the stock of
capital of three ICT from 1950 to 2012 for mostooir countries. More details on data construction
will be given in section 4. An alternative measafénnovation would have used the stock of patents,
both domestic and foreign. However, using patests dechnological indicator can be very tricky
when it comes to cross-country comparisons wittietgéht intellectual property regulations. In
addition, as shown in Sanches al, (2015), the stock of patents has a heterogenemuact onTFP
from one country to another, which may depend dferdinces in education levels and domestic
knowledge accumulation. By using measures of etgistiand ICT capital, we are directly measuring
technology diffusion at the closest level to whetually impactsTFP.

3. Education and age of capital in a growth accountindramework

The purpose of this section is to evaluate therimntons of changes in education and age of clapita
on TFP growth. To do that, we successively specify hoes pnoductivity impact of education (3.1.)

and age of capital (3.2.) can be empirically taketie account and what the main results of the
literature are on these aspects. We then propose sstimates of these impacts (3.3.) and an



evaluation of them on productivity growth over tlemg period of our analysis, using a growth
accounting approach for this purpose (3.4.).

3.1. Education and productivity

We have used the endogenous growth model of LU@88], formalizedinter alia, in Hall and Jones
(1999) to expand the approach we adopted in Bedyeawal. (2015, 2016). Lucas updated the
neoclassical growth model by considering the stoichuman capital (denote@d) as an input in a
Cobb-Douglas production function. This stock acclatas according to the equation:

dC_ a Y
ac ¢ U

Where u is the fraction of time spent working agdis a parameter representing the maximum
reachable human capital for someone who spent hidewlife studying (that is, whea = 0), also
sometimes called the productivity of schooling (pmeductivity level of an individual who spends his
whole life studying). The stock of physical capit@lincreases following a permanent inventory
method and, from a Cobb-Douglas constant retustade relation, the production function becomes:

Y =TFP.K%(u.C.L)'™¢

Where Y is the productior, the number of hours worked, with= N.H, N being the number of
workers andH the average working hours per worker. The idghas individuals invest in education
through the choice of a fractidn- u of life spent studying and accumulating knowledlg®rder to
increase their productivity. This model is a miowfidation of the way education can enter the
production function.

In Bergeaucet al. (2015, 2016), we used a classical Solow Model iticwithe production function
was a Cobb-Douglas constant return to scale retdfie= TFP.K%.L1~%. Here we aim to understand
what share ofTFP can be attributed to human capital and we thezefoonsider that =
TFP'.K%.(LC)'~% whereC is the human capital stock. To calculate the stfdkuman capitaC, we
have followed a Mincerian approach developed inddin(1974) and assumed that:

C =ed® (3)

With Srepresenting the number of years spent studyidggareing an increasing function verifying
g(0) =0. Wheng = 0, we are back to the Solow model and human cagitab longer an input.
Otherwise, the derivative ofis called the return to education. Usuadjys assumed linear, or at least
piecewise linear (see Psacharopoulos, 1994, feviaw), but more complex formula have also been
tested in the literature, namely by Temple (2001)this study, we have supposed th&f) = 6.S
whereg is a constant and homogenous term that we shatias.

Many studies have focused on estimating the rettoregiucation, using micro or macro approaches.
In the former, the return to one year of educaisotefined as the average increase in wage assdciat
with an additional year of schooling. Even if ag@mumber of individual datasets are availableafor
large range of countries, estimating the privatarreto education is not straightforward becauge th
effect of schooling on wages is highly endogendCigig and Vella, 2009; Card, 1999; Bills and
Klenow 2000). Indeed, the choice of the durationschooling is likely to be correlated with
unobserved ability that would also be positivelyretated with wages. The OLS coefficient would
then be biased upwards. Most studies use diffateategies to address this issue: for example, some
use natural experiments, among which reforms mgiiie minimum school leaving age to generate
exogenous discontinuities in educational attainnfeaé Devereux and Wen, 2011 or Dickson and
Smith, 2011). Angrist and Krueger (1991) use aeddht school age start policy for individuals batn
the beginning of the year to instrument educatipriie quarter of birth while other studies look at
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parents' or spouse' education as an instrumenst@ret al, 2002). There is a broad empirical
consensus in most micro studies on a private rétuatucation of between 6% and 8% in developed
countries, which means that each additional yeaedfcation raises the wage by 6% to 8%. For
example, Dickson and Smith (2011) find a value %f #r males in the UK, exploiting the reform
raising the minimum leaving age from 15 to 16 i29Trostelet al. (2002) look at 28 countries and
find similar values when family education is takean instrument. Finally, Psacharopoulos (1994)
surveys many studies and concludes that the avgnagge return to education in the literature in
OECD countries is 6.8%.

In macro analyses, the return to education is ddfiny taking the national mean of every variable
from the Mincer wage equation to obtain the “Mabtimcer” equation. It is thus the productivity
gains associated with an average increase of oae ipeeducational attainment. Due to social
externalities, the productivity impact of educatisnexpected to be higher at macro than at micro
level. But unlike the relative micro literature s@msus, results are subject to more uncertainty in
macro approaches and economists find contradictsylts. Some studies, among which Benhabib
and Spiegel (1994) and Pritchett (2001), have foamebn-significant coefficient on education when
physical capital stock is also included in the esgions. This result led Pritchett to develop teai
that the absence of correlation between educatidngeowth is the result of low quality education in
developing countries in line with the idea that lamntapital should take into account the quality of
education in addition to the quantity. Krueger &mtlahl (2000) suggest that measurement errors in
education data is the main reason for these negatisults and show that when capital stock in not
included as a regressor, human capital become#icignly positive. Since then, other studies have
tried to solve this puzzle by using updated andrawgd figures of educational attainment (Soto,
2002; Cohen and Soto, 2007; and Barro and Lee,)2010

In Barro and Lee (2010), a very similar framewosktlae one presented in this study is used and the
return to education is estimated at around 4% éeetbped countries, using the twenty year lag én th
education series as an instrument to proxy pareutatational background. Similarly, Soto (2002)
uses data from Cohen and Soto (2007) and findsesdhom 6.7% to 10% using a GMM estimator
and after dealing with collinearity by changing thewth accounting framework. Finally, Topel
(1999) finds a return of 6% with the Barro Lee databut chooses to set the coefficient of capital
intensity. All in all, results from the macro litdure suggest that the valueSoshould stand between
4% and 15%. However, every study cited above facosea large range of countries (the Barro-Lee
database contains 146 countries) and on a sherterperiod. Our dataset enables us to extend the
time period from 1890 with yearly data on GDP, harmapital and physical capital but in turns limits
the number of countries to 17 developed countridgch may lead to different estimates of return to
education.

Finally, it is important to understand what a giveslue of@ implies for productivity. From the
neoclassical framework, we indeed have:

Y = TFP.K%. [}~%e(1-2)0.S @
Which yields:

a

Y K
—=TFP'. —) Le(1ma)8:$
L (L ¢

But another transformation can also yield:

Y K\1-«a
—=TFP' (—) 05
L v) ¢

8 As raised in Psacharopoulos (1994), this retam me higher in other regions of the world (12.4%.atin

America, 13.4% in Sub-Saharan Africa and 9.6% irmAs
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Hence, conditionally on the fact th’f:lts constant, an increase of one year in educatette@nment

leads to an increase of productivity (4f— a). 8 points and conditionally on the fact tﬁ;atemains

constant, a similar increase in education leadmtancrease in productivity éfpoints. Soto (2002)
calls(1 — a). 6 the “short-time” return to education aédhe “long-time” return to educatich.

3.2. Age of capital and productivity

It is very intuitive that older investment is lgg®ductive than newer investment as technical pssgr

is partly embodied in capitdl.Constant-quality price indexes attempt to takelpetive performance
improvements in investment into account. For alstablue of investment spending over two years,
an embodied productive performance improvement eévoatrespond to an increase in the investment
volume and to a decrease in the investment prigexinThe embodied technical change is, from this
point of view, a determinant of the price of invesnt (see the survey by Gordon, 1990, on this
debate). From a broader point of view, and as daisedifferent papers, for example Jorgenson and
Griliches (1967), if the production function is femtly specified and if all the productive fact@ae
well measured and taken into account, TR® measurement using the Solow residual approachdwoul
be small and would mostly correspond to the impéeixternalities.

Nevertheless, the measurement of investment pndexes takes only partly into account the
improvements in investment productive performanae deveral reasons, and at least for the two
following ones: (i) these improvements are taketo iaccount only for some products, mainly
automobiles and, within ICT, hardware, prepackaged partly custom software, and some
communication equipment. For other investment petgjithere is almost no impact of an investment
guality change on the measurement of investmeoggriThis partial approach is explained by the cost
of the methods (hedonic or matching approachesjlyaised to take into account changes in quality
in investment price indexes; (ii) whatever the affoof national accountants and their degree of
sophistication, these methods remain imperfect takd only partially into account the embodied
technical progress in investment price indexes.tkese reasons, an unknown part of the embodied
technical progress is not included in the incrdasavestment volume and a decrease in investment
prices. From this mismeasurement channel, the gentaomposition of capital should influence the
productivity level.

A large amount of literature takes into account tiv@age composition of capital in production
functions through a synthetic capital age varialmighis approach, a negative impact of capital @ye
productivity is expected. To take account of tlied, we define effective productive capital stock
(KP) as the productive capital stodk)(times an exponentially decreasing function ofdkierage age
of capital @):

KP, = K,e=&4t

Wheree is the elasticity of the age of capital. This egantation was suggested by Solow (1959,
1962) and developed later by Nelson (1964) amohgrst So far, we have considered two types of
assets to construct our series of capital: equipraed buildings. The vintage effect of capital & n
necessarily relevant for this latter type, or assteit is negligible when compared to the vintaffect

of equipment. An older piece of machinery is likétybe less productive than a newer one, either
because of technological obsolescence or becaysteysical depreciation. This is not necessarily the

® Over the long run, the ratio of capital to outfsivery stable, as seen in Madsen (2010). Sudfilistais

consistent with the idea that the saving rate tesubm aggregated individual preferences thatcariée
constant over time.

10 A reverse impact could come from a learning bingeffect: firms may manage to use a capital gata
better as it ages. Our estimates encompass thist,effhich appears not to be predominant.
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case for a building. For this reason, in what follp we have only considered the average age of
equipment capital stock. Numerous papers have atgidran empirical impact of the capital vintage
structure on productivity, both on macro and midaga. On industry level data, Gittleman al.
(2003) survey the literature and show that thetahpintage productivity impact can vary a lot &s0
industries.

On macroeconomic data, some papers assume a viefégg without estimates. For example,
Jorgenson (1966) assumes, for the US, a value eofelasticity of the average age of capital to
productive capital (which correspond to our parametof 0.13, which would mean, if we suppose a
value of the capital elasticity of 0.3, an impact of the age of capital on prodifstiof nearly 4%
(a.e = 0.039.M Clark (1979) directly assumes an impact of theaye age of capital on productivity
of 1% using US macro data.§ = 0.01), which corresponds to a low value compared tomese
results. For example, Wolf (1991, 1996) proposesesestimates of the impact of the average capital
age on productivity on a country level dataset paomposed of the G7 countries over the 1950-1989
period. His results are within a range of 3% t0%6.8.03 < a.e < 0.069, and for his growth
accounting exercise, Wolf later assumes a valdeldh @.c = 0.041).

Other analyses have proposed estimates of the ingpdbe average age of capital on productivity

based on firm level data. To the best of our kndg#e these studies mostly focus on French firms.
Using a sample of 124 to 195 manufacturing firmsrothe period 1966 to 1975 and a dataset of
16,885 manufacturing firms in 1962 and 275 manufaeg firms in 1972, Mairesse (1977, 1978) and

Mairesse and Pescheux (1980) estimate a capitgdradectivity impact of about 4% & = 0.04). On

a panel of 3,200 French manufacturing firms overgériod 1972-1984, Cette and Szpiro (1989) also
estimate a capital age productivity impact of a4t (@.c =0.04).

3.3. Estimation strategy and results

Taking into account these considerations, we hasleided education and age of capital into the
production function:

Y = TFP'.(K.e ¢4)%(LefS)1-¢ (5)

Where TFP’ is the new measurement of total factor produgtiyiaken as a Solow residual), from
which the effects of embodied technical progresstamrman capital (education) are removed.

Dividing equation (5) by, the total number of hours worked, yields the follagvbreakdown:
a

% =TFP'. (%) LemE@A g(1-@)6b.S (6)

Finally, taking relation (6) in log form gives:

lp=tlp’ +a.ik —e.a. A+ (1 —a)b.S (7

erelp andik are the logarithms of labor productivity and cdpitéensity (K = —), andtfp’ is the
Wherel dik he | ith f lab ductivi d cdpi [ IL( dtfp’ is th

logarithm of total factor productivity excludingdteffects of the age of physical capital and of aomm
capital. With our data, we want to estimate theigalofd ande using equation (6). To do so, we first

' The effect of the age of the capital stock ordpmtivity is of course negative. We will howeveegent the
effect in absolute value terms in the following g@gmaphs to better relate it to the valuespfvhich is
positive.
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assume that the value @fs 0.3, which is equivalent to setting the depemdariable in the regression
to lp; . — 0.3.ik; . for a countryi, 1 < i < 17 and a yeat. On the right-hand side of the equation, we
use the average years of educatipp and the average age of equipment capital stygkas
regressors. The induced valuesfoénd ¢ can then be obtained after division of the estuat
coefficients of these two explaining variables by a and a respectively. In a second step, we
generally estimate:, 8 and ¢ by including capital intensity on the right-handiesi the dependent
variable now only being the logarithm of labor puotivity.

Results from these two OLS regressions are presémt€able 1, columns 1 and'2!® Because the
data are highly volatile between 1890 and 1895remeove these first five years from the regressions.
We find a coefficient of education that is highlgrsficant and positive in both cases, equal t3@.0
and 0.031, and a negative coefficient for the dgeapital equal to -0.010. When the coefficiert
estimated, its value can be directly read fromdbefficient on the log of capital intensity which i
equal to 0.323 in column 2. These results in torply a value ot of around 3% whil@ is estimated

at around 5% which are both lower than expectetpagh still acceptable as far as macro returns to
education are concerned. Remarkably, at odds wghlts from Barro and Lee (2013), Soto (2002)
and Krueger and Lindahl (2000), we find a convigcand standard value farin column 2. In the
latter studies, when physical capital intensityniduded in the regressions, the implicit valuenas
always larger than expected. This led Soto (2002Zygue in favor of an endogeneity issue stemming
both from measurement errors in education andaagiitck* and simultaneity between education and
growth: when people anticipate future growth, tlaeg likely to spend more time studying. Bils and
Klenow (2000) also suggest that better enforceraéptoperty rights may explain both higher levels
of schooling and an increase in productivity anth&efore a potential omitted variable.

To better compare our results with those alreadyitimieed in the literature, we have restricted the
time period to 1950-2010 and run the same regnessithe results are presented in columns 3 and 4
of Table 1, from which we see that whers set to 0.3 the value 6fis 9.14%, which is within the
expected range, whereasis still lower than expected but higher than poesly (7.67%). From
column 4 however, the estimated valuex@ very large (0.638) and the education coefficleses its
significance. These results are common acrossitérature and can for example be found in Barro
and Lee (2013). This could be due to the high taticen between capital intensity and education in
this 1950-2010 period over our set of countrieg,dbrrelation being lower over the longer 1890-2010
period as increases in education were mostly driertompulsory attendance at the primary and
secondary levels during the first half of the cepntdrinally, going back to our whole 1895-2010
period, we have followed Barro and Lee (2013) amtrumented school attainment by its 20-year
lagged value to proxy for parental education, whigHikely to be less endogenous. In addition,
physical capital intensity is instrumented by itsyelar lag value to correct for correlation in
measurement error with the current value of thieHahd side variable. These results are presented i
columns 5 and 6 and imply a value #of around 7%, suggesting that our OLS estimatoreewe
biased downward.

We then reproduce the exact same regressions fteutdaleting average working time per worker,
that is, by defining labor productivity as the catif GDP to employment, and capital intensity as th
ratio of physical capital to employment. Removingerage working time per worker is a way of
reducing the inaccuracy in our measures as it iabthe trickiest series to measure. In addittbrg
would enable us to derive the elasticity of edusatvith regard to labor productivity per employee
which is most in line with the existing literaturks shown in Table 2, the value @femains stable

2 The dependent variable shows very strong autelztion of degree one which disappears when looking

longer lags. We thus check that our results allevalid when autocorrelation and heteroskedastigitoust
standard errors using the Newey-West variance astinare implemented (of course this does not affec
coefficients).

For these columns and for all the others, waunheltime and country fixed effects and remove vesiogls.
Capital stock is constructed from investment wwhis included in GDP, so any measurement error in
investment would impact both labor productivity arapital intensity.
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and around its expected value. The coefficient apital intensity is still too high between 1950 and
2010, but this time education has a positive agdifstant effect on productivity. The other changes
are fore which is now higher and much closer to its 10%-18%bected value.

All in all, these results suggest that over the iehmeriod, and for the set of 17 countries under
study, the coefficient of education in the MacroakBr equatiod is roughly equal to 8%, which
implies a short-term return to education of 5.6%s(@ning the elasticity of capital to be equal ©).0.
Note that, in this study, we have followed the gifoliterature on a relatively long period and measu
the elasticity of the average years of educatiaiménpopulation aged over 15T&P. For this reason,
the results presented in Table 3 might differ frother estimates on the most recent period. For
example, the Bureau of Labor Statistics uses a rdetailed and sophisticated measure of human
capital by estimating a Mincer equation from miatag taking into account many parameters such as
gender, type of education, etc. Of course, ovehn suong period as the one considered in this stiudy
is impossible to conduct a similarly detailed asedy

3.4. The impact of education and age of capital o0hFP growth

We can now evaluat€FP’ corrected by the impact of education and age oitalapnd compare its
evolution to that ofTFP not excluding these two factors. To do this, weehased the growth
accounting approach corresponding to equationr(@)set parameter valuesde 0.3 for the share of
capital,6 = 7% for the impact of education amd= 10% for the impact of the age of capital.

We can see from Tablé>3hat changes in human capital and the age ofatamintribute significantly
to TFP growth. Over the whole 1890-2010 period, humanitebpnd the age of physical capital
account together for 21% of the US's TFP growtBp I@r the euro area, 25% for the UK and 26% for
Japan. However, it appears that the amplitude=éf growth does not differ a lot from that oFP.

In particular, the "one big wave" that occurredidgrthe 28' century is still persistent as shown in
Chart 3° concerning the US and this is also the case ferntid-1990s wave. The same result is
obtained for different values @fand € within the ranges which seem reasonable from pusvio
developments (5% € < 10% and 5% < € < 15%). Our results for the contribution of education
closely compares to that of Madsen (2010) but,issnethodological approach tries to idenflfyP-
induced capital deepening and attributes its doution to TFP, the contribution of capital stock
growth is smaller than in our estimates, the bilgrowth being attributed t6FP. Hence, Madsen’s
results leave an even greater share of the pratlyctvaves unexplained by his growth accounting
estimates. These results are important: they itelitzat even if education (mainly) and the age of
capital have a strong impact on productivity levetsl growth, they do not explain the productivity
waves observed during the™6@entury. Interestingly, the one big wave is the oost affected by the
exclusion of education and age of capital: for W®, the peak is reduced by 25%. This is not
surprising as this wave is associated with an acagbn in educational attainment. In the US, the
average duration of schooling increased by moren thayears between 1935 and 1955. Other
contributions have to be found among numerous date. We try, in the following section, to
evaluate the impact of some generic technologieBFéhgrowth.

Nevertheless, we see from Table 3 that educatigmifgiantly contributed to the first productivity

wave in the United States, with a contribution of20percentage point (pp) during the 1913-1950
period, only slightly decreasing in the followingrpds (0.38 pp in 1950-1974 and 0.34 pp in 1974-
1990). Hence, the early opening up of educatidieanasses in the US yielded a lasting contribution

> Pperiods in Table 3 are based on productivity ksdeom Bergeauet al. (2016).

® The waves presented in Charts 3 and 6 have lweputed by removing the cyclical component of dmet
series using a HP filter with a coefficient of 50the choice of this coefficient has been made tibebe
capture 30-year-long business cycles, consistetht Morbert (2006). On these aspects, see Bergetaal
(2015).
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to productivity and partly explains the US advanbeleed, the increase in the contribution of
education appears one period later, in the 1950bkei other areas (euro area, the United Kingdm).
Japan, education posts a significant contributtmoeughout the century due to the initial very low
level of education. The age of capital makes a ifsigmt contribution mainly during the
reconstruction period after World War 1l in the earea and Japan.

Conversely, education and capital age barely dmuttito explaining the ICT wave in the US, as
education reached a plateau and the age of capitgl slightly decreased during the 1990s and
increased when the financial crisis struck. In pteas, the contribution of education is lowemntha
before, although it posted a significant contribatin the euro area and Japan, where the opening-up
of college education to the masses was delayed a@upo the US. Equipment has aged since 1990
in Japan due to the banking crisis and since tB@2 the euro area.

Chart 3

Filtered growth rate of TFP for the US including (TFP) and excluding TFP’) the impact of age of capital
and human capital

The series have been computed using a HP filtdr eoefficient 500 A = 500) over the period 1870-2010 to
address the issue of initial values.
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Source: See text (human capital has been computed withluee\of 7% for® and age of capital with a value of
10% fore). a is set to 0.3.

4, The spread of technologies

As shown in numerous papers, notably Comin and jHot@010), the speed of adoption of new
technologies plays a key role in productivity depehents and growth. We have identified two
technologies often considered to be charactemdtdifferent technology diffusion periods across th
20" century (see Comiat al, 2006a and 2006b). First, electricity which, irdition to being a good
indicator of global technology development, is thejor characteristic GPT of the mid*2@entury.
Second, information and communication technolodik3T) to try to capture the most recent
productivity growth wave starting at the end of #@ century. These two technologies were selected
because, as general purpose technologies, theyyialy network effects and externalities beyond
their direct capital intensity impact in the ussertors. We successively describe the measurerhent o
the spread of the two technologies (4.1.), the shbnof the productivity impact of the spread d th
new technologies (4.2.), the estimation strategyhe$e channels and the results (4.3.) and, usespt
estimates, an evaluation of the impact of the shoé@echnologies on TFP growth (4.4.).
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4.1. Measurement of the spread of the two new tecblogies

For our first measure of technology, we have tatten production of electricity per capita. This
measure has increased over time for all countbesthis increase slowed from the 1970s onwards
(see Chart 4). In line with the literature that focuses on thepaut of electricity on US productivity
growth (Bakkeret al, 2015, among others), we can clearly see from Chattat the take-off of
electricity in the US started at the beginninghe 20" century and accelerated during the 1920s. The
United Kingdom just lags behind with a take-offttiséarted in the 1930s, while euro area countries
and Japan started to massively adopt electricigr &/orld War Il. The take-off date depends on both
the decline in electricity prices and on a reorgatidn of the production process to fully benetfirf
electricity (David, 1990)

Chart 4
Production of electricity per inhabitant for the four main areas
Log of kWh per thousand inhabitants - 1890-2010
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Source: See text.

Concerning the second measure of technology, we taken the ratio of the stock of ICT capital to
GDP in current value. To compute this ratio, weendvawn on the work of Cettt al. (2015) based
on investment data provided by the OECD. ICT igt $pto three products: hardware, software and
communication equipment, and capital stock is cdegbwsing a permanent inventory method.
Because such data were not available for Norwaytugal, Denmark and Switzerland, we have
conducted all the following estimates on the refingjri4 countries® Chart 5 shows the evolution of
this ratio for the US, the euro area, Japan andJtheNote that for ICT, we have used a measure of
stock and for electricity we have used a measupgaxfuction. However, electricity production should
reflect productive capacity, as electricity canbet stored, electricity imports and exports are low
compared to country production, and utilizatiorpafductive capacities should not create a systemati
bias.

ICT capital stock took off in the 1980s in the Ufth a peak at the end of the 1990s. This early
diffusion of ICT in the US can be explained by eahian levels and low market rigidities in the US
(Cette and Lopez, 2012). ICT diffusion acceleratethe end of the 1990s in Japan and the UK, while
the euro area lagged behind due to its stringept@ment protection legislation and product market
regulation.

" When data were missing, we have interpolated twttthe production of CO2 emissions from the Glob
Carbon Project.

8 When all countries are included (and when we eslymate the effect on electricity), the coeffiteremain
extremely stable.

16



We assume that both electricity and ICT enterslilyeinto the production function. Our new baseline
equation thus becomes:

a

% — TFPII(ELEC)‘I]eH.ICT (%) e—e.a.Ae(l—a)O.S (8)

Wheren andp are the two new coefficients corresponding todffect of electricity per inhabitant
(denotedELEQ) and ICT to GDP ratio (denotd@T) on productivity andlrFP” is the new residual
and therefore our new TFP excluding the effectsedfication, age of capital and these two
characteristic technologies.

As our series start in 1890, we do not capturenthele of the first industrial revolution which was
already tailing off at the end of the ™L@entury in many countries. For example, in anngteto
capture the effect of GPTs during the first indastrevolution, van Ark and Smits (2002) selectied t
period 1800-1913 in the Netherlands. In what foBpwe have chosen to start our series in 1905, and
we do so for our subsequent estimatibralith longer series and fewer countries, we cowulseh
chosen other General Purpose Technologies sucheastéam engine or railways to focus on the
second half of the fdcentury and measure their effect off' t@ntury growth.

Chart 5

Ratio of ICT capital stock to GDP in value terms (nultiplied by 1000)

1950-2010

ICT capital stock is the sum of communication equépt, software and computers capital stock, alirassl to
be equal to 0 in 1950. The euro area does notdedRortugal.

120

100

80

60

40

20

Q > © %) 6\, Q,") Q)‘b ,\’\. /\b& /\’\ %Q %”) ‘b% %Cb 42 \o) > Q’\ be A ,»Q
NI SR QRN K. SN SN SN SN SPC AN I SN LI SN (X, . (NS S A SN

‘ = = USA ceeeee Euro Area United Kingdom Japan ‘

Source: Authors’ calculation based on Ceéeal. (2015).

Equation 8 makes the assumption that electricitgreriog linearly in the production function, which
in turn implies the underlying assumption that tlasticity of electricity was constant over time.
Therefore, the measured effect is probably a Idveemd of the elasticity of electricity during some
periods. For example, if we assume that a techiz@bghock makes the use of electricity more
efficient, then this quality improvement will not lzaptured in our regression and due to this effiect
will underestimate the impact of electricity ovEfP. An alternative would be to allow non-linearity
in the effect of technology on growth, for examplefitting a logistic function with three parameder
the first one determining the speed of diffusidmg second the maximum possible effect and the third

9 Small variations in this starting date do noeatfour results; we do however believe that 1908 égood
starting point at the end of the first industriedelution since from Chart 4 we can see thattivésbeginning
of the surge in electricity production in the USdRlts are also robust to starting the estimatioris895 or
1913.
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the date at which the marginal effect of electyicit the largest. However, the fitting of this ftioa
would necessarily be arbitrary. The constant aelgtiassumption, as it has been chosen for the
productivity impact of education and although iaistrong one, appears preferable tachocrule.

4.2. Channels of the productivity impact of the sgpad of new technologies

New technologies may have three distinct typedfetts on productivity (see Jorgenson, 2001; Cette
et al, 2005; or Cette, 2014, for more details).

- First, sectors producing new technologies benefinfa fast pace of technological progress,
leading to a rapid increase in th&iFP. In ICT-producing sectors, according to Moore’s law,
the number of transistors in a dense integraterbitihas doubled approximately every two
years, leading to a fast decrease in the ICT ptimluaeflator and a fast increase in ICT
production volume.

- Second, due to the price decrease of investmeruding the new technology, this
technological progress can accelerate the camtgdehing process in the new technology-using
industries, leading to an increase in capital isitgnand hence in labor productivity, but not
necessarily infFP. But as mentioned earlier, national accounts caike tpartially into account
in investment price indexes embodied technical y@eg which is not fully included in
increases in investment volume and decreases imastment prices. Consequently, the
accounting split between capital deepening 8RB within labor productivity growth is biased,
the role of the capital deepening component beimdgwvalued and, conversely, the roleréP
growth being overvalued. The usual methodology tetbpo evaluate this capital deepening
effect for ICT is described in Appendix 1.

- Finally, the two selected technologies can be c®med to be general purpose technologies (see
Lipseyet al, 2005, for possible examples of GPT from the itieenof writing and Jovanovic
and Rousseau, 2005, for a comparison between |G Elketricity and Kandest al. (2007) for
arguments in favor of considering electricity aGRT) and their joint utilization across firms
may lead toTFP gains through spillovers, which means externalibe network effects at the
macroeconomic level, this impact beinmdnna from heavénto use the expression from
Hulten (2000).

Usual growth accounting approaches are able toacterize empirically the role of the first two
channels (with nevertheless, for reasons mentioabdve regarding the second channel, an
undervaluation of the capital deepening impact amdvervaluation of TFP growth) but not of the
third. Concerning these studies, among numerousrstidorgenson and Stiroh (2000), Oliner and
Sichel (2000) and Olineet al. (2007) evaluate the contribution of ICT in the &tShe end of the 30
Century. For industrial revolution comparisons, amothers also, Crafts (2002) compares the
contributions of steam engines in the UK during @1860, electricity and ICT in the US during
1899-1929 and 1974-2000 respectively, and JaladaPamjola (2008) compare the contributions of
electricity during 1920-1938 and ICT during 199®20n Finland.

Our approach goes one step further by trying toogose TFP growth into the impact of the
different technologies, taken into account as érpta below through these three channels, and an
unexplained component which corresponds to a rakidu

- Concerning electricity, the three channels are goglly taken into account simultaneously in
the estimates using the electricity production telsg. Concerning the first channel, as
mentioned above, production and use of electranigyvery similar for all countries (there is no
storage of electricity and electricity imports agxports are low compared to production), and
spillovers can realistically be considered as lyigidrrelated to production and use. The second
channel is characterized only for the share thabisalready taken into account through electric
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equipment and consequently through capital deepeainthe age of equipment. Due to the
measurement problems mentioned above, the impagleofricity production ofTFP growth
may be undervalued. And the third channel is inificaken into account in our evaluation,
externalities being realistically considered ashigorrelated to electricity use.

- Concerning ICT, the first channel is not taken iabzount as a large and variable share of ICT
investment goods are imported and not produced siocally. Even in the US, the share of ICT
production in GDP has decreased in the last 15syéByrne et al, 2013) due to the
delocalization of some parts of ICT production aodversely, chip production, which benefits
most from technological progress, mainly remainedhe US. Unfortunately, we do not have
enough detailed data to characterize this firshobkbfor all countries. The second channel (ICT
diffusion) is, as for electricity, explicitly cordgred for the share that is not already taken into
account through ICT equipment and consequentlyutitrccapital deepening. But here again,
due to the measurement problems mentioned befaémpact of ICT o FP growth may be
undervalued. And the third channel (externalitieah realistically be considered as highly
correlated to ICT use (as for electricity), whickans that we take it into account.

4.3. Estimation strategy and results

The technologyl FP effects are included in odiFP andTFP’ measures. To evaluate them for each of
the two technologies, we have regresged, the logarithm offFP’, on the two technology indicators
(in log form), each of them assumed to correspandhe spread of a specific general purpose
technology.

Table 4 columns 1, 2 and 3 display the results f@Io$ regressions when we use as regressors the
logarithm of the production of electricity per cap{column 1), the ratio of ICT capital stock to BD

in value terms (column 2, over 1950-2010, as 1%5thé starting date of the ICT series and the
starting date of a significant use of ICT in themamy) or the two jointly (column 3). Coefficierfty

the two technologies are positive and significanéach case. From 1905 to 2010, when electricity is
the only regressor the estimated coefficient vatu®.077, while it increases to 0.096 when ICT
intensity is added as a regressor. In the saméfigption, the effect of ICT is equal to 1.46. Thes
results suggest that in the long run, a 1% incréaslee production of electricity per capita incsea
productivity by almost 0.1% while a one standardialgon (0.049) increase in the ratio of ICT to
GDP in value terms generates an increase of 7.48ouhuctivity.

Of course, it is likely that the effect of electtycis not constant over time. Many economists cers

for instance that electrification had a massivedfin the US during the 1920s and 1930s (see for
example David, 1990 and Field, 2003) which is mlacher than today. To take this into account, one
could look at the effect of electricity using diféat sub-periods. We conduct the same regression as
column 1 of Table 1 over the periods 1895-1930518%40, 1905-1940, 1905-1974 and 1950-2010.
The coefficient on electricity is estimated respety at 0.043, 0.044, 0.064, 0.138 and a non-
significant coefficient of 0.027. These resultsgegg that the effect of electricity was indeed kf$sr
1974, and the strongest from 1905 to 1974, butpasticularly during the interwar period. This is
probably due to the fact that most of the countimesur dataset did not benefit from electrificatio
before the end of World War Il. Nevertheless, iis ftudy we seek to estimate the average long-run
effect of electricity over our time period and fomny different OECD countries. For this reasor, jus
as we did for the return to education and age pftala and consistent with the growth accounting
literature, we consider a constant coefficient fraum baseline regressions presented in Table 4.

All the previous results are based on an OLS eshmdiowever, in such growth accounting
regressions, endogeneity and reverse causalitgteféee likely for both electricity and ICT. Indeed
the demand for new technologies increases withdatals of living and otheFFP-improving changes

in areas such as management, financing and produgtocesses (Ferguson and Wascher, 2004) can
take place along with the diffusion of the threehtelogies. We therefore utilize a new strategyetas
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on instrumental variables. In columns 4, 5 and Galfle 4, we have run the same regressions as in
columns 1, 2 and 3 but we instrumented these tdobies with the sum of the other countries’
technological diffusion measures, weighted by tgatithm of distance. Indeed, trade is one vedtor o
technological diffusion and is closely related tstahce, which in turn is a good indicator of the
intensity of technology diffusion (Madsen, 2016)f €ourse, reflection effects may lead our
instruments to include the improvement in the cotmittechnological diffusion themselves. To limit
this effect, we have lagged our indicator by onarye

In the IV regressions, the coefficients of the tteohnologies are positive. The ICT one is highly
significant while electricity is no longer signifint. However, when estimated together, the
coefficients are both significant. This regresspzasented in column 6 is our preferred one and we
therefore use the corresponding coefficients. Aitiétease in electricity production would lead to a
7.9% increase iMFP’. A 1 standard deviation increase in the ratio®F tapital stock to GDP would
lead to an increase of 8.1%TikP’. Instrumentation reduces the electricity coeffitjeavhich may be
the most prone to reverse causality as it is aymnti@h measure (the wealthier a country, the mbre i
will consume electricity).

One could question the choice of population to ddatize the production of electricity. The
production of electricity per capita could be colesed as a demand variable inserted in the pramucti
function (the average consumption of electriciQur instrumentation strategy is designed to address
this potential endogeneity problem. However, idealle would like to proceed as in some country-
specific articles (see for example Jalava and Pahf®08) and to measure the capital deepening due
to highly electricity intensive sectors. Since suidia are unfortunately not available for our det o
countries and for the whole of the"26entury, an alternative would be to standardizepttoduction

of electricity by GDP. But doing so would lead tospecification problem as the log of GDP
intervenes in the left-hand side variable of theatipn, leading to a negative coefficient on eleitir

per unit of output.

4.4. The impact of technology diffusion o FP growth

From our previous estimation, we can now look at shape of our new estimate TP (denoted
TFP”). To do this, we have used the values 0.079 for electricity angt = 1.56 for ICT,
corresponding of Table 4 column 6 estimate reswisch seem to us the most interesting.

Chart 7 plots the three waves from 1905 to 201QHerUS forTFP, TFP' and TFP” growth rates.
We can see that the general evolution is still ipest, especially as far as the one big wave is
concerned. However, the amplitude of this one beyevhas been reduced and is almost 40% lower
for TFP” than forTFP’. This result seems comparable to that of Davi®Ql9who estimates for
example that “..approximately half of the 5 percentage point aaegien recorded in the aggregate
TFP growth rate of the US manufacturing sector dgril919-29 (compared with 1909-19) is
accounted for ... by the growth in manufacturing seleoy electric motor capacity during that
decad€’. The ICT wave is also significantly explained. Hewver, the impact of ICT diffusion may
seem low as only about 35% of the correspondindymivity wave is explained by education, age of
capital and the inclusion of ICT diffusion in o@gressions.

Table 5 gives more detail about the sharelBP growth that is attributed to electricity and ICT.
Because of data restrictions, we have startecdggemposition in 1913: the period 1905-1913 would
be of poor statistical interest with only 9 yeafdée also mention the whole 1913-2010 period. In
addition, because we have removed four countr@® four dataset, we do not plot results for "the
World". Looking for instance at the euro area, \aa see that electricity explains a large shargrét
growth (23%), and accounts for 20% in the US onraye over the whole period. ICT appears
especially important in the US and the UK.
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Although the difference in contribution is not velgrge across areas, the spread of electricity
contributed significantly to the US advance on ¢leo area, as its contribution peaked in the 1913-
1950, while it increased during the 1950-1974 mkiiothe euro area. The UK appears not to lag in
terms of electricity diffusion, with a very largerdribution in the 1913-1950 period. Broadberry and
Crafts (1990) trace the productivity lead that th® took over the UK during this period rather to

barriers to competition allowing high cost prodcr remain in business.

The contribution of ICT ta’FP growth appears to be smaller than that of eldttrin all areas. This
result seems consistent with, for example, those fCrafts (2002) or Jalava and Pohjola (2008)
mentioned above, which find that in the US anddndlICT's contribution to growth is lower than the
electricity's. And their approaches differ from ®uAs explained previously, their growth accounting
methodologies characterize two channels of the tiramwpact of technology shocks: TFP gains in the
producing sectors and capital deepening in usingtose Conversely, our approach partly
characterizes the capital deepening channel, nre@sely the share not already taken into account i
our capital measurement and consequently in thicébgapital deepening channel, and the spillover
channel which cannot be measured through growtbusting approaches. For these reasons, our
results cannot strictly be compared to these pusvames.

One other reason for the low contribution of ICTudiion to explaining the second productivity wave
could come from the fact that ICT investment daimpgiled by national accountants (and taken into
account here as ICT investment) underestimate ptv@ulCT expenditure. Indeed, spending on ICT
is regarded as investment only when the correspgnpiioducts are physically isolated. Therefore,
generally speaking, ICT that is included in produectinvestment (for example machine tools or
robots) is not counted as ICT investment but asrinédiate consumption of companies producing
these capital goods. Beretti and Cette (2009) krdee to correct French ICT investment data in 2000
by considering intermediate consumption ICT compiseintegrated in non-ICT productive
investment as ICT investment. Their main resulthigt the amount of ‘indirect ICT investment’
appears to be small compared with ‘direct ICT itwesit’, and that considering them as ICT
investment changes numbers only slightly. But wenoarule out that this result could differ for eth
countries and on more recent periods. Another reasald stem from the fact that ICT had not yet
yielded their full productivity benefits. Previo@PTs took a very long time to be fully profitable:
between the first practical design of a dynamo &67L and the actual conversion of industrial
processes to electricity in the US, which only tadkin 1914-1917, 50 years elapsed and the full
productivity benefits were only felt 70 years aftards (David, 1990). Part of the current produttivi
debate hinges on whether a second productivity wadd be expected from ICT, with Gordon
(2014) on the pessimistic side and, among othaxg)j@fsson and McAfee (2014) on the optimistic
side.
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Chart 7

Filtered growth rate of different TFP measurements for the US, 1905-2010
TFP is the residual including education, age of cépigdectricity and ICT.TFP’ excludes the impact of
education and age of capital ahEP"’ also excludes the impact of electricity and ICT.

The series have been computed using a HP filtdr egiefficient 5004 = 500) over the period 1890-2010 to
address the issue of initial values.
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Source: See text (human capital has been computecawalue of 7% fof and age of capital with a value of
10% fore). a is set to 0.3. The coefficients for electricitydd€T are 0.079 and 1.557 respectively.

5. Conclusion

This paper examines the contributions to increasgsoductivity of quality-adjusted factor growth
and technology diffusion. Accordingly, to explaimetmain stylized facts of #0century growth, a
long-term view is required. First, after centureds‘Malthusian stagnation”, growth took off in the
19" century and accelerated further in thd” 2@ntury, leading to questions about the timing and
reasons for this take-off. Second, growth has bbighly heterogeneous, with both a “Great
Divergence” splitting the world between advanced amerging countries and a staggered take-off
among advanced countries. Finally, growth has dod@vn since the 1970s in advanced countries,
leading economists to question the durability df 26ntury growth.

We address these questions by looking at productiyiowth factors in the JDcentury. First,
productivity, and more precisely total factor protiuty (TFP), was indeed the main contributor to
20th century growth (Madsen, 2010a; Bergeaudl, 2015). ASTFP is computed as a residual of a
growth decomposition equation, there is always shepicion that production factors have been
improperly measured, which contributes to ascritowmuch weight taFP in growth dynamics. In
this paper, production factors are adjusted fotityu@ducation for labor and the age of equipnfent
capital. Second, technology diffusion appears tadarge contributor tdFP growth (Comin and
Mestieri, 2013), even in innovating countries such France, Germany and the United Kingdom
(Eaton and Kortum, 1999). This paper assessesatigilmution of technology diffusion by means of
two 20" century general purpose technologies, electrigityl information and communication
technologies (ICT).

To do this, we use an original capital, labor arldPCdatabase built over 1890-2013 for seventeen
advanced countries. We completed this databasedatthon education, age of capital and technology
so that we were able to decompose GDP growth.

GDP growth was then decomposed into the contributibproduction factors, capital and labor, to
obtainTFP as a residual. In a second step, the quality afiystion factors, education and the age of
capital, was introduced through an estimation @irtltontribution to this gros3FP, taking into
account their potential endogeneity through instotal variables regressions. In a third step, the
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contribution of technology diffusion was estimateghdogeneity being treated with a similar
estimation procedure.

The main results are the following: (i) among faajoality, levels of education have contributed the
most to growth, while the age of capital has aifimant, although limited, contribution; (ii) qu&+
adjusted production factors explain less than dialibor productivity growth in the largest couas)j
except for Japan, where capital deepening posteghalarge contribution. Although the US's “one
big wave” of productivity growth, which took placgome two decades before other advanced
countries (Gordon, 1999) is partially explaineddarlier access to higher education by the masses,
this wave, as well as the ICT productivity wave tioe countries which experienced it, remains partly
unexplained by quality-adjusted factors; (iii) tectogy diffusion, as captured through our two
general purpose technologies, also constitutestalpexplanation for the earlier US “one big wave”
and for the ICT productivity wave, but leaves beaw®.6 and 1 percentage point yearly growth, as
well as a large share of the twd"a@ntury technology waves, unaccounted for.

These results are consistent with previous ondt@mnole of education ant-P in a standard growth
accounting approach. Education posted a very sigmif contribution to productivity growth
throughout the period, explaining part of the U&a in the first productivity wave, but not thetemt

of the wave itself. Our analysis goes further bkirtg into account the quality of the capital stock
using the age of equipment, which posts a sigmfic@ntribution mostly in the post-World War |l
reconstruction period. But another major contrilautconsists in trying to estimate the role of geher
purpose technologies beyond their capital-deepeimmgact and TFP growth in GPT-producing
sectors. While ICT contribution remains limitedfais point, both in duration and extent, the diitus

of electricity explains a significant share of"2@entury growth and part of the US's advance in the
first productivity wave. However, it still cannot@unt for the whole extent of the productivity
waves, which points to a major role of factors be/technology diffusion and production factors in
20" century growth. Candidates are numerous: amony,thmprovement in the production process
such as assembly lines in large manufacturing fifimplemented for example for the Ford Model T
in the Ford Motor Company in 1913), enhanced mamage practices (Bloomt al, 2014) and new
financing technigues (Ferguson and Wascher, 2004@ractions between these different growth
factors are large and further research appearssegeto disentangle their respective roles. Anmothe
limitation of our analysis is that we have assuradohear (in log form) impact of education, capital
age, electricity or ICT capital oRFP. We cannot rule out that in reality, these impawight be non-
linear. But more detailed data would be necessagotfurther in these directions. A final limitatio
which has been highlighted in the paper correspd@adsieasurement problems. Two examples of
these measurement problems deserve to be underkiret] concerning labor quality, we have used
information only on the average years of educatiorthe working-age population, without any
information concerning the quality of this educatior the average years of education among the
employed population. Second, concerning ICT, fag tkasons detailed in the previous section,
available numbers underestimate the value of IGEstment and, within this value, overestimate
growth in prices and consequently underestimatesihron volume.

This study has empirically given some partial erptions for the sources aFP's contribution to

growth over the 2Dcentury. That is its main contribution. But a kaygprt of this contribution remains
unexplained, and, as a consequence, remaiastia from heavén.
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Appendix 1: Methodology for the evaluation of the ontribution of ICT to labor productivity
growth through capital deepening

The evaluation of the contribution of ICT to houtdigbor productivity growth, through capital
deepening, is calculated by applying the growthoanting methodology set out by Solow (1956,
1957). This contribution in yeaynoted a<0/‘T, is evaluated using the following relation:

COKT = lT (AKIET — An, — ARy)

Where K/T corresponds to the ICT capital installed at thel efi yeart-1, N, refers to total
employment in yeat, andH, designates the average annual hours worked peorpger yeat. The

notation of the variables in lowercase correspaondtheir natural logx = In(X)), and the growth
rate of a variable is approximated by the variatainits logarithm. TheA symbol refers to the
variation of a variabl€éAX; = X; — X;_1).

The coefficienur{9 is the Tornquist index of the coefficien:

1
ICT _ ICT IcT
Air = E(“t + a2y

The coefficienr/T corresponds to the share of capital remuneratid®DP:

ICT prICT
Ct Kt—l

Py, .Y,

alCT =

WhereC!cT corresponds to the user cost of capRglcorresponds to the GDP deflator, apdefers

to GDP in volume.

The user cost of ICT capitélis calculated employing the relation proposeddrganson (1963):
CICT = PICT (i, + §ICT 4 AplCT)

Wherep!cT corresponds to the investment price of ICTefers to the nominal interest rate, and
5¢Tdesignates the assumed invariant depreciatiorofa@T.

We have considered two alternative options forrtbminal interest rate: 10-year government bond
yields and a fixed rate of 10%. The evaluationahkbapproaches is close to one another in the growt
contribution calculation. In this study, we haveedighe 10-year government bond yields taken from
the OECD's main economic indicators.

The overall share of capital, is assumed to be invariant and the same foralhtries, witha = 0.3
This means that to evaluate the overall capitapeeimg effect, we have assumed ‘7, the non-
ICT capital share, is obtained, for each yteamd country observation, from the relation:

@, = al°T + a7 = 0.3 and ther!'° = 0.3 — [T
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Appendix 2: Tables

Table 1

Results from estimates of labor productivity [p) or tfp (Ip — 0.3.iK in log form, on school attainment and

age of equipment capital stock. Labor input is meased by total hours worked.

Time and country fixed effects included. Heterogletitity robust standard errors are in brackettintasions

start in 1895 because GDP is highly volatile dutimgfirst five years.

@

@)

®3)

(4)

®)

(6)

Dependent variable: lp—-0.3.ik Ip Ip—0.3.ik lp lp—-0.3.ik lp
Estimator oLS oLS oLS oLS \Y v
School 0.037**= 0.031*** 0.064*** 0.007 0.050*** 0.047***
(0.005) (0.006) (0.009) (0.009) (0.006) (0.008)
Age of equipment -0.010** -0.010** -0.023%*** -0.022%** -0.012** -0.011**
(0.005) (0.005) (0.007) (0.005) (0.005) (0.005)
Log of capital ) 0.323%** 0.638%** ) 0.315%**
intensity (0.011) (0.016) (0.012)
Implicit 0 5.29% 4.58% 9.14% 1.93% 7.14% 6.86%
Implicit € 3.33% 3.10% 7.67% 3.45% 4.00% 3.49%
Implicit o Setto 0.3 0.323 Sett0 0.3 0.638 Setto 0.3 0.315
Time period 1895-2010  1895-2010 1950-2010 1950-2010  1895-2010895-P010
Number of Obs. 1,714 1,714 1,037 1,037 1,714 1,714
Adjusted R? 0.961 0.983 0.920 0.981 0.983 0.982

Notes: *** p value < 1%, ** p value < 5%, * p value < 10%

Table 2

Results from estimates of labor productivity [p) or tfp (Ip — 0.3.iK in log form, on school attainment and

age of equipment capital stock. Labor input is meased by number of workers.

Time and country fixed effects included. Heterosigtitity robust standard errors are in bracketintasions
start in 1895 because GDP is highly volatile dutimgfirst five years.

@

@

@)

(4)

(6)

(6)

Dependent variable: lp—-0.3.ik lp lp—-0.3.ik lp lp—-0.3.ik lp
Estimator oLs oLs oLs oLs v v
School 0.060%** 0.053*** 0.074%** 0.018* 0.076%** 0.074%**
(0.004) (0.006) (0.010) (0.009) (0.006) (0.008)
Age of equipment -0.017%*  -0.016%*  -0.035%*  -0.020%* -0.019* -0.018*
(0.005) (0.005) (0.007) (0.004) (0.005) (0.005)
Log of capital 0.323%** 0.605%+* ) 0.312%**
intensity (0.010) (0.015) (0.011)
Implicit 0 8.57% 7.83% 10.6% 4.56% 10.9% 10.8%
Implicit ¢ 5.67% 4.95% 11.7% 3.08% 6.33% 5.77%
Implicit a Setto 0.3 0.323 Sett0 0.3 0.638 Setto 0.3 0.315
Time period 1895-2010  1895-2010  1950-2010 1950-2010  1895-2010895-2010
Number of Obs. 1,714 1,714 1,037 1,037 1,714 1,714
Adjusted R? 0.948 0.977 0.898 0.975 0.948 0.978

Notes: *** p value < 1%, ** p value < 5%, * p value < 10%
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Table 3

Average growth rates for various subperiods for labr productivity (col. 1) and some of its contributas:
capital intensity (col. 2),TFP (col 3= col 1 - col 2), education (col 4), age cdpital (col 5) andTFP’ (col 6 =
col 3-col 4 -col5)

(1) (2) 3) (4) (5) (6)
Subperiods Alp a.4ik Atfp (1-2).0.4S -aeAA Atfp’
The United States
1890-1913 1.76% 0.57% 1.19% 0.14% 0.18% 0.87%
1913-1950 2.85% 0.45% 2.41% 0.42% 0.03% 1.96%
1950-1974 2.25% 0.57% 1.68% 0.38% -0.02% 1.32%
1974-1990 1.27% 0.29% 0.98% 0.34% 0.04% 0.60%
1990-2010 1.83% 0.58% 1.25% 0.17% -0.03% 1.11%
1890-2010 2.21% 0.51% 1.70% 0.31% 0.04% 1.34%
Euro area
1890-1913 1.82% 0.49% 1.34% 0.23% 0.11% 1.22%
1913-1950 1.49% 0.39% 1.10% 0.15% -0.13% 1.08%
1950-1974 5.19% 1.58% 3.62% 0.48% 0.33% 2.81%
1974-1990 2.77% 1.02% 1.74% 0.34% -0.18% 1.58%
1990-2010 1.28% 0.59% 0.69% 0.26% -0.06% 0.48%
1890-2010 2.52% 0.80% 1.72% 0.29% 0.01% 1.43%
United Kingdom
1891-1913 0.72% 0.16% 0.55% 0.22% 0.04% 0.29%
1913-1950 1.51% 0.34% 1.17% 0.19% 0.00% 0.98%
1950-1974 2.97% 1.43% 1.55% 0.62% 0.11% 0.82%
1974-1990 2.22% 0.74% 1.48% 0.49% -0.06% 1.05%
1990-2010 2.18% 0.70% 1.48% 0.07% -0.06% 1.47%
1890-2013 1.93% 0.66% 1.27% 0.31% 0.01% 0.94%
Japan
1890-1913 2.35% 1.59% 0.76% 0.53% 0.05% 0.18%
1913-1950 1.78% 1.08% 0.70% 0.47% -0.19% 0.42%
1950-1974 6.58% 2.20% 4.38% 0.50% 0.44% 3.44%
1974-1990 3.61% 1.62% 1.99% 0.31% -0.21% 1.88%
1990-2010 1.70% 1.06% 0.64% 0.29% -0.21% 0.56%
1890-2010 3.20% 1.52% 1.67% 0.45% -0.02% 1.25%
World
1890-1913 1.84% 0.64% 1.19% 0.25% 0.14% 0.80%
1913-1950 2.15% 0.48% 1.68% 0.28% -0.03% 1.43%
1950-1974 3.75% 1.11% 2.64% 0.48% 0.13% 2.03%
1974-1990 2.24% 0.78% 1.46% 0.36% -0.06% 1.16%
1990-2010 1.68% 0.65% 1.03% 0.22% -0.09% 0.90%
1890-2010 2.42% 0.73% 1.70% 0.32% 0.02% 1.35%

Source: See text. World includes all of the 17 ¢oes: Australia, Belgium, Canada, Denmark, Germany
Finland, France, ltaly, Japan, the Netherlands,wdgr Portugal, Spain, Sweden, Switzerland, the ddhit
Kingdom and the United States of America.
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Table 4

Results from estimates of labor productivity (in Ig form and corrected for capital intensity, school
attainment, age of equipment capital stock and how worked) on the production of electricity per
inhabitant (in log form) and the ratio of ICT capital stock to GDP in value terms

Time and country fixed effects included. Heterogsditity robust standard errors are under brackets.

(1) (2) 3) (4) (5) (6)
Dependent variable: tfp’ with ICT capital deepening
Estimator oLS oLS OoLS \Y; \Y; \Y;
Log(electricity/pop) 0.077** 0.096*** 0.039 0.079**
(0.022) - (0.021) (0.038) - (0.039)
ICT 0.938**+ 1.459%** ) 1.585 *** ] 557*x*
(0.142) (0.162) (0.210) (0.247)
Time period 1905-2010  1950-2010 1905-2010 1905-2010  1950-201®05-2010
First stage F stat - - - 271.63 140.86 109.95
Number of Obs. 1180 732 1180 1180 732 1180
Adjusted R? 0.968 0.963 0.968 0.963 0.962 0.965

*** g value < 1%, ** p value < 5%, * p value < 10%
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Table 5
Average growth rates for various subperiods forTFP (col. 1), TFP’ (col. 2), electricity per capita (col. 3),
ICT capital stock ratio (col. 4) andTFP” (col. 5= col. 2 - col. 3 - col. 4).

1) 2 3 4 ©)
Subperiods Atfp Atfp’ nAelec MAICT Atfp”
The United States
1913-1950 2.41% 1.96% 0.46% 0.00% 1.49%
1950-1974 1.68% 1.32% 0.43% 0.27% 0.62%
1974-1990 0.98% 0.60% 0.16% 0.35% 0.09%
1990-2010 1.25% 1.11% 0.04% 0.18% 0.89%
1913-2010 1.70% 1.34% 0.32% 0.14% 0.88%
Euro area
1913-1950 1.10% 1.08% 0.42% 0.00% 0.67%
1950-1974 3.62% 2.81% 0.56% 0.27% 1.97%
1974-1990 1.74% 1.58% 0.21% 0.15% 1.22%
1990-2010 0.69% 0.48% 0.08% 0.05% 0.35%
1913-2010 1.72% 1.43% 0.36% 0.09% 0.98%
United Kingdom
1913-1950 1.17% 0.98% 0.67% 0.00% 0.31%
1950-1974 1.55% 0.82% 0.41% 0.13% 0.28%
1974-1990 1.48% 1.05% 0.07% 0.34% 0.65%
1990-2010 1.48% 1.47% 0.03% 0.19% 1.25%
1913-2010 1.27% 0.94% 0.38% 0.11% 0.45%
Japan

1913-1950 0.70% 0.42% 0.63% 0.00% -0.21%
1950-1974 4.38% 3.44% 0.64% 0.24% 2.55%
1974-1990 1.99% 1.88% 0.23% 0.21% 1.44%
1990-2010 0.64% 0.56% 0.10% 0.30% 0.17%
1913-2010 1.67% 1.25% 0.47% 0.13% 0.65%

Source: See text. The euro area does not includadgadb
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