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Résumé : Alors que la formation initiale est au cœur des modèles de croissance, l’influence de
l’accumulation du capital humain sur la croissance à long terme fait moins l’objet de travaux. Notre
première étape a été de surmonter l’"énigme du capital humain" par l’introduction de la frontière
technologique telle que définie par Vandenbusshe, Aghion et Meghir (2006). L’"énigme du capital
humain" signifie que le niveau de capital humain a un effet positif significatif sur la croissance dans
les pays où le niveau d’éducation est faible et un effet négatif significatif dans les pays où le niveau
d’éducation est élevé. Nous avons spécifié une équation de croissance à long terme agrégée en ten-
ant compte des limites des différentes approches mais sans rejeter l’apport des théories endogènes.
En combinant la distance à la frontière technologique et le modèle de régression transnational, notre
coefficient sur le niveau et le taux d’accumulation du capital humain est positif, et significatif au
niveau de 1 et 10 pour cent pour les prédicteurs du capital humain seuls, et l’interaction entre le taux
d’accumulation du capital humain et la distance à la frontière technologique est également significa-
tive au niveau de 5 pour cent. La distance à la frontière technologique affecte donc significativement
la relation entre l’accumulation de capital humain et la croissance économique, tandis que les dif-
férences technologiques entre les pays ne modifient pas la relation entre le niveau initial du stock de
capital humain et la croissance économique. De plus, les effets de l’accumulation de capital humain
sur la croissance économique ont tendance à augmenter avec les avancées technologiques des pays.

D’après nos résultats économétriques, l’"énigme du capital humain" est donc partiellement résolue
en prenant en compte les différences entre les pays en matière d’avancées technologiques, et leur
interaction avec les indicateurs de capital humain. Pour traiter l’endogénéité de la variable capital
humain, nous nous tournons vers un modèle d’équations simultanées (MES) où l’accumulation de
capital humain est également causée par la croissance économique, et où l’accumulation de capital
physique peut être endogène. Malgré un ensemble de données moins complet (moins de pays), le
niveau et l’accumulation du capital humain ont un effet positif et significatif sur la croissance à long
terme du PIB par habitant. Ces premiers résultats étaient nécessaires avant d’étudier la relation entre
le capital humain et le développement économique à un niveau plus granulaire et pourraient aider à ne
pas sous-estimer l’effet d’entraînement de l’investissement dans l’accumulation du capital humain sur
la croissance du PIB à long terme, en particulier dans les pays proches de la frontière technologique.

Mots-clés: capital humain, accumulation de capital humain, croissance du PIB à long terme, frontière
technologique, productivité, formation scolaire, équation du capital humain, effets d’entraînement du
capital humain
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Human capital accumulation, long-run GDP growth and technological frontier

Abstract: While initial education is at the heart of growth models, less work has been done on the
influence of human capital accumulation on long-run growth. Our first step was to overcome the
“human capital puzzle” by the introduction of the technological frontier as defined by Vandenbusshe,
Aghion and Meghir (2006). The “human capital puzzle” means that the level of human capital has a
significant positive effect on growth in countries where educational attainment is low and a significant
negative effect in countries where educational attainment is high. We specified an aggregate long-run
growth equation while taking account the limitations of the various approaches but without rejecting
the contribution of endogenous theories. By combining the distance to technological frontier and the
workhorse cross-country regression model, our coefficient on both the level and rate of accumulation
of human capital are positive, and significant at the 1 and 10 percent level for the human capital
predictors alone, and that the interaction between the rate of accumulation of human capital and
distance to the technological frontier is also significant at the 5 percent level. This shows that the
distance to the technological frontier significantly affects the relationship between human capital
accumulation and economic growth, while cross-country differences in technology do not change the
relationship between initial level of human capital stock and economic growth. Moreover, the effects
of human capital accumulation on economic growth tend to increase with technological advancements
of countries.

According to our econometric results, the “human capital puzzle” is thus partially solved by taking
into account cross-country differences in technological advancements, and their interaction with hu-
man capital proxies. To address the endogeneity of the human capital variable, we turn toward a
simultaneous equations model (SEM) where accumulation of human capital is also caused by eco-
nomic growth, and where accumulation of physical capital is allowed to be endogenous. Despite a less
complete datasets (fewer countries), the both human capital level and accumulation have a positive
and significant effect on long-term growth of GDP per capita. These first results were needed before
investigating the relationship between human capital and economic development at a more granular
level and could help to not underestimate the spillover effect of the investment in human capital ac-
cumulation on long-run GDP growth especially in countries close to the technological frontier.

Keywords : human capital, human capital accumulation, long-run GDP growth, technological fron-
tier, productivity, educational training, human capital equation, human capital spillover effects.
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”When it comes to measurement, the existing capital market gives us little or no information 
because it is not organized to finance “investments” that enhance the abilities of people as 
producers” (Schultz, 1950) 
 

I - Introduction 

Despite a large body of theoretical work showing the influence of population “quality” on GDP 
growth per capita, yet young people not in education, employment or training (NEET) still account 
for 20% of an age group in many European countries and the UN’s basic Sustainable Development 
Goals 3, “Ensure healthy lives and promote well-being for all at all ages”, and 4, “Ensure inclusive 
and equitable quality education and promote lifelong learning opportunities for all”, will not be 
achieved by 2030; the Lisbon strategy focused on a knowledge-based economy has been a failure. 

Is it because governments in developed countries underestimate the impact of human capital on 
long-term growth and its spillover effects? It is true that the econometric results of growth equations 
including the level of human capital and its accumulation are ambiguous. A human capital puzzle 
persists. This may appear obvious given the amount of work that has been done in this area; 
however, when seeking to demonstrate the aggregate impact of human capital and its 
accumulation, many theoretical and econometric limitations come into play. 

For example, Solow’s technological progress model cannot be used to highlight the impact of 
human capital on growth, since the latter is equal to the long-run exogenous growth rate of 
technological progress. Work by Mankiw, Romer and Weil (1990) to incorporate the human capital 
factor into the Cobb–Douglas production function shows that human capital accumulation has a 
positive and significant influence on per capita income. But the level of human capital has no 
impact on either growth or long-run per capita income. Endogenous growth theories have 
highlighted the effects of human capital externalities and innovation. According to such theories, 
human capital affects economic growth by favoring technological progress and technology 
adaptation, thus leading to sustainable long-run growth. Econometric testing of the endogenous 
growth model, by carrying out regression analysis on per capita GDP growth as a function of the 
stock and accumulation of human capital and a set of control factors, has empirically validated the 
positive and significant impact of the stock of human capital on GDP growth. For example, Romer 
(1989) performed regression analysis on per capita GDP growth, educational attainment and 
accumulation, and a set of structural factors, finding that educational attainment had a significant 
and positive effect on growth but educational accumulation had no such effect. Barro and Sala-i-
Martin (2004), like Benhabib and Spiegel (1994) and Aghion and Cohen (2004), also found that the 
level of human capital had a significant positive effect on growth but educational accumulation had 
no significant effect on growth. 

Some authors, notably Krueger and Lindahl (2000), have focused on this lack of effect of 
human capital accumulation on growth. Like Topel (1999), they emphasize that a logarithmic 
specification of the education variable (both initial level and accumulation) amounts to a 
mis-specification of the relationship between human capital and growth. Indeed, such a 
logarithmic specification implies considering human capital as an additional production factor2, 
whereas it in fact has different effects on growth. According to Krueger et Lindahl (2000), the non-
significance of human capital accumulation in the majority of growth regressions can be explained 
by two main factors: 

1. Firstly, the inclusion of physical capital would justify the non-significance of human capital 
accumulation; however, this contradicts growth models. As a consequence of the 
complementarity between capital and qualifications3, investment in physical capital can be 

                                                   
2 Since it is a product of logarithmic differentiation. 
3 See Goldin and Katz for a discussion of complementarity between capital and qualifications. 
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correlated4 with education: accumulating human capital within a country can lead to a 
higher stock of physical capital. The impact of physical capital accumulation on growth 
could therefore account for a large part of the effect of human capital accumulation. By 
excluding physical capital accumulation from their variables, Krueger and Lindahl (2000) 
found that human capital had a significant effect on growth. However, this finding remains 
inconclusive since it obscures the effects of physical capital. In addition to this high level of 
correlation, it appears that physical capital accumulation coefficients often exceed the 
commonly accepted share of physical capital in value added (around one third). 
Introducing a constraint whereby the coefficient for the effect of physical capital 
accumulation on growth must be compatible with economic stylized facts would lead to an 
increase in the significance of human capital accumulation. 

2. The second factor put forward to explain the non-significance of human capital as a 
determinant of growth is measurement error bias. Just about all growth equation 
regressions use the education data constructed by Barro and Lee (1996) or Kyriacou 
(1991)5. This measurement error can mainly arise during construction of the stock of years’ 
schooling by country, which consists of 40% direct data from UNESCO (census) and 60% 
data constructed using the perpetual inventory method (PIM). Krueger and Lindahl (2000) 
proposed to limit this measurement bias by choosing to study growth over longer periods. 
Indeed, the very nature of human capital is such that its accumulation is a long-term 
endogenous process that is difficult to observe and capture. Studying its short-term 
influence thus considerably reduces the possibility of measuring it. 

By applying constraints to both physical capital and the period under review, Krueger and Lindahl 
end up with a growth regression in which both the level and the accumulation of human capital 
have a significant effect6. However, they relax the assumption – required by macroeconomic 
growth regression – of a relationship between growth and ongoing education between countries7 
and arrive at a puzzle. The effect of education on growth differs from country to country8: 
the level of human capital has a significant positive effect on growth in countries where 
educational attainment is low and a significant negative effect in countries where 
educational attainment is high. 

In response to this puzzle, some authors have, first of all, incorporated the composition of human 
capital into growth regressions. 

The basis for including differentiation of human capital is found in a theory derived from 
endogenous growth theory according to which economic growth can be supported by imitation or 
innovation. This theory, developed in particular by Aghion and Howitt (1998), Vandenbusshe, 
Aghion and Meghir (2006), Acemoglu, Aghion and Zilibotti (2006) and by Grossman and Helpman 
(1990), states that countries far from the technological frontier – defined as the maximum level of 
technology – base their economic growth on imitation since the potential for them to catch up with 
technological developments is high. Conversely, countries close to the technological frontier – 
i.e. approaching the maximum level of technology – base their economic growth on innovation 
since the potential for them to catch up with technological developments is low. By differentiating 
human capital (by qualification level and type of institution), it is thus possible to distinguish human 
capital with higher education qualifications favoring innovation, and thus growth in the most 
developed countries, from human capital with primary- and secondary-level qualifications favoring 
                                                   
4 See also Benhabib and Jovanovic or Blornstrom and Lipsy for a discussion of the endogeneity of physical capital in a 
growth regression.  
5 Krueger and Lindahl subject these two educational databases to statistical reliability testing and compare them with 
another source of World Bank data. Their findings lead them to conclude that the most reliable education data are those 
used by Barro and Lee, which is why we used this data source in our own regression. 
6 They use the total number of years’ schooling per person aged over 25, which they consider the optimum measure of 
education. See article for full discussion. 
7 By including a dummy variable to control for the country’s level of development.  
8 This lack of consistency has also been highlighted by Durlauf and Johnson (1995) 
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imitation, and thus growth in the least developed countries. Thus, according to these models, a 
marginal increase in the stock of qualified human capital will have a greater impact on growth if the  

Vandenbusshe, Aghion and Meghir (2006) find a significant level of interaction between education 
and the technological frontier. Interaction with distance to the technological frontier is positive for 
years of tertiary education and negative for years of primary and secondary education. The closer a 
country is to the technological frontier, the greater the effect of human capital on growth. For a 
given level of tertiary human capital, the impact of the number of years’ primary and secondary 
education declines as a country approaches the technological frontier. The test thus validates the 
hypothesis that human capital can be differentiated and that it affects growth differently depending 
on how far the country is from the technological frontier. 

But long-term GDP growth equations including human capital in its general form and not taking into 
account the technological frontier have sometimes suggested that the general level of human 
capital had an insignificant effect on growth in the most developed countries. Inclusion of the 
technological frontier has not been extended to an analysis taking into account the accumulation of 
human capital, as we are proposing. 

In light of the literature and the “human capital puzzle”, we tried to estimate the impact of 
both human capital and its accumulation in an aggregate growth equation. We wanted to 
specify such an equation while taking into account the limitations of the various 
approaches but without rejecting the contribution of endogenous theories. 

To avoid the “human capital puzzle” and measure the joint influence of the level of human capital 
and its accumulation, we incorporated the recommendations of Krueger and Lindah (2000). Our 
chosen measure of long-run growth is the change in log real GDP per capita. We used the 
logarithmic specification for growth in the labor force and physical capital accumulation. We 
introduced the initial level of log per capita GDP. However, the stock and accumulation of human 
capital are expressed as levels, as recommended in the literature and the Mincerian specification. 
We used Barrow and Lee’s measure for the human capital variable and selected a period of 
30 years to avoid bias linked to the risk of errors. Furthermore, we sought to eliminate various 
endogeneity and simultaneity biases by adding a number of control variables, contrary to what we 
have seen in the literature, such as the consumer price index, government consumption 
expenditure expressed both as a percentage of GDP and in purchasing power parity, and the 
openness ratio. After testing our OLS linear regression equation, we decided to introduce the 
concept of the “technological frontier” into our growth equation using the approach advocated by 
Vandenbusshe, Aghion and Meghir (2006), both as a variable in its own right and in interaction with 
human capital measures.  

According to our first econometric findings, the coefficients of the variables “initial level of 
human capital” and “human capital accumulation” are positive and significant. (1) The stock of 
human capital has a positive and significant impact on long-run growth. (2) Including distance to 
the technological frontier helped solve one of the riddles of the human capital puzzle, namely the 
lack of correlation between education and growth in developed countries. The human capital 
accumulation coefficient is positive and significant. (3) The coefficient of the “human capital 
accumulation” variable interacting with distance to the technological frontier is significant and 
positive, which means the closer a country is to the technological frontier, the greater the impact of 
human capital accumulation on growth. 

Although our growth equation gives us greater insight into the correlation between human 
capital, its accumulation and the increase in GDP per capita, we were keen to take this work 
further to address two main weaknesses we had identified. First, our equation is still subject to 
endogeneity issues in spite of our having introduced control variables. Second, given the existence 
of new databases that allow for a statistical treatment of skills at the aggregate level (Hanushek 
and Woessmann 2009), we wanted to introduce the idea of quality. Indeed, while these authors 
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have demonstrated the correlation between cognitive skills and growth, adding their calculated 
cognitive score index to our growth equation has the advantage that it complements our 
specification of interactions between human capital and growth. 

To address these weaknesses, we decided to replace the econometric technique we had 
used at the outset with simultaneous equations (3SLS). This approach enabled us to better 
resolve reverse causality and simultaneity biases. Moreover, by simultaneously estimating the 
growth equation and equations for our endogenous variables (accumulation of physical and human 
capital), we can take into account correlations between error terms. Lastly, this approach also 
allows us to open up new areas of research into the channels of influence of human capital, which 
is our primary concern. Unlike the 2SLS estimate, the simultaneous equation system enables us to 
directly estimate the determinants of human capital accumulation. There is very little literature 
available specifying an aggregate human capital accumulation equation. Our work 
constitutes a first step in this direction. 

We have therefore built a model of simultaneous growth equations where human capital 
accumulation is also generated by economic growth and physical capital accumulation is 
also endogenous. A qualitative criterion has been introduced into the human capital accumulation 
equation. We have also added the interest rate and lending, given their importance demonstrated 
by ample literature on economic growth. 

- Human capital accumulation is a function of per capita GDP growth, initial level of 
education, interest rates and net average wages. This equation is based on the afore 
mentioned macroeconomic work but also on the microeconomic approach to human capital 
(Becker 1964, Mincer 1974 and Ben-Porath 1967). People invest if they hope to receive a 
return over and above the cost of investing. The return is estimated using average real 
wages. The interest rate is a measure of the opportunity cost of investing in human capital; 
it influences human capital accumulation via the distribution of loans (see Heckman and 
Hai, 2016). The inclusion of a skills measure is also grounded in the microeconomic 
literature. Heckman, Humphries and Veramendi (2016) showed that those with the highest 
skills scores are more likely to invest in education since they hope to receive a higher 
return from it. 

- The physical capital accumulation equation is more standard, being a function of per capita 
GDP growth, the rate of depreciation of the stock of physical capital, investment, the price 
level of capital formation and the price level of capital stock. We nevertheless introduced 
distance to the technological frontier, since we take the view that a country’s technological 
advancement affects physical capital accumulation. 

The initial level and accumulation of human capital are always positive and significant and 
the coefficients are similar to those obtained in our first estimation (linear estimation of 
growth regression). Our measurement of the impact of human capital on growth is thus robust. In 
addition, the estimation of simultaneous equations is not affected by measurement bias. The 
physical capital accumulation coefficient is still similar to the share of physical capital in value 
added, which shows that our findings are economically sound and remain robust regardless of the 
econometric methods used. 

By deliberately using an aggregate macroeconomic approach while incorporating the most 
recent work on economic growth, and in particular the work of Vandenbusshe, Aghion and 
Meghir (2006), we were able to show that both the level of human capital and its 
accumulation are determinative of long-run growth, including for developed countries. 
Moreover, the coefficient of the “human capital accumulation” variable interacting with distance to 
the technological frontier is significant and positive, which means the closer a country is to the 
technological frontier, the greater the impact of human capital accumulation on long-run growth. 
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II - Conceptual Framework and Empirical Specification 

 

2.1 Theoretical Effects of Human Capital on Economic Growth  

 

A number of articles are considered as representing fundamental steps in determining the 
theoretical framework for understanding the impact of human capital on growth, in particular those 
by T.W. Schultz, G. Becker and J. Mincer. While Schultz adopted a macroeconomic approach 
whereas Becker and Mincer developed a framework for analyzing individual human capital 
investment choices, they all consider education an investment and not an expense. G. Becker 
developed a general model explaining the determinants of human capital investment using the 
internal rate of return. The microeconomic approach may be summarized as a study of the 
individual private return on education using wage equations. This method is based on the fact that 
there is a linear relationship between an individual’s wages and the number of years’ schooling that 
individual has completed, and consequently the slope of that linear relationship (the regression 
coefficient) can be used to estimate the return on investment in education. J. Mincer, who 
popularized this approach9, estimated that, in the United States, each additional year of education 
increased wage gains by 10%. Empirical estimates across different countries and periods generally 
put the return on education at between 5% and 15%10. However, the estimated private return on 
education cannot be used to evaluate its total impact. 

T.W. Schultz was the first to use the concept of human investment in 1940 to explain income 
inequalities among farmers11. Indeed, expenditure improves individuals’ productive capacity and 
thus counts as “investments”. Furthermore, in his later work “Investing in people: the economics of 
population quality” (1981), Schultz found that growth in the share of wages in value added was the 
result of an increase in the value of human time. 

Growth theorists then sought to measure the impact of effective labor (as used in the Solow-Swan 
model) on output growth. However, the turning point came with the introduction of the “human 
capital” factor into Solow’s neoclassical model by Mankiw, Romer and Weil (1990) and 
subsequently by other authors like Benhabib and Spiegel (1994). A “human capital” factor H is 
added as a production factor in the same way as physical capital. 

The production function is now of the type Y = F (K,AL,H) where Y is output, K is the capital factor, 
AL is the labor factor and H is human capital. Workers have units of effective labor which fuel 
output Y. Technological progress, A, increase steadily at exogenous rate g. Growth in A has the 
effect of increasing the “effective labor” factor. Technological progress thus acts in a similar way to 
an increase in the population growth rate. 

Differentiating the aggregate production function with respect to time gives the following: 

 

 

𝑌̇
𝑌 = �

𝐹𝑘𝐾
𝑌
�
𝐾̇
𝐾 + �

𝐹𝐴𝐴𝐿
𝑌

�
𝐴𝐿̇
𝐴𝐴 +  �

𝐹𝐻𝐻
𝑌

�
𝐻̇
𝐻    (1) 

 

                                                   
9 D. Gorseline (1932), J.R. Walsh (1935), H. Miller (1955), Wolfe and Smith (1956). 
10 Ashenfelter and Kruger (NBER 1992), Lindahl and Krueger (2000), Angrist and Krueger (1992). For a review of 
microeconomic estimates of the return on education, see G. Psacharopoulos (1991) 
11 T. W. Schultz, “Reflections on poverty within agriculture”, 1940, Journal of Political Economy. 
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Growth is affected by the increase in the number of units of effective labor but also by the rate of 
human capital accumulation. Stating the production function as a Cobb-Douglas production 
function gives the following: 

 

𝑌 = (𝐴(𝑡)𝐿(𝑡))1−𝛼−𝛽𝐾(𝑡)𝛼 𝐻(𝑡)𝛽    (2) 
 

where human capital H(t) depreciates at rate 𝛿ℎ and physical capital K(t) depreciates at 
rate 𝛿𝑘. 

We can restate the output per unit of effective labor as follows: 

 

𝑦�(𝑡) =  𝑘𝛼(𝑡)ℎ𝛽(𝑡) (3) 

The long-run equilibrium values are as follows: 

𝑘∗ = ��
𝑠𝑠

𝑛 + 𝑔 + 𝛿𝑘  �
1−𝛽

�
𝑠ℎ

𝑛 + 𝑔 + 𝛿ℎ  �
𝛽

�  
1

1−𝛼−𝛽    (4) 

ℎ∗ = ��
𝑠𝑠

𝑛 + 𝑔 + 𝛿𝑘  �
𝛼

�
𝑠ℎ

𝑛 + 𝑔 + 𝛿ℎ �
1−𝛼

�  
1

1−𝛼−𝛽    (5) 

 

A high rate of investment in physical capital increases not only the long-run equilibrium level of 
physical capital but also the level of human capital. Similarly, a high rate of investment in human 
capital increases not only the level of human capital but also the steady-state level of physical 
capital in the economy. 

The long-run equilibrium output per capita of a country i is given by the following: 

�
𝑌(𝑡)
𝐿(𝑡)

�
∗

= 𝑦𝑦∗ = 𝐴𝐴 �
𝑠𝑠, 𝑖

𝑛𝑛 + 𝑔𝑔 + 𝛿𝑘  �
𝛼

1−𝛼−𝛽
�

𝑠ℎ, 𝑖
𝑛𝑛 + 𝑔𝑔 + 𝛿ℎ �

𝛽
1−𝛼−𝛽

   = 𝐴𝐴𝑦�∗   (6) 

 

Taking the logarithm gives:  

 

ln �
𝑌(𝑡)
𝐿(𝑡)� = ln𝐴(0) + 𝑔𝑔 +

𝛼
1 − 𝛼 −  𝛽 ln �

𝑠𝑠, 𝑖
𝑛𝑛 + 𝑔𝑔 + 𝛿𝑘  � + 

𝛽
1 − 𝛼 −  𝛽 ln �

𝑠ℎ, 𝑖
𝑛𝑛 + 𝑔𝑔 + 𝛿ℎ � + 𝜀𝑖    (7) 

Or :  

ln 𝑦𝑦∗ = ln𝐴(0) + 𝑔𝑔 +
𝛼

1 − 𝛼 −  𝛽 ln(𝑠𝑠, 𝑖) −
𝛼

1 − 𝛼 −  𝛽 ln(𝑛𝑛 + 𝑔 + 𝛿𝑘) +
𝛽

1 − 𝛼 −  𝛽 ln(𝒔𝒔, 𝒊)

−
𝛽

1 − 𝛼 −  𝛽 ln(𝑛𝑛 + 𝑔𝑔 + 𝛿ℎ) + 𝜀𝑖   (8) 

 

By definition, when long-run equilibrium is reached, 𝑘�, 𝑦� and 𝑐̂ are constant. According to (19), we 
can thus see that in the long run, per capita GDP growth is equal to growth in A, i.e. at exogenous 
rate g, even when human capital is included. Including human capital as a production factor does 
not change the long-run equilibrium growth rate, which is always equal to the exogenous growth 
rate of technological progress. 
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Using the growth accounting and growth regression approaches, we can directly calculate the 
Solow residual, which is used as total factor productivity (TFP), and estimate a growth equation by 
explaining the increase in per capita GDP (as a proxy for TFP growth) as the result of structural 
and fundamental economic variables. However, under the growth accounting approach, the 
problem is that the relative weighting of the various forms of labor is approximated using wage 
rates, which can lead to bias, mainly due to labor coefficients12 negatively skewing growth. 
Another limitation is that this approach only establishes the accumulation of production factors as 
determinative of growth; it does not take into account the effects of the level of human capital or of 
human capital externalities. In the case of growth regression, it is not growth but rather equilibrium 
output per capita that is estimated. Growth is given by the exogenous growth rate of technological 
progress. 

Furthermore, regressions (26) and (27) exclude any effect of the quality of human capital. We are 
dealing here with a so-called neoclassical model that uses units of effective labor: since labor is 
considered homogeneous, workers cannot be differentiated by their qualifications. The only way to 
capture the effect of the composition of the labor force is to study the relative growth of each 
category of workers (see page 8 for detailed reasoning). 

ln �
𝑌(𝑡)
𝐿(𝑡)� = 𝑎 +

𝛼
1 − 𝛼 ln(𝑠) −

𝛼
1 − 𝛼 ln(𝑔 + 𝑛 + 𝛿) + 𝜖  (9) 

 

Or, in the case of an aggregate production function with human capital such as (13):  

 

ln 𝑦𝑦∗ = ln𝐴(0) + 𝑔𝑡 +
𝛼

1 − 𝛼 −  𝛽 ln(𝑠𝑠, 𝑖) −
𝛼

1 − 𝛼 −  𝛽 ln(𝑛𝑛 + 𝑔 + 𝛿𝑘) +
𝛽

1 − 𝛼 −  𝛽 ln(𝑠ℎ, 𝑖)

−
𝛽

1 − 𝛼 −  𝛽
ln(𝑛𝑛 + 𝑔𝑔 + 𝛿ℎ) +  𝜀𝑖  (10) 

 

Lastly, as with the growth accounting approach, we only estimate the effect of human capital 
accumulationsh, j, whereas the economic literature has shown that the level of human capital has a 
very significant effect on growth and total factor productivity13. One final limitation is that g, sh and 
sk are highly correlated, which can lead to estimation bias. 

We can estimate growth and total factor productivity by econometrically estimating the growth 
accounting equation shown above. A regression could, for example, take the following form, with 
differentiation for the composition of the labor factor:   

 
𝑌̇
𝑌

= 𝛼 + 𝛽0
𝐾̇
𝐾

+ 𝛽1
𝐿𝐿̇
𝐿𝐿

 +  𝛽2
𝐿𝐿𝐿̇
𝐿𝐿𝐿

+ 𝜀𝑗 (11)  

 

where per capita GDP growth is now the dependent variable, each estimated coefficient 
could be seen as the factors’ relative shares of value added, and the regression constant 
term represents the Solow residual. However, this approach does not capture the effects of 
human and physical capital depreciation. 

The models and equations set out above are all derived from the neoclassical model: they all 
assume exogenous technological progress and explain growth in total factor productivity as the 
result of the accumulation of production factors (physical and human capital and units of effective 
labor). Moreover, labor is considered homogenous, which excludes any efficiency effects. Qualified 
                                                   
12 Acemoglu and Pischke (1998) 
13 Barro and Sala-i-Martin (2004), Griliches (1970), Benhabib and Spiegel (2005), Krueger and Lindahl (2000) 
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and less qualified workers differ only in the number of units of effective labor they represent: put 
trivially, this means one worker representing three units of effective labor is exactly equivalent to 
three workers each representing one unit of effective labor. In this sense, qualified and unqualified 
workers are sometimes defined as perfect substitutes in Solow’s model with “labor-augmenting” 
technological progress14. Furthermore, these models and equations cannot be used to estimate the 
effect of the level of human capital, which the literature has shown to have a significant effect on 
growth and total factor productivity, not to mention estimation bias. 

If we want to arrive at a growth equation that also takes into account the effects of the level of 
human capital15, we must follow another more general formulation16 proposed in the recent 
economic literature, which explains per capita GDP growth (as a proxy for total factor productivity) 
as the result of the initial level of GDP and a set of structural and fundamental economic variables 
specific to each country. 

The standard equation is as follows: 
 

∆𝑦𝑦𝑦 =  𝑋𝑖′ 𝛽0 + 𝛽1yi, t − 1 +  𝜀𝜀, 𝑡 (12)   
Or logarithmically: 
 

log𝑦𝑦, 𝑡 − log 𝑦𝑦, 𝑡 − 1 =  𝑋𝑖′ 𝛽0 + 𝛽1 log(𝑦𝑦, 𝑡 − 1) +  𝜀𝜀, 𝑡 (13)   
 
where ∆𝑦𝑦𝑦 is growth in per capita output between t-1 and t 
 
 

2.2 – Model specification 

 
Given the limitations of growth accounting models, even when a differentiated measure of the 
accumulation of qualified and unqualified labor is introduced, and of Solow’s long-run model 
introducing the human capital factor, we chose to use a growth equation that takes into account the 
contributions of endogenous growth theories. 
 
 

a) Growth equation 
 
 
The more general approach consists of regressing the growth rate on the initial level of GDP and a 
number of other country-specific structural and fundamental factors that can explain growth. As 
highlighted by Nelson and Phelps (1966) and Benhabib and Spiegel (2005), expressing human 
capital as an additional production factor within an aggregate production factor, as in the growth 
accounting approach or Solow’s augmented human capital model, amounts to mis-specifying the 
role of human capital in growth. Indeed, these approaches consider only the rate of accumulation 
of the effective labor factor or of human capital, without taking into account either quality or 
externality and diffusion effects, even though these have been highlighted in economic theory17. 
Consequently, a number of authors18 have adopted a “growth regression” approach whereby per 
capita GDP growth approximates total factor productivity growth19 as a function of the initial level of 
GDP and a set of country-specific variables. The general approach may be written as follows: 

                                                   
14 Aghion and Cohen (2004).  
15 Romer (1989) and Lucas (1988) have written abundantly on the effect of the stock of human capital on economic growth 
and total factor productivity 
16 Barro and Sala-i-Martin (2004), Griliches (1970), Benhabib and Spiegel (2005), Krueger and Lindahl (2000) 
17 Romer (1989) and Lucas (1988) 
18 Barro and Sala-i-Martin (2004), Benhabib and Spiegel (2005), Krueger and Lindahl (2000), Vandenbusshe, Aghion and 
Meghir (2006) and Grossman and Helpman (1990, 1991) 
19 Vandenbusshe, Aghion and Meghir (2006), Aghion and Howitt (1998), Barro (1991), Lucas (1988), Acemoglu, Aghion and 
Zilibotti (2006) 
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∆𝑦𝑦𝑦 = 𝛼 + 𝛽0 log(𝑠𝑠𝑠, 𝑖) + 𝛽1 (𝑠ℎ𝑡, 𝑖) + 𝛽3ℎ𝑡 − 1, 𝑖 + 𝛽𝛽 + 𝛽4 log(𝑦𝑦, 𝑡 − 1) + 𝜀𝑖𝑖 (14) 
 
where ∆𝑦𝑦𝑦 represents the per capita GDP growth rate between t-1 and t, hi,t-1 represents 
the initial stock of human capital of country i, and X represents a set of country-specific 
factors. 
 

In order to go beyond the findings of Krueger and Lindahl (2000), described by Vandenbussche , 
Aghion and Meghir (2006)  as a “human capital puzzle”, we introduced distance to the 
technological frontier into our economic growth equation (14).  

The basis for including differentiation of human capital is found in a theory derived from 
endogenous growth theory according to which economic growth can be supported by imitation or 
innovation. This theory, developed in particular by Aghion and Howitt (1998), Vandenbussche, 
Aghion and Meghir (2006), Acemoglu Aghion and Zilibotti (2006), and Grossman and Helpman 
(1991), states that countries far from the technological frontier – defined as the maximum level of 
technology – base their economic growth on imitation since the potential for them to catch up with 
technological developments is high. Conversely, countries close to the technological frontier – 
i.e. approaching the maximum level of technology – base their economic growth on innovation 
since the potential for them to catch up with technological developments is low. By differentiating 
human capital (by qualification level and type of institution), it is thus possible to distinguish human 
capital with higher education qualifications favoring innovation, and thus growth in the most 
developed countries, from human capital with primary- and secondary-level qualifications favoring 
imitation, and thus growth in the least developed countries. Such differentiation thus helps solve 
Krueger and Lindahl’s puzzle: the fact that human capital has no effect on economic growth in 
developed countries is rooted in the non-differentiation of human capital by qualification level and 
the non-inclusion of the country’s distance to the technological frontier, which can be used to 
identify the differentiated impact of education based on the technological advancement of the 
country under review.  Thus, according to this model, a marginal increase in the stock of qualified 
human capital will have a greater impact on growth if the country in question is at the technological 
frontier. Different authors calculate distance to the technological frontier differently: while it always 
denotes the technological advancement of the country under review relative to the most advanced 
level of technology in the global economy, a number of different variables can serve as proxies for 
it. Aghion and Meghir measure total factor productivity (TFP) as output per adult less capital per 
adult multiplied by the share of capital in output. Distance to the technological frontier is then 
calculated as the ratio of total factor productivity in the country in question to the highest total factor 
productivity of all countries under review.  

 

The equation then becomes the following: 

 

∆𝑦𝑦𝑦 = 𝛼 + 𝛽0𝐻𝑖,𝑡−1 + 𝛽1𝑙𝑙𝑙𝑛𝑝𝑝𝑝𝑖,𝑡 + 𝛽2𝑝𝑝𝑝𝑝𝑝𝑝𝑝𝑝é𝑖,𝑡−1 + 𝛽3∆𝐻𝐻, 𝑖 +

𝛽4𝐻𝑖,𝑡−1 × 𝑝𝑝𝑝𝑝𝑝𝑝𝑝𝑝é𝑖,𝑡−1 + 𝛽5∆𝐻𝐻, 𝑖 × 𝑝𝑝𝑝𝑝𝑝𝑝𝑝𝑝é𝑖,𝑡−1 + 𝛽6 log�𝑦𝑖,𝑡−1�   +
𝛽7𝐼𝐼𝐼𝐼𝐼𝐼𝐼𝐼𝐼𝑖,𝑡−1 + 𝛽8Δlog𝐾𝑖,𝑡 + 𝛽9𝐺𝐺𝐺𝑡𝑐𝑐𝑐𝑐𝑖,𝑡−1 +  𝛽11𝑜𝑜𝑜𝑜𝑜𝑜𝑜𝑖,𝑡 +
 𝜀𝑖𝑖       (15)  
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However, the estimation contains endogeneity and simultaneity biases, which we will reduce by 
introducing a number of control variables. Moreover, this model is less microfounded than those 
based on an aggregate production function. However, in light of the existing literature, equation 
(15) appears to us to be the best specification for estimating the various effects of human 
capital on growth in per capita output.  

It is thus this equation that we have opted to use to estimate the impact of human capital and its 
accumulation on per capita GDP growth. However, the econometric estimation of growth equation 
(15) poses model specification problems. There are several sources of endogeneity bias:  

- Omitted variable/measurement error bias: non-inclusion of certain factors in the 
regression that skew the results or mis-specification of human capital leading to biased 
coefficients. 

- Simultaneity bias: we want to show that human capital influences growth in per capita 
output (as a proxy for TFP), but TFP itself can also influence human capital 
accumulation, leading to double determination and endogeneity. 

- Correlation bias between errors: the error terms of the different observations are not 
independent and the estimators are no longer minimum variance (BLUE). 

- Seemingly unrelated regression (SUR): we want to estimate a system of equations 
that are seemingly independent but whose error terms are, in fact, correlated, leading 
to estimation bias in the main equation.  

- Simultaneity equation: we want to estimate an equation system where certain 
variables are determined simultaneously (the explanatory variable in one equation 
becomes the endogenous variable in the other), leading to endogeneity bias and 
correlation between the system’s residuals. 

These biases can be resolved using various econometric techniques: 

• IV/2SLS: this method consists of using instrumental variables to eliminate 
endogeneity from an econometric equation. The instrumental variables must be 
correlated with the endogenous variable ( Cov(z,xi)≠0 ) and uncorrelated with the 
error term ( Cov(z,ui)=0 ). The technique consists of regressing each endogenous 
variable on the variables of the first equation and the instrumental variable: this 
gives the estimated theoretical value of the endogenous variables. These 
estimated values are then included in the first specification and give an effective 
estimate of the independent variable while eliminating endogeneity bias. 

• IV/3SLS: this technique is similar to the 2SLS technique but applied to a system of 
structural equations: it thus combines the IV (2SLS) method with the SUR method, 
which itself can be used to estimate simultaneous equation systems. Typically, the 
independent explanatory variables of equation (40) are sometimes dependent 
variables of other equations in the system, leading to correlation with error terms 
within the structural equation system. The first two steps in the procedure are the 
same as those set out for the 2SLS method. The first step is to instrumentalize the 
endogenous variables (using chosen instrumental variables or by regressing each 
endogenous variable on all exogenous variables in the system). The second step 
is to estimate a variance–covariance matrix of the equation system’s error terms 
based on estimation of residuals from step 1. This ensures that errors are not 
correlated within the equation system and eliminates the source of endogeneity 
bias. Lastly, a final estimation is made using the variance–covariance matrix and 
the instrumentalized variables in place of the endogenous variables. 
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We used a three-step process to estimate equation (15) while eliminating endogeneity bias. The 
first step consisted of performing endogeneity tests on the supposed endogenous variables, using 
in particular the Hausman test for endogeneity. During the second step, we carried out a standard 
OLS regression of equation (15) with a homoscedasticity constraint on the residuals (robustness) 
and then instrumentalized20 those variables found to be endogenous in step 1 using 2SLS (two-
stage least squares) regression and observed variance differences from the simple OLS 
regression. The final step was to estimate the structural equation system using the 3SLS method. 

b) Simultaneous equation model specification 

This equation system consists of equation (15), a human capital accumulation equation and a 
physical capital accumulation equation.  
 
To specify human capital accumulation, we first studied the law of human capital 
accumulation in the absence of depreciation. The equations are of the same type as physical 
capital accumulation laws in a discrete-time Solow model. 
 
Let Ht be the stock of human capital at date t and Ht-1 the stock of human capital at date t-1. The 
investment in human capital between t-1 and t is the flow of additional human capital acquired 
during the period, i.e.: 

𝐼𝐼 = 𝐻𝑡 −  𝐻𝑡−1 

Let us initially suppose that human capital cannot depreciate, i.e.: 

𝐻𝑡 =  𝐻𝑡−1 + 𝐼𝐼 

We can then calculate gross human capital accumulation such that:   

𝛥𝛥𝑡 =
𝐻𝑡 − 𝐻𝑡−1
𝐻𝑡−1

 

In the case of null depreciation, gross human capital accumulation is positive if and only if 
investment between the two periods is positive, i.e. if: 

𝐻𝑡 >  𝐻𝑡−1 

Which is to say                                                 𝐼𝐼 > 0 

Let us now suppose that human capital depreciates at rate δ ≥ 0 between t-1 and t. 

We now have the stock of human capital at date t net of depreciation: 

𝐻𝑡� = (1 − δ)𝐻𝑡−1 + 𝐼𝐼 

where It is still gross investment, i.e. the difference in value of the stock between t-1 and t. 

Human capital accumulation net of depreciation is then given by:  

 

𝛥𝛥𝑡� =
𝐻𝑡� − 𝐻𝑡−1
𝐻𝑡−1

 

 

𝛥𝛥𝑡� =
(1 − δ)𝐻𝑡−1 + 𝐼𝐼 − 𝐻𝑡−1

𝐻𝑡−1
=
𝐼𝐼 − δ𝐻𝑡−1

𝐻𝑡−1
  

 

Replacing It with its value gives: 

                                                   
20 By carrying out a Breusch–Pagan test to test the instruments’ validity.  
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𝛥𝛥𝑡� =  
𝐻𝐻 − 𝐻𝑡−1 − δ𝐻𝑡−1

𝐻𝑡−1
=  
𝐻𝐻 − 𝐻𝑡−1
𝐻𝑡−1

−
δ𝐻𝑡−1
𝐻𝑡−1

 

 

𝛥𝛥𝑡� =  
𝐻𝐻 − 𝐻𝑡−1
𝐻𝑡−1

−  δ =  𝛥𝛥𝑡 −  δ 

 

In order for net human capital accumulation to be positive, i.e. for the net change in depreciation of 
the stock of human capital between t-1 and t to be positive, we therefore need: 

 

𝛥𝛥𝑡� > 0 

 

𝐻𝐻 − 𝐻𝑡−1
𝐻𝑡−1

>  δ 

 

𝛥𝛥𝑡 >  δ 

We therefore have  𝛥𝛥𝑡� > 0, which implies 𝛥𝛥𝑡 >  δ. 

For net human capital accumulation to indeed be positive taking into account human capital 
depreciation between t-1 and t, gross human capital depreciation must be greater than the human 
capital depreciation rate. This approach can be generalized with n periods, where Ht-1 must also 
be net of depreciation. The result is the same, and net accumulation is equal to gross accumulation 
less depreciation. 

We thus have the required condition for net human capital accumulation to be positive. We are 
seeking to express the determinants of human capital accumulation and human capital 
depreciation, i.e. the determinants of 𝛥𝛥𝑡 −  δ. 

A number of determinants of human capital accumulation and depreciation have been highlighted 
in microeconomic studies of the human capital investment decision, notably those initiated by 
G. Becker (1964) and Ben-Porath (1967). The number one determinant of human capital 
accumulation is real wages. Agents decide whether or not to continue their education by trading off 
the future wage premium they will obtain once they enter the labor market against the immediate 
loss of income they will suffer (wages they could have received plus cost of education) by 
continuing their education. Investment in human capital, like traditional investments, consists of a 
cost-benefit-risk calculation, i.e. a trade-off between immediate losses and future income (Mincer 
1974). Human capital investment decreases with age, since any increase in wages increases the 
opportunity cost of investing in human capital, and because the return on investment in human 
capital decreases with age since the number of years required for the investment to “pay off” also 
decreases. Thus, while the private return on education or training decreases with age, the same is 
not necessarily true of the total return: it may thus be beneficial for a business to train older 
employees even where those employees have not themselves invested in training (Ben-Porath,. 
1967). A compressed wage structure (i.e. where wages rise more slowly than individual marginal 
productivity) will disincentivize investment in human capital at the microeconomic level (Acemoglu 
and Pischke, 1998). 

Risk, irreversibility, credit market illiquidity, psychological costs and other frictions associated with 
human capital investment would entail the need for individuals to secure a return on human capital 
in excess of the risk-free interest rate and would hamper human capital investment. Comparing the 
internal rate of return (the discount rate at which costs and benefits are equal) of the investment 
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with the borrowing interest rate can help inform the choice between the immediate gain through 
labor and the deferred gain through training. Human capital accumulation (human capital 
investment whether or not financed by borrowing) continues throughout life as long as the marginal 
return on the investment in human capital exceeds the interest rate. Indeed, if the interest rate falls, 
the relative return on a human capital investment as against a financial investment increases. 
When interest rates are very low, as they are at present, investing in human capital becomes highly 
profitable. Moreover, low interest rates lower the cost of investing in human capital for individuals 
who need to borrow to finance such an investment. We therefore introduce the interest rate as a 
control variable within our aggregate human capital accumulation equation. Finally, because some 
microeconomic studies have shown the importance of cognitive skills in human capital 
accumulation, we also add variables related to cognitive skills to our specification.  

 

Our structural economic model may be summarized by the following system of equations: 
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III - Data 

In order to investigate the relationship between the stock and the growth of human capital on 
economic growth per capita, we now turn to the empirical analysis of the effects of human capital 
on economic growth. For this purpose, we build a dataset that combines rich information on 
macroeconomic variables, human capital variables, and additional control variables that can be 
used for our regression analysis.  

We use GDP, factor inputs and trade data from the Penn World Tables 9.0 compiled by Heston 
and al. (2006). We build output per capita by dividing total real GDP by the size of the population. 
We build an indicator for international openness by taking the sum of imports and exports as a 
share of total GDP. We use data on capital stock and depreciation to compute the rate of physical 
capital accumulation net of the average depreciation rate of the capital stock. We complete this rich 
set of macroeconomic variables with measure of human capital at the country level. 

Human capital measurement 

The first empirical challenge faced when studying the effect of human capital on growth is to 
correctly measure the stock of knowledge in the economy. We build on a large body of literature 
that has addressed the question of how to include human capital measure in growth regression.  

Early research on human capital and growth has mainly used literacy rates or school enrolment 
ratio to measure human capital stock and accumulation (see for example Romer (1990), Barro 
(1991) or Mulligan and Sala-i-Martin (1995)). However, school enrolment ratios and adult literacy 
rates do not measure accurately the stock of human capital that is available for current production, 
as emphasized by Barro and Lee (1993). It is mainly because current enrolment ratios measure the 
flow of schooling: the cumulation of these flows creates future stock of human capital. As the 
educational process takes many years, there is a long lag between flows and stocks 
(Psacharopoulos and Ariagada 1986). Hence, the construction of human capital stocks requires an 
estimate of initial stocks, and to consider the appropriate lag, which is not always obvious. 
Migration, mortality, repetition of grades and drop-outs also introduce a large number of errors in 
the human capital stock estimation process using enrolments ratio (see Barro and Lee (1993) for 
an exhaustive discussion on the subject). Adult literacy rates also induce an important number of 
issues regarding international comparability, since the evaluations are not based on any objective 
tests, thus introducing mechanical measurement biases in cross-country regressions. In addition of 
this measurement errors, literacy is only the first stage in the path of human capital formation and 
accumulation. Our analysis goes beyond this stage, as we aim to investigate and discuss the 
effects of the level and accumulation of education on countries’ output.  

Because of the measurement and conceptual issues related to other measures, educational 
attainment, that is to say average years of schooling per capita, has been considered as the best 
available education measure at the aggregated level. As emphasized by Krueger and Lindahl 
(2000), the widely used Barro and Lee measure of average years of schooling per adult shows the 
best reliability ratio compared to other educational attainment measures such as Kyriacou (1991) or 
the World Value Survey measure. In particular, the Barro and Lee measure is the most reliable 
when it comes to measure the changes in human capital stock measured as changes in years of 
education, which is the first focus of our paper. We therefore use the average years of schooling 
per adult measure built by Barro and Lee as a proxy of the initial level of human capital and use 
this measure to compute the rates of human capital accumulation over time by country. We define 
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the rate of accumulation of human capital as the percentage variation in the average year of 
schoolings over a given period of time within a given country. If average years of schoolings 
provide a measure of knowledge that is comparable across countries and over time, the seminal 
paper of Krueger and Lindahl (2000) also shows that measurement errors in educational 
attainment data could severely attenuate estimates of the effect of the change in schooling in GDP 
growth. Because of this attenuation bias, measurement errors could bias our estimates towards 
zero. Our coefficients estimates can thus be interpreted as lower bound effects of change in 
education on growth per capita.  

While Barro and Lee measure of schooling allows us to measure human capital quantity, it shows 
few interest in investigating the human capital quality, such as individuals’ ability at the country 
level. Hence, we complete our educational attainment measure using the dataset of Hanushek and 
Woessman (2000) which gives (i) the average score of students at international tests for the period 
1964-2003 and (ii) the share of students surperforming these tests. We use these variables as 
proxies for cognitive ability of individuals across countries, that allow us to control for differences in 
quality of knowledge that would not be captured by the simple level and accumulation of years of 
schooling.  We finally add to our dataset a rich set of controls collected from various national 
sources, such as average wages and labour taxes collected from the OECD Taxing Wages 
Database.  

Empirical Specification 

Our main focus is to shed light on the correlation between the level and the rate of accumulation of 
human capital and economic growth. While this question has been at the core of a large body of 
theoretical work, dating back the neoclassical Solow model and the recent work on endogenous 
growth theory and innovation, few empirical studies have managed to uncover the causal 
relationship between human capital and economic growth. The main empirical challenge faced by 
the literature in studying the effects of human capital on economic growth lies in the fact that 
unobserved determinants of human capital level and growth may also be correlated to changes in 
GDP per capita, and could thus bias the estimates of the linear regression of human capital on 
growth. Another concern is that anticipated increases in future economic growth may lead to more 
investment in human capital, thus leading to a reverse causality problem (Bils and Klenow, 1998). 

We take several steps in order to tackle this challenge. First our regression analysis focuses on 
long-term changes in human capital and economic growth. As emphasized by the study of Krueger 
and Lindahl (2000), over short time periods, the transitory component of measurement error in 
schooling would be large relative to variability in the true change. Because human capital stock is 
slow to adjust, year-on-year regressions are not the best suited to the empirical analysis. 
Measurement error bias in growth regression are also more likely to appear over 5- and 10-years 
horizons. We therefore choose a larger time span (30 years) for our estimation, in order to avoid 
downward bias due to measurement errors and estimate a first difference model. Second, our 
specification includes both the level of initial human capital and its rate of accumulation. The 
empirical macro literature omits the rate of accumulation of schooling and only focuses on the initial 
level of human capital variable. However, controlling simultaneously for both the initial level and the 
change in the stock of human capital may allow to capture the general equilibrium effects of 
schooling at the country level, a point that has been originally made by the Krueger and Lindahl 
(2000) paper. Third, we build on the endogenous growth theory and include the concept of distance 
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to the technological frontier in our empirical analysis. We introduce in the standard regression of 
education on growth an interaction between the stock and change of human capital an interaction 
and countries’ level of technological advancement. Most of the studies relying on cross-country 
growth regressions without controls for cross-country differences in the level of technology have 
estimated null effects of human capital on education especially for more advanced economies. 
However, cross-country differences in technological advancement may explain part of the effects of 
human capital on growth. As emphasized by a large body of theoretical work, from the seminal 
contribution of Aghion and Howitt (1998), endogenous growth can be driven by imitation or 
innovation. If a country is far from the technological frontier, its economic growth will be mostly 
explained by imitation process and will thus be more importantly affected by the stock of physical 
capital than human capital. By contrast, a country with a high initial technological advancement will 
need large investments in human capital to grow through innovation. Therefore, at a given level of 
initial level of human capital, we can expect a differentiated effect of human capital accumulation 
on economic growth depending on the counties’ differences in technological advancements. Our 
approach builds on Vandenbusshe.J, Aghion and Meghir (2006) and corrects for the omission of 
cross-country differences in technological level by controlling for the distance to the frontier, and by 
interacting the human capital variables to countries’ initial technological advancement. This allows 
our analysis to capture potential differential effects of human capital stock and accumulation on 
growth depending on countries’ initial state of technology. 

We complement the Vandenbusshe.J, Aghion and Meghir (2006) specification, which is the closest 
to ours, by investigating the effects of overall human capital rather than tertiary schooling alone, by 
focusing on long-term differences to avoid measurement biases driven by short-term measurement 
biases in the education variable, and by including simultaneously initial stock and changes in the 
stock of human capital. Our baseline linear regression can be summarized by: 

 

∆ log�𝑦𝑖,𝑡� = 𝛼 + 𝛽0 𝑃𝑃𝑃𝑃𝑃𝑃𝑃𝑃𝑃𝑖,𝑡−1 + 𝛽1 𝐻𝑖,𝑡−1 + 𝛽2 �𝐻𝑖,𝑡−1 × 𝑃𝑃𝑃𝑃𝑃𝑃𝑃𝑃𝑦𝑖,𝑡−1� + 𝛽3∆𝐻𝑖,𝑡
+ 𝛽4 �∆𝐻𝑖,𝑡 × 𝑃𝑃𝑃𝑃𝑃𝑃𝑃𝑃𝑃𝑖,𝑡−1�+ 𝛽5∆ log�𝐿𝑖,𝑡� + 𝛽6 log�𝑦𝑖,𝑡−1�+ 𝛽7𝑃𝑖,𝑡−1
+ 𝛽8∆ log�𝐾𝑖,𝑡�+ 𝛽9𝐺𝐺𝑖,𝑡−1 + 𝛽10𝑂𝑂𝑖,𝑡−1 + ε𝑖𝑖   

Equation (1) is specified in first-difference between 1980 and 2010, therefore country-specific . The 
dependent variable ∆ log�𝑦𝑖,𝑡� is the change in log real GDP per capita between 1980 and 2010 of 
country i, measured in log differences. 𝑃𝑃𝑃𝑃𝑃𝑃𝑃𝑃𝑃𝑖,𝑡−1 is the proximity to the technological frontier 
in 1980 defined following the methodology described by Vandenbusshe.J, Aghion and Meghir 
(2006).21  

𝐻𝑖,𝑡−1 measures the initial level of human capital measured as the initial level of years of schooling 
by adult at the beginning of the period, e.g. 1980.  ∆𝐻𝑖,𝑡 captures the accumulation of human 
capital over the period and is proxied by the change in average years of schooling by adult 
(expressed in %) between 1980 and 2010. We follow the micro-foundation of the Mincerian 
approach and specify the human capital variables in levels, rather than in logs. This can be 
rationalized by the fact that following the workhorse model of Mincer (1974) at the individual level, 
the aggregate Mincer equation shows that the relationship between aggregate output and human 
capital is log-linear.22 By contrast, the log-log specification used by Ben Habib and Spiegel (1994) 
                                                   
21 The distance to the technological frontier of a given country is defined as the difference between a country’s log TFP (total 
factor productivity level) and that of the US in a similar spirit as Aghion and Meghir (2006). We compute log TFP as log 
output per adult minus log capital per adult times the capital share.  
22 The Mincer equation can be written as  log(𝑊𝑖) = 𝛼 + γ1𝑆𝑖 + γ2𝑋𝑖 + γ3𝑋𝑖

2 + ε𝑖𝑖  where log(𝑊𝑖) is the log wage of the 
individual, 𝑆𝑖 denotes individual’s schooling and 𝑋𝑖 is work experience. Rewriting the Mincer equation at the aggregate level 
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who found no effect of changes in education on growth relies on the hypothesis that schooling 
enters an aggregate Cobb-Douglas production function linearly. As emphasized by Heckman and 
Klenow (1998), Topel (1999) and Krueger and Lindahl (2000), the estimation of the Mincer model 
validates that human capital is more likely to be an exponential function of schooling in a Cobb 
Douglas production function. Therefore, the log-linear specification is our preferred specification.  

We interact the measures of human capital stock and accumulation with the distance to 
technological frontier. The coefficients 𝛽2 and 𝛽4 will thus capture the differential effect of human 
capital stock and accumulation on growth depending on the level of distance to technological 
frontier. 

Finally, ∆ log�𝐿𝑖,𝑡� is the log change of employed population between 1980 and 2010 while 
∆ log�𝐾𝑖,𝑡� captures the log change of net physical capital stock per capita for the same period. In 
a Cobb Douglas economy, the estimated coefficient on physical capital accumulation in a GDP 
growth regression should be approximated by capital’s share of national income. Therefore, β8 
should be close to 0.35. Controlling for the rate of accumulation of physical capital is crucial, as 
some studies have demonstrated that in some specifications, the positive and significant coefficient 
on human  capital is not robust to the inclusion of a control for physical capital (see Pritchett (1996); 
Cohen and Sotto (2007)). Finally, for each country, 𝑃𝑖,𝑡−1 is the price level of household 
consumption, 𝐺𝐺𝑖,𝑡−1 is the government consumption as a share of real GDP in current PPPs and 
𝑂𝑂𝑖,𝑡−1 is the openess ratio. The rich set of control variables used in our specification compared to 
past studies aims at controlling for potential unobserved determinants of economic growth and 
human capital that could bias our estimates.  

  

                                                                                                                                                          
following Heckman and Klenow (1977) or Topel (1999) gives a log-linear relationship between aggregate output and 
average years of schooling per capita.  
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IV - Stylized Facts and Baseline Empirical Results 

Before turning to the direct estimation of our linear baseline specification summarized by Equation 
(1), we leverage our dataset to describe some important and motivating stylized facts on human 
capital and economic growth. We start by showing the empirical relationship between our proxy of 
human capital and the level of GDP per capita in Figure 1 for the sample of 113 countries in our 
dataset. The Figure shows a strong and positive correlation between the years of schooling and the 
level of GDP per capita, that has been stable over time. The Figure shows an overall positive shift 
in the average level of schooling across countries between 1980 and 2010 that demonstrates a 
general improvement in educational outcomes over the past 40 years. Of course, this positive 
relationship is not causal, and partially loads the effects of unobserved variables that are both 
correlated to the level of schooling and the level of GDP. To go beyond the simple cross-country 
correlations showed in Figure 1, we estimate the empirical relationship described by Equation (1) 
and implement econometric specifications that alleviate the worries related to endogeneity of 
human capital. 

Figure 1: Empirical Relationship Between GDP and Human Capital Stock, 1980-2010 

               Panel A. 1980                                                           Panel B: 2010 

 
Note: This Figure shows the correlation between the log GDP per capita and the human capital 
stock proxied by the average years of schooling in 1980 (left panel) versus 2010 (right panel). The 
coefficients of correlation are displayed in the Figure with robust standard errors in parentheses. 
The dataset is detailed in the section Data.  

4.1 Linear Growth Equation 

We then turn to the empirical estimation of Equation (1) and display the estimates in Table 1. We 
find that when combining the distance to technological frontier with the workhorse cross-country 
regression model, the coefficient on both the level and rate of accumulation of human capital are 
positive, and significant at the 1 and 10 percent level for the human capital predictors alone, and 
that the interaction between the rate of accumulation of human capital and distance to the 
technological frontier is also significant at the 5 percent level. This shows that the distance to the 
technological frontier significantly affects the relationship between human capital accumulation and 
economic growth, while cross-country differences in technology do not change the relationship 
between initial level of human capital stock and economic growth, as 𝛽2 is not significantly different 
from zero. The fact that the interaction term 𝛽4 is positive suggests that the effects of human capital 
accumulation on economic growth tend to increase with technological advancements of countries.  
Formally, taking the partial derivative of Equation (1), we can see that the total effect of the human 
capital accumulation on economic growth can only be uncovered conditionally on the value taken 
by 𝑃𝑃𝑃𝑃𝑃𝑃𝑃𝑃𝑃𝑖,𝑡−1 for each observation. For the simple case where the distance to technological 
frontier is zero (it is mechanically the case for the U.S), the total effect of human capital 
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accumulation on economic growth is positive and given by  𝛽4 alone. For countries that had a 
higher TFP level than the US in 1980 (and for which 𝑃𝑃𝑃𝑃𝑃𝑃𝑃𝑃𝑃𝑖,𝑡−1 is positive by definition), the 
total effect of human capital accumulation on economic growth can be recovered by taking 
𝛽4 + 𝛽5 𝑃𝑃𝑃𝑃𝑃𝑃𝑃𝑃𝑃𝑖 ,𝑡−1 , and is thus positive and rather large especially for countries with high levels 
of technological advancements. The total effect of human capital on economic growth then 
decreases when the proximity to the technological frontier decreases and can even be negative for 
some countries with very low initial level of technology.  

Interacting the human capital variable with a variable capturing countries’ technological 
advancement allows to shed light on the differential effects of human capital accumulation 
depending on the initial state of technology in the economy. In line with the theory laid-out by 
Vandenbusshe, Aghion and Meghir (2006), we find that countries with a high initial level of 
technology that are more likely to grow through innovation, are the countries that see the higher 
effects in terms of economic growth of human capital accumulation over 1980 and 2010. By 
contrast, our results estimate a smaller effect of human capital accumulation on growth for 
countries that are far from the technological frontier in 1980.  

The “human capital puzzle” is thus partially solved by taking into account cross-country differences 
in technological advancement, and their interaction with human capital proxies. We find a 
significant positive effect of the initial level of human capital stock on economic growth, that is not 
significantly affected by the initial level of technological advancement of countries, and that is 
reassuringly of similar magnitude than the one estimated by previous studies.23 We find a 
significantly differentiated effect of the rate of accumulation of human capital on economic growth, 
that suggests that changes in human capital stocks between 1980 and 2010 had higher effects on 
growth per capita over the same period in countries that had the higher initial level of technology in 
1980. By contrast to other studies, our results are robust to controlling for changes in physical 
capital. In addition, we find a coefficient on physical capital accumulation that is economically 
consistent, and close to capital share estimates, which confirms the accuracy of our analysis.   

 

 

 

                                                   
23 To compare our results to the past literature, it is necessary to note that we do not present our results in in 
terms of annualized changes, but in terms of overall changes between 1980 and 2010, expressed in 
percentage terms.  
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Note : This Table shows OLS estimates of equation (1). The dataset used for the estimation is built from the 
Summer and Heston Penn World Tables, and Barro and Lee (2010) dataset for educational attainment. Data 
appendix gives more detailed information for each variable included in the estimation. The dependent variable 
in the change in log real GDP per capita for the period 1980-2010. Ht−1 is the initial level of schooling, proxied 
by the average years of schooling per adult, and ∆Ht is the percentage change in schooling between t-1 and t. 
Proximity refers to the proximity to the technological frontier, and the computation of this variable is detailed in 
Data appendix. ∆logLt is the log change of the employed population during 1980-2010, and ∆logKt is the log 
change of net physical capital stock for the same period. Finally, log(GDP/capita) refers to the initial level of 
real GDP per capita expressed in logarithm, Gvtcons is the government consumption in PPP’s as a share of 
GDP during the period, price level of consumption is the price level of household consumption for the period, 
and openness is the openness ratio of the country (see computation in appendix). Robust standard errors are 
showed in parentheses.  
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4.2 Structural Equation 

The results of the estimation performed in Equation (1) shows that taking into account potential 
differentiated effects of human capital accumulation on per capita growth yields positive and 
significant effects of human capital changes on growth for countries with high level of initial 
technological advancement. If our regression approach includes a large number of control 
variables that allow to partially alleviate the endogeneity concerns related to unobserved variables 
that could be correlated with both economic growth and human capital proxies, such factors could 
still bias our estimates. Another important concern relates to reverse causality: if human capital 
accumulation could cause economic growth, economic growth could also cause human capital 
accumulation for instance through more investment in education, and would in turn bias our 
estimates. 

To address the endogeneity of the human capital variable, we now turn to a more structural 
approach. One way to deal with this endogeneity could be to use instrumental variables through 
2SLS estimation. However, implementing efficiently such estimation rely on our ability to find a 
good instrument, meaning a country-level variable that would be correlated to the changes in 
human capital accumulation (relevance) and would be uncorrelated to economic growth 
(exogeneity). Finding such instrument seems challenging, especially because the exogeneity 
assumption is ultimately untestable.24 We believe that using a more structural approach, such as 
the simultaneous equations model (“SEM” henceforth), presents two main advantages. The first 
advantage is that SEM allows to better take into account reverse causality and simultaneous bias 
than the IV, because the simultaneity is explicitly expressed in the system of equation. In particular, 
we believe that our linear equation (1) should be thought of as part of a system of simultaneous 
macroeconomic equation that jointly determine both economic growth and our endogenous 
variables (accumulation of human capital and physical capital). Estimates are therefore more 
efficient if all equations are estimated together because joint estimation takes into account the 
correlation between the error terms. The second advantage of SEM is that the issue of 
understanding the effects of human capital accumulation on economic growth is directly linked to 
the study of human capital accumulation determinants at the aggregated level. SEM allows directly 
writing and estimating the human capital accumulation equation in the data. We propose an 
attempt to write and estimate an aggregate equation of human capital accumulation.  

We model a system of equations for economic growth where accumulation of human capital is also 
caused by economic growth, and where accumulation of physical capital is allowed to be 
endogeneous. We use exogeneous variations to identify our system of equations, e.g variables that 
only appear in one equation of the system. To implement this analysis, we collect various additional 
variables that are not included in our initial dataset. We use a measure of average wages from the 
OECD Taxing Wages Database, measures of real and lending interest rates from the World Bank 
Database and measures from the quality of institutions from a new database built by Kucik (2014). 
We further complement the measure of human capital accumulation with data on the quality of 
human capital that is proxied by the international tests and collected from Hanushek and 
Wossman. The diversity of the control variables that we are able to leverage in order to model and 
estimate a system of simultaneous equations that tackle the endogeneity of human capital 
accumulation comes at the cost of a much lower number of observations, and leads us to focus on 
a sample of advanced economies for which these variables are available and comparable.  

                                                   
24 See Young (2020) for a discussion on biases generated by IV regressions compared to standard OLS specification. 
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Growth of GDP per Capita Equation 

We express economic growth as the log change in real GDP per capita as a function of the initial 
log GDP per capita following the growth equation model presented in section 2 and a set of 
macroeconomic variables. We now allow the accumulation of both human and physical capital to 
be endogenous. We add to the list of explanatory variables lending and real interest rates over the 
period, as these variables may explain part of real GDP per capita changes. We also control for the 
quality of institutions that may be significant predictors of economic growth as showed by the 
contributions of Acemoglu and Robinson (2005). 

Human Capital Accumulation Equation 

The human capital accumulation is now explicitly expressed as endogenous in our model. To 
address simultaneity, we model human capital accumulation as a function of GDP per capita 
growth, and initial level of schooling that is also included in the determinants of economic growth. 
This is because the change in schooling is likely to be jointly determined by economic growth that 
can for instance affect expected returns of human capital for individuals.  Because the change in 
years of schooling is also likely to be affected by the abundance of labour factor, that is to say by 
the increase in the working age population, we also include population growth as an explicative 
variable of our human capital accumulation model. 

Our equation of aggregated human capital accumulation is both micro and macro founded. We rely 
on the microeconomic literature in several ways. First, following Becker (1964), Mincer (1974) and 
Ben-Porath (1967), we expect that human capital accumulation will depend on interest rates and 
net average wages. This is because individuals decide to invest in education if the expected 
returns of their investment in human capital are higher than its cost. We proxy the expected return 
of human capital at the country-level by the net average wage and the wage share during the 
period. We control for interest rates to proxy for the opportunity cost of human capital investment 
e.g forgone earnings that an individual could have learned if he had invested in money or assets 
rather than its education. Interest rates also affect human capital accumulation through lending and 
credit constraint channels, as emphasized by Heckman and Hai (2016). We finally control for the 
quality of human capital through a control for cognitive scores, that also follows the microeconomic 
literature. Cunha, Heckman et al (2005) have for instance emphasized the importance of cognitive 
ability in the individual accumulation of human capital, finding that roughly one third of individual 
education attainment can be explained by their measure of cognitive and non cognitive skills. As 
cognitive ability seems to matter at the individual level, we therefore expect that at the aggregate 
level, cognitive scores at the country-level will significantly impact national accumulation of human 
capital.   

Physical Capital Accumulation Equation 

We finally model the physical capital accumulation which is a function of GDP per capita growth as 
described by the standard growth model. Because expected returns of capital is determined by 
interest rates, we control for real interest rates over the period. In addition, we add as control 
variables the depreciation rate of the physical capital stock and investment measures including the 
share of gross capital formation, the price level of capital formation and the price level of capital 
stock, as all of these factors will affect past and future returns of capital. Finally, we also model the 
capital accumulation as a function of the technological frontier, as the theory hinges on the fact that 
the overall level of technology in one country will impact potential investment and therefore physical 
capital accumulation. 
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We present the estimates of the structural model in Table (2). Because of the significant data work 
that requires to merge several datasets from various sources, the sample of estimation is 
significantly trimmed compared to our baseline linear regression and is restricted to 22 OECD 
countries. However, for the set of countries for which we can model the simultaneous system 
equation, we find that both human capital level and accumulation have a positive and significant 
effect on long-term growth of GDP per capita. The magnitude of the coefficients is roughly similar 
to the standard linear regression thus indicating the robustness of the estimates. The interaction 
between human capital accumulation and technological frontier is still positive but is not statistically 
significant anymore, suggesting that the interaction effect of the first specification has been 
captured by the selected estimation sample of Table 2. The estimates indicate that for a country at 
the frontier, increasing by one unit (in percentage point) the rate of human capital accumulation 
between 1980 and 2010 is associated with a change in GDP growth by 0.6 percent. The estimated 
coefficient of human capital accumulation is higher than the one estimated with the linear 
specification, reflecting that the empirical relationship between human capital accumulation and 
economic growth is larger for the set of countries that are included in our sample of estimation for 
the simultaneous equation model, and after accounting for endogenous determinants of growth.  
Table 2 shows that even after controlling for potential endogeneity in the human capital 
accumulation process, we still find a positive and significant effect of changes in years of schooling 
per adult on economic long-term growth. Regarding other variables, we find that the coefficient 
estimated for physical capital accumulation is still very close to the capital share, indicating that our 
results are economically consistent and robust across specifications, even after controlling for 
potential endogenous capital accumulation.  For robustness check, we include in our final 
specification a control for the quality of institutions (see the seminal contribution of Acemoglu and 
Robinson on this topic). We use the new dataset on institutions quality built by Kuncic (2014) that 
assembles more than thirty institutional indicators. We use the aggregation of these indicators to 
proxy for the overall quality of political, economic and legal institutions in our specification. Results 
showed in Table 4 indicate no changes in our estimates from this additional control. Therefore, 
even after controlling for the quality of institutions, a variable that may be correlated with education 
choices and economic growth, we still find a positive and significant relationship between human 
capital accumulation and long-term economic growth per capita.  
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Overall, the estimation of the simultaneous equation model allows to control for potential 
endogeneity in the variables of interest used in our linear regression model. We find that after 
accounting for potential endogeneity bias through this model, the effect of human capital 
accumulation on economic growth is still positive and significant.  
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V - Conclusion 

 

We aim to investigate and discuss the effects of the level and accumulation of education on 
countries’ output. We know that the impact of quality of human capital is more and more investigate 
but our first step was to overcome the “human capital puzzle” by the introduction of the 
technological frontier as defined by Vandenbusshe, Aghion and Meghir (2006). 

We find that when combining the distance to technological frontier and the workhorse cross-country 
regression model, the coefficient on both the level and rate of accumulation of human capital are 
positive, and significant at the 1 and 10 percent level for the human capital predictors alone, and 
that the interaction between the rate of accumulation of human capital and distance to the 
technological frontier is also significant at the 5 percent level. This shows that the distance to the 
technological frontier significantly affects the relationship between human capital accumulation and 
economic growth, while cross-country differences in technology do not change the relationship 
between initial level of human capital stock and economic growth. Moreover, the effects of human 
capital accumulation on economic growth tend to increase with technological advancements of 
countries. The “human capital puzzle” is thus partially solved by taking into account cross-country 
differences in technological advancements, and their interaction with human capital proxies. 

On our econometric results, the significant positive effect of the initial level of human capital stock 
on economic growth is not significantly affected by the initial level of technological advancement of 
countries, and that is reassuringly of similar magnitude than the one estimated by previous studies. 
We find a significantly differentiated effect of the rate of accumulation of human capital on 
economic growth, that suggests that changes in human capital stocks between 1980 and 2010 had 
higher effects on growth per capita over the same period in countries that had the higher initial level 
of technology in 1980. By contrast to other studies, our results are robust to controlling for changes 
in physical capital. In addition, we find a coefficient on physical capital accumulation that is 
economically consistent, and close to capital share estimates, which confirms the accuracy of our 
analysis.   

To address the endogeneity of the human capital variable, we turn toward a simultaneous 
equations model (SEM) where accumulation of human capital is also caused by economic growth, 
and where accumulation of physical capital is allowed to be endogenous. Despite a less complete 
datasets (fewer countries), the both human capital level and accumulation have a positive and 
significant effect on long-term growth of GDP per capita. The estimated coefficient of human capital 
accumulation is higher than the one estimated with the linear specification, reflecting that the 
empirical relationship between human capital accumulation and economic growth is larger for the 
set of countries that are included in our sample of estimation for the simultaneous equation model, 
and after accounting for endogenous determinants of growth. 

We built an equation to explain the capital human equation based on the microeconomic and 
macroeconomic review of literature. Even if our new database has begun to make easier to 
introduce a variable of human capital quality equation, the results lead us to continue our statistical 
and econometric investigations towards a microdata methodology. Our research agenda aims at 
investigating the relationship between human capital and economic development at a more 
granular level. In particular, in a future paper, we will measure investment in human capital at the 
firm level with a novel database on companies to measure empirically how it relates to firms’ 
performance.  

 

  



 

28 

 

Bibliography (key references) 
 
 
Acemoglu, Daron., and Jorn-Steffen Pischke. 1998. “ Why do firms train ? Theory and evidence. ” The 
Quarterly Journal of Economics, Vol. 113, No. 1 (Feb.), pp. 79-119, MIT press  
Acemoglu, Daron., Philippe Aghion and Fabrizio Zilibotti. 2006. “ Distance to frontier, selection, and economic 
growth.“ Journal of the European Economic association, 4(1), 37-74. 
Acemoglu, Daron., Simon Johnson, S. and James A. Robinson. 2005. “Institutions as a Fundamental Cause 
of Long-Run Growth.” in Chapter 06 in Handbook of Economic Growth, 2005, vol. 1, Part A, pp 385-472 edited 
by Aghion P. and S. Durlauf, Elsevier 
 
Aghion, Philippe. and Steven N. Durlauf (eds.). 2005. Handbook of Economic Growth, Volume 1, Elsevier 
Aghion, Philippe and Elie Cohen. 2004. “Education et croissance.” CAE 
Aghion, Philippe, Gilbert Cette, Elie Cohen and Mathilde Lemoine. 2011. “ Crise et croissance : une stratégie 
pour la France.” CAE 
Aghion, Philippe and Peter Howitt. 1998. Endogeneous growth theory. Cambridge, MA: MIT Press. 
Aghion, Philippe, Peter Howitt and Fabrice Murtin. 2010. “ The relationship between Health and Growth : 
When Lucas meets Nelson-Phelps. ” N°15813, NBER working paper series 
Vandenbusshe, Jérôme, Philippe Aghion and Costas Meghir. 2006. “ Growth distance to frontier and 
composition of human capital. ” Journal of Economic Growth, 11(2), 97-127 
 
Almeida, Rita and Pedro Carneiro. 2008. “ The return to firm investments in Human Capital. ” Labour 
Economics, 16 (1). pp. 97-106 
 
Arrow, Kenneth J. 1962. “ The economic implications of learning by doing. ” Review of Economic Studies 29, 
pp.155-173 
 
Ashenfelter, Orley. 1978. “ Estimating the effect of training programs on earnings. ” The Review of Economics 
and Statistics, 60, pp. 47-57 
Ashenfelter, Orley. 2000. “ A review of estimates of the schooling/earnings relationship with tests for 
publication bias. ” 2000, NBER Working Paper series 
 
Bahar, Dany and Hillel Rapoport. 2014. “ Migration, knowledge diffusion and the comparative advantage of 
nations. ” Tech. rep., Harvard University Working Paper. 
 
Ballot, Gerard, Fathi Fakhfakh and Erol Taymaz. 2001. “ Firm’s human capital, R&D and performance : a 
study of France and Swedish firms. ” Labour Economics, 8: 443-462. 
 
Barret, Alan and Philip J. O’Connell. 2001. “ Does training generally work ? The returns to in-company 
training. ” Industrial labor and relations review, 54(3), pp.647-662 
 
Barro, Robert J. 1991. “Economic growth in a cross section of countries.” The Quaterly Journal of Economics, 
May, pp.407-443 
Barro, Robert J. 1996. “Human capital and growth.” Economic department of Harvard University 
Barro, Robert J. 1997. “Determinants of Economic Growth: A Cross-Country Empirical Study.” Cambridge, 
MA: MIT Press 
Barro, Robert J. 1998. “Human capital and growth in cross-country regressions.” Mimeo Harvard University 
Barro, Robert J. 1999. “Note on growth accounting.” Journal of Economic Growth, 4: pp.119-137 (June) 
Barro, Robert J. 2001. “Human capital and growth.”. American Economic Review 91(2), pp.12–17 
Barro, Robert J. and Jong-Wha Lee. 1993. "International comparisons of educational attainment." Journal of 
Monetary Economics, Elsevier, vol. 32(3), pp. 363-394, December. 
Barro, Robert J. & Lee, Jong-Wha, 1994. "Sources of economic growth." Carnegie-Rochester Conference 
Series on Public Policy, Elsevier, vol. 40(1), pp. 1-46, June. 
Barro, Robert J. and Jong Wha Lee. 1996. “International Measures of Schooling Years and Schooling 
Quality.” The American Economic Review, vol. 86, no. 2, , pp. 218–223 
Barro, Robert J. and Jong Wha Lee. 2010. “A new data set of educational attainment in the world, 1950-2010.” 
N°15902, NBER Working paper series 
Barro, Robert J. and Xavier Sala-i-Martin. 2004. Economic Growth. New York: McGraw-Hill, Second edition 
(first edition 1995) 
 
Bartel, Ann P. and Franck P. Lichtenberg. 1987. “The comparative advantage of educated workers in 
implementing new technology. ” The review of Economics and Statistics, Vol. LXIX, No. 1, February 1987, pp. 
1-11. 

https://econpapers.repec.org/bookchap/eeegrowth/1.htm
http://www.elsevier.com/wps/find/bookseriesdescription.cws_home/BS_HE/description
https://ideas.repec.org/a/eee/moneco/v32y1993i3p363-394.html
https://ideas.repec.org/s/eee/moneco.html
https://ideas.repec.org/s/eee/moneco.html
https://ideas.repec.org/a/eee/crcspp/v40y1994ip1-46.html
https://ideas.repec.org/s/eee/crcspp.html
https://ideas.repec.org/s/eee/crcspp.html


 

29 

 

Bartel, Ann P. and Franck P. Lichtenberg. 1991. “The age of technology and its impact on employee wages.” 
From Economics of Innovation and New Technology, Vol. 1, pp. 215-231 
Bartel, Ann P. 1994. “Productivity gains from the implementation of employee training programs.” Industrial 
relations: A Journal of economy and society, 33(4), pp.411-425 
 
Bassanini, A., & Scarpetta, S. (2001). “Does human capital matter for growth in OECD countries? Evidence 
from pooled mean group estimates”. OECD Economics Department Working Paper No. 2001–8. 
 
Becker, Gary. S. 1962. “Investment in human beings” The Journal of Political Economy Vol. LXX, No. 5, Part 2 
(University of Chicago Press) 
Becker, Gary. S. 1964. “A theory of the allocation of time”, Economic Journal 75, Sept 1963, p. 493-517 
Becker, Gary. S. 1964. “A theoretical and empirical analysis with special reference to education”, NBER, 
Columbia university press 
Becker, Gary. S. 1964. “Human capital”. The University of Chicago press 
Becker, Gary. S., Kevin Murphy and Robert Tamura. 1990. “ Human capital, fertility and Economic growth. ” 
Journal of Political Economy, vol. 98, issue 5, pp.12-37 
 
Benhabib, Jess and Mark M. Spiegel. 1994. “The role of human capital in economic development evidence 
from aggregate cross-country data” 1994, Journal of monetary economics Volume 34, Issue 2, October, pp. 
143-173 
Benhabib, Jess and Mark M. Spiegel. 2005. “Human capital and technology diffusion”. In Aghion, P. and 
Durlauf, S. N. (eds.) Handbook of Economic Growth, pp 935–966. Amsterdam: North-Holland. 
 
Ben-Porath, Yoram. 1967. “The production of human capital and the life cycle of earnings”. Journal of Political 
Economy, vol. 75 n°4, Aug, pp. 352-365 
 
Bernanke, Ben and Refet Gurkaynak. 2001. “Is Growth Exogenous? Taking Mankiw, Romer and Weil 
Seriously”, NBER Working Paper Series, No. 8365. 
 
Berthélemy, Jean-Claude, Christophe Pissarides and Aristomene Varoudakis. 2000. “Human capital and 
growth: the cost of rent seeking activities “pp. 209-234 in The determinants of Economic Growth, M.S. 
Oosterbaan, T. de Ruyter and N. Van der Wind teds. Springer, Boston, MA 
 
Bishop, John. 1994. “Formal training and its impact on productivity, wages and innovation.” in L. Lynch, ed., 
Training and the Private Sector: International Comparisons. Chicago: University of Chicago Press. 
 
Bils, Mark and Pete Klenow. 1998. “ Does Schooling Cause Growth or the other way around?.” N°6393, Feb, 
NBER Working papers 
 
Black, Sandra E. and Lisa M. Lynch. 1996. “Human-capital investments and productivity” The American 
Economic Review, 86, pp. 263-267 
Black, Sandra E. and Lisa M. Lynch. 2001. “How to compete: the impact of workplace practices and 
information technology on productivity”, Review of economics and statistics, 83 (3), pp.434-445 
 
Blaug Mark,” Educational policy and the economics of education: some practical lessons for educational 
planners in developing countries” in Education and development reconsidered, edited by F. Champion Ward 
p.23-32, New York: Praeger publishers, 1974 
 
Blundell, Richard, Lorraine Dearden and Costas Meghir. 1999. “Human capital investment: The returns from 
education and training to the individual, the firm and the economy.” , Fiscal studies, Institute for Fiscal Studies, 
vol. 20(1), pp.1-23, March. 
 
Bosworth, Derek and Rob Wilson. 1993. “The market for training : a human capital approach.” International 
Journal of Manpower, Volume 14, Issue 2, 1 Jan 
 
Brunello, Gorgio and Alfredo Medio. 2000. “ An explanation of international differences in education and 
workplace training.”  European Economic review, Elsevier, vol. 45(2), pp.307-322, Feb 
 
Butcher, Kristin F. and Anne Case. 1994. “ The effects of sibling sex composition on women’s education and 
earnings.” The Quaterly Journal of economics, vol. 109, N°3, Aug 
 
David Cass. 1995. “Optimum Growth in an Aggregative Model of Capital Accumulation.” The Review of 
Economic Studies, Vol. 32, No. 3. Jul, pp. 233-240 

http://www.jstor.org/stable/i304799
http://www.jstor.org/stable/i304799
https://www.sciencedirect.com/science/journal/03043932/34/2


 

30 

 

 
Carriou, Yannick and François Jeger. 1997. “La formation continue dans les entreprises et son retour sur 
investissement. ” Economie et statistique, n°303, pp.45-58 
 
Cette, Gilbert and Jimmy Lopez. 2009. “ICT demand behaviour: an international comparison.”, Banque de 
France, Working paper series n°252, Sep 
 
Coe, David T. and Elhanan Helpman. 1995. “International R&D and spillovers.” European Economic Review, 
vol 39, pp.859-87 
 
Cohen, Daniel and Marcelo Soto. 2007. “Growth and human capital: good data, good results.” Journal of 
Economic growth. pp.51–76, March 
 
Colecchia, Alessandra and Paul Schreyer. 2000. “The contribution of information and communication 
technology to economic growth in nine OECD countries.” OECD Economic Studies, Aug, N°34 
 
Colombo, Emilio and Luca Stanca. 2008. “The impact of training on productivity : Evidence from a large panel 
of firms.” Working Papers 134, University of Milano-Bicocca, Department of Economics, Jan 
 
Conti, Gabriella. 2005. “Training, productivity and wages in Italy.” Labour economics, vol. 12, issue 4, pp.557-
576 
 
Cunha, Flavio , James J. Heckman, Lance Lochner and Dimitriy V. Masterov. 2005. “Interpreting the evidence 
on life cycle skill formation, Working Paper N°11331, NBER, May 
 
Dearden, Loraine, Howard Reed and John Van Reenen. 2006. “The impact of training on productivity and 
wages: evidence from British panel data.” Oxford Bulletin of Economics and Statistics, 68(4), pp.397-421 
 
Di Comite, Francesco, Antonella Nocco and Gianluca Orefice. 2014. “Tariff reductions, trade patterns and the 
wage gap in a monopolistic competition model with vertical linkages.” Working Paper n°2014-02, CEPII, Jan 
 
Dunn, Thomas and Douglas Holtz-Eakin. 1996. “ Financial capital, Human capital and the transition to self-
employment : evidence from intergenerational links.” NBER Working paper, N°5622 
 
Durlauf, Steven N. and Paul A. Johnson. 1995. “Multiple regimes and cross-country growth behavior.” Journal 
of Applied Econometrics, vol. 10, issue 4, 365-84 
 
Glaeser, Edward L., Rafael La Porta, Florencio Lopez-de-Silanes and Andrei Shleifer. 2004. “ Do institutions 
causes growth ?.” Journal of Economic Growth, 9, pp. 271-303 
 
Galindo-Rueda, Fernando and Jonathan Haskel. 2005. “Skills, workforce characteristics and firm-level 
productivity : Evidence from the matched ABI / Employer skills survey.” N°1542, IZA Discussion papers from 
Institute for Labor Economics 
 
Griliches, Zvi. 1970. “Education, Human capital and growth : a personal perspective.” N°5426, NBER Working 
Papers 
 
Groot, Wim. 1998. “Empirical estimates of the rate of depreciation of education.” Applied economic Letters, 
vol. 5, issue 8, pp.535-538 
 
Grossman, Gene and Elhanan Helpman. 1990. “Trade, knowledge spillovers, and growth.” N°3485, NBER 
Working Papers 
Grossman, Gene and Elhanan Helpman. 1991. “Innovation and growth in the global economy.” MIT Press, 
Cambridge, MA 
 
Hanoch, Giora. 1967. “An economic analysis of earnings and schooling.” Journal of Human resources, vol 2 
(3), pp.310-329 
 
Hanushek, Eric A. and Dennis D. Kimko. 2000. “Schooling, labor force quality, and the growth of nations.” 
American Economic Review 90(5), Dec, pp.1184–1208 
Hanushek, Eric A. and Ludger Woessmann. 2008. ‘‘The role of cognitive skills in economic development’’ 
Journal of Economic Literature 46(3), pp.607–668. 

https://ideas.repec.org/s/mib/wpaper.html
https://econpapers.repec.org/article/jaejapmet/
https://econpapers.repec.org/article/jaejapmet/


 

31 

 

Hanushek, Eric A. and Ludger Woessmann. 2009. “Do better schools lead to more growth? Cognitive skills, 
economic outcomes, and causation.” N° 14633, Cambridge, MA, National Bureau of Economic Reasearch. 
Hanushek, Eric A. and Ludger Woessmann. 2007. Education Quality and Economic Growth. Washington, DC: 
World Bank. 
 
 
Harris, Richard, Qi Li, Qian Cher Li and Catherine Robinson. 2005. “The productivity impact of skills in English 
manufacturing: evidence from plant-level matched data.” National Institute of Economic and Social Research  
 
Heckman, James J. 1999. “Policies to foster Human Capital.” N°7288, NBER Working paper 
Heckman, James J., John E. Humphries and Gregory Veramendi, 2016. "Returns to Education: The Causal 
Effects of Education on Earnings, Health, and Smoking," NBER Working papers, May 
Heckman, James J. and Peter J. Klenow. 1998. "Human Capital Policy," lvi. Boskin Editor, Policies to Promote 
Capital Formation, Hoover Institution 
Heckman, James J. and Hai Rong. 2016. "Inequality in Human Capital and Endogenous Credit Constraints." 
N°22999, NBER Working papers, Dec. 
 
Jacobs, Bas. 2007. “Real options and human capital investment.” Labor Economics 14, pp.913-925 
 
Jones, Charles I. 1996. “Human capital, ideas and economic growth.” Stanford University Research paper, 
https://web.stanford.edu/~chadj/Rome100.pdf 
 
Jorgenson, Dale and Z. Griliches. 1967. “The explanation of productivity change.” The Review of Economic 
Studies 34, N°99, pp.249-280 
  
Kendrick, John W. 1976. “The formation and stocks of total capital.” NBER books 
 
Ketels, Christian H. M. and Mickael Porter. 2003. “UK competitiveness : moving to the next stage.” DTI 
Economics papers N°3, Institute of strategy and competitiveness, Harvard Business School 

Knight, Frank. 1944. “Diminishing returns from investment.” Journal of Political economy 52, March, pp. 26-47 
 
Kramarz, Francis and Emmanuel Delane. 1997 “Entreprises et formation continue” Economie et prévision, 
N°127, pp.63-82 
 
Krueger, Dirk and Krishna B. Kumar. 2004. “Skill-Specific rather than general education: a reason for US-
Europe Growth differences ?.” Journal of economic Growth, 9, pp.167-207 
 
Krueger, Alan and Mickael Lindahl. 2000. “Education for growth: Why and for whom?.” N° 7591. National 
Bureau of Economic Research Working papers, March 
 
Kuncic, Aljaz. “Institutional quality dataset.”, Journal of institutional Economics, 10(1) pp. 135-161 
 
Kuznets, Simon. 1971. “Economic growth and nations” Cambridge, Harward University Press 
Kuznets, Simon. 1995. “Economic growth and income inequality”, American Economic Review 45, March 1, 
p.1-28 
 
Kyriacou, George.A. 1991. Level and Growth Effects of Human Capital: A Cross-Country Study of the 
Convergence Hvpothesis, mimeo. Department of Economics, New York University 
Kyriacou, George A. 1992. “A Cross-Country Estimation of an Aggregate Production Function with Human 
Capital.” Working paper. Central Bank of Cyprus 
 
Lamo, Ana, Julian Messina and Etienne Wasmer. 2011. “Are specific skills an obstacle to labor market 
adjustment ?.” Labour Economics, vol 18(2), p.240-256 
 
Lemoine, Mathilde and Etienne Wasmer. 2010. “Les mobilités des salariés.” Conseil d’Analyse Economique, 
La documentation française 
Lemoine, Mathilde et al. 2014. “Rapport sur la formation professionnelle, Entrer et rester dans l’emploi : un 
levier de compétitivité, un enjeu citoyen. “ Terra Nova Report 
 
Levhari, David and Yoram Weiss. 1974. “The effect of risk on the investment in human capital.” The American 
Economic Review, vol 64 (6), pp.950-963  
 

http://doi.org/10.1086/698760
http://doi.org/10.1086/698760
http://ideas.repec.org/a/red/issued/16-104.html


 

32 

 

Lillard, Lee A. and Hong W. Tan. 1986. “Private sector training. “ Rand Corporation Report 
 
Lucas, Robert E. 1988. “On the mechanics of economic development.” Journal of Monetary Economics, 22 
(1), pp. 3–42. 
 
Marshall, Alfred, “Principles of Economics, 8th ed, New York, Macmillan, 1920 
 
Mankiw, Gregory N, David Romer and David N.Weil. 1990. “ A contribution to the empirics of economic 
growth.” Quarterly Journal of Economics, 107(2): 407–438, May 
 
Mincer, Jacob. 1962. “On-the-job training: costs, returns and some implications” In Investment in Human 
Beings, edited by T.W. Schultz. Supplement to the Journal of Political Economy 70, Oct, p.50-79 
Mincer. Jacob. 1974. “Schooling and earnings” in Schooling, Experience, and Earnings, NBER, pp 41-63 
Mincer, Jacob. 1974. “Age and experience profiles of earnings” in Schooling, Experience, and Earnings, 
NBER, pp 64-82  
Mincer, Jacob and Haim Ofek. 1982. “Interrupted work careers: Depreciation and restoration of human 
capital.” Journal of human resources, Vol 17(1). pp. 3-24 
 
Mulligan Casey B and Xavier Sala-i-Martin. 1995. " Measuring Aggregate Human Capital." NBER Working 
papers, N°5016, Feb 
 
Neal, Derek. 1995. “ Industry-Specific Human Capital : evidence from displaced workers.” Journal of Labor 
economics, Vol 13(4) 
 
Nelson, Richard and Elmund Phelps. 1966. “ Investment in Humans, Technological Diffusion, and Economic 
Growth. ” The American Economic review, 56(2). pp. 69–75 
 
Palacios-Huerta, Ignacio. 2006. “The Human Capital Premium Puzzle.” Brown University, http://www.palacios-
huerta.com/docs/hkppuzz2.pdf  
 
Psacharopoulos, George and Ana-Maria Arriagada. 1986. “The Educational Attainment of the Labor Force: An 
International Comparison.” The world bank, discussion paper N°EDT38, Oct 
 
Pissarides, Christopher A. 2000. “Human capital and growth : a synthesis report. ” OECD Development center 
Working paper 1968 
 
Pritchett, Lant. 1996. “Where Has All the Education Gone?”, World Bank Policy Research Department 
Working Papers, No. 1581, March 
 
Romer, Paul M.1986. “Increasing returns and long-run growth.” The Journal of political economy, Vol 94(5), 
Oct 
Romer, Paul M. 1989. “Human capital and growth : Theory and evidence.” No 3173, NBER Working papers 
Romer, Paul M. 1990. “Endogenous Technological Change, The Journal of Political Economy.” Vol. 98 (5), 
Part 2: The Problem of Development: A Conference of the Institute for the Study of Free Enterprise Systems. 
Oct. pp. S71-S102 
 
Sala, Hector and José Silva. 2013. “Labor productivity and vocational training: evidence from Europe.” Journal 
of productivity analysis, Vol 40(1) 
 
Schultz, Theodore W. 1939. “Capital rationing, uncertainty and farm tenancy reform.” Journal of political 
economy 47, Oct p.705-717 
Schultz, Theodore W. 1950. “Reflections on poverty within agriculture.”, Journal of Political Economy 43, Feb, 
p. 1-15 
Schultz, Theodore W. 1951. “Economic efficiency: its meaning, measurement and application to agricultural 
problems.”, Journal of farm economics 33, Feb, p.115-119 
Schultz, Theodore W. 1959. “Investment in man: an economist’s view.” Social service review 33, June, p. 109-
117 
Schultz, Theodore W. 1960. “Capital formation by education”, Journal of Political Economy 68, Dec, p.571-583 
Schultz, Theodore W. 1961. “Investment in human capital” American economic review 51, March, p. 1-17 
Schultz, Theodore W. 1965. “Investment in poor people: an economist’s view” American economic review 40, 
May, p. 510-520 
Schultz, Theodore W. 1961. “Investment in human capital: a reply” American economic review 51, Dec, p. 
1035-1039 

https://econpapers.repec.org/bookchap/nbrnberbk/minc74-1.htm
https://econpapers.repec.org/bookchap/nbrnberbk/minc74-1.htm
http://ideas.repec.org/a/kap/jecgro/v5y2000i3p215-52.html


 

33 

 

Coordonated by Schultz, Theodore W. 1962. “Investment in Human beings.” Supplement to the Journal of 
Political Economy 70, Oct 
Schultz, Theodore W. 1963. “The economic value of education.” NY Columbia University press 
Schultz, Theodore W. 1967. “The rate of return in in allocating investment resources to education.” Journal of 
human resources, Summer , p.293-309 
Schultz, Theodore W. 1971. “Investments in human capital: the role of education and of research.” NY, 
macmillan Co, Free press 
Schultz, Theodore W. 1972. “The increasing economic value of human time.” American journal of agricultural 
economics 54, Dec, p.843-850 
Schultz, Theodore W. 1974. “The high value of human time: population equilibrium” Journal of political 
economy 82, n°2 
Schultz, Theodore W. 1981. “Investing in people : the economics of population quality.” University of California 
press 
 
Solow, Robert M. 1956. “ A contribution to the theory of economic growth” Quarterly Journal of Economics, Vol 
70 (1). pp. 65-94 
 
Topel, Robert. 1999. “Labor markets and economic growth.” In Ashenfelter O., Card D. (Eds). Handbook of 
labor economics, Vol 3C. North Holland, Amsterdam 
 
Woessmann, L. (2000). “Quality of Schooling and Human Capital.” Mimeo, Kiel Institute of World Economics. 
 
Zwick, Thomas. 2002. “ Training and firm productivity : Panel evidence from Germany.” ESRC funded centre 
on skills, http://www.skope.ox.ac.uk/wp-content/uploads/2014/04/SKOPEWP23.pdf 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 

http://www.skope.ox.ac.uk/wp-content/uploads/2014/04/SKOPEWP23.pdf


 

34 

 

Appendix: Data description and definition 

Physical capital stock 

The measure of physical capital stock in the PWT that we use in our analysis is built through the 
perpetual inventory methodology. The methodology uses an initial physical capital stock and adds 
investment flows net of capital depreciation. The PWT dataset from Summer and Heston take into 
account differences in investment composition across countries. The PWT database considers 6 
different types of assets in investments. For each country, investment flows are decomposed 
between these 6 asset classes from national account data and EU-KLEMS and ECLAM databases. 
For countries with missing information, the commodity flow method is applied, which makes the 
assumption that investment in one asset class varies at the same rate of the supply of this asset in 
the national economy. After this first step, investment flows are deflated with data based on EU-
KLEMS, OECD National Accounts and ECLAC.  The PWT estimate the initial capital stock with a 
formula that relates initial investment, investment growth rate at the steady state and the 
depreciation rate of capital. This therefore requires the assumption that all countries are the steady 
state at the initial period. With this methodology, the physical capital stock each year is then 
computed as the capital stock of last period net of depreciation rate of capital and increased by the 
investment flows observed for the same period. This capital stock is then divided by the deflator to 
be measured in constant prices.  

Depreciation rate of physical capital stock  

The rate of capital depreciation used in the analysis are the official depreciation rates used by the 
BEA with a methodology described in Fraumeni (1997). The methodology relies on assuming a 
geometric depreciation rates to compute rates of depreciation for capital by asset classes.  

Real GDP 

Real GDP from the PWT used in the analysis is computed with two main methodologies: the 
expenditure approach and the output approach. The PWT also provides a real GDP measure from 
national accounts in constant price of 2005. We use the latter measure, as it is the standard and 
pure measure of GDP that is not affected by computations of the authors. Summer and Heston in 
particular indicate that this measure is also the more consistent to take into account GDP growth 
rates in cross-country growth regressions. We compute GDP per capita by dividing the measure of 
real GDP by the measure of the population that is also provided by the PWT database.  

Our dependent variable approximates GDP growth using log transformation. The GDP per capita 
growth is therefore computed as the log difference between the GDP per capita of t+1 and t. 

Proximity to the technological frontier  

We compute the proximity to the technological frontier as the difference between the log of TFP in 
this country in 1980 and the log of TFP in the US the same year, following the methodology of 
Aghion and al (2006). This variable is thus 0 by construction for the US. Log of TFP is computed 
following a standard growth accountting methodology that takes the log of GDP per capita minus 
the log of physical capital stock multiplied by the capital share in the economy.  

Openess ratio 

This variable is built by using the measure of the share of imports and exports in countries’ GDP. 
We add these two variables in absolute value to obtain the share of imports and exports in total 
GDP.  
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Government consumption  

This variable measures the share of government spending in total GDP expressed in current 
prices. Government spending are taken from national accounts.  

Price level of household consumption 

This variable from the PWT on the price level of household is based on national accounts and 
takes the USA in 2011 as 1 for reference.  

Human Capital Stock 

Our measure of human capital stock comes from the Barro and Lee database on initial education 
levels across countries. We proxy the human capital stock by the number of years of schooling per 
adult.  

Human Capital Accumulation 

We measure human capital accumulation as the percentage change in the human capital stock 
between two periods. The human capital accumulation variable is the rate of variation in percent 
between the two periods.  

 

 

 

 

 

 


