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Abstract: In a seminal article, Hanushek and Woessmann explained economic growth as a function
of the quality of education. While they did not find evidence of the importance of years of schooling,
they argued for the relevance of cognitive skills and a basic literacy ratio for economic growth.
However, this result was based on cross-country data limited to 23 observations. In this study, we
extended and modified their approach based on the results of PISA (Programme for International
Student Assessment) tests to explain the GDP changes over the last 50 years. Using panel data, we
considered the possible lag that characterizes this relationship, used statistical methods to address the
risk of reversed causality of economic performance affecting the quality of education, and extended
the model by the inclusion of other potential growth factors. The results, which also included
several robustness checks, confirmed the relevance of earlier education quality as a significant growth
factor. Our results suggest the significance of educational skills for GDP growth, which might be
treated as a confirmation of the importance of quality primary and secondary education for economic
development. We showed that our results are robust to changes in the order of lags and confirmed
the validity of the conclusion with the use of specification-robust Bayesian model averaging.

Keywords: economics of education; educational policy; international education/studies; economic
growth; PISA test

1. Introduction

Education is one of the most important social institutions. It is faced with difficult
tasks and is widely regarded as one of the main development mechanisms. Therefore, the
relation between the quality of education and economic performance is always of topmost
importance. The conviction that education has an important impact on economic growth
and sustainable development is commonly shared [1-4]. In this spirit, the endogenous
growth model emphasizes the role of human capital in shaping and understanding the
economic growth of a country or region within a country [5]. Hess [3] argues that the
relationship between human capital development and economic growth is a key factor for
a well-functioning healthy economy. Although there is much discussion of its importance,
politicians, however, in numerous countries and at different times, seem to treat education
as a child of a lesser God whenever the education funding is decided upon. The aim of this
study was thus to verify to what extent the quality of education can be considered a key
driver of economic growth from the cross-country perspective.

The existence of several cross-country rankings of universities as well as the popularity
of studies and internships abroad at the university level seem to confirm that not just experts
but even the wider audience understand and appreciate the significance of the quality of
tertiary education. At the same time, there seems to be less certainty about the importance
of the quality of the primary and secondary education, on which we focus in this article.
In this field, the research of Hanushek and Woessmann [6] has raised significant interest.
They confirmed the intuitive importance of high-quality education and provided clear
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policy implications: the better the quality of education is, the higher the expected economic
growth will be. Given that numerous previous research confirms that educational results
are mostly associated with the share of educational expenses in GDP [7,8], this stimulates
governments to increase investment in the educational sector. Not just because people
expect better education for their children but also because there exist confirmed returns,
economies with better education quality grow faster. One can consider Hanushek and
Woessmann’s research as an important vote in the discussion: not only is it the quantity
of education (measured by financial loadings or average years of schooling) but also—or
even mostly—it is the quality that matters for economic growth.

Hanushek and Woessmann [6] used average GDP growth data from the years 1960-
2010 to estimate their model. They then estimated a linearized regression model of GDP
growth as a function of PISA results, which were supposed to reflect the quality of educa-
tion. While their results were in line with expectations, certain methodological problems
arose. Therefore, we extended and modified their approach based on the results of PISA
tests to explain the GDP changes over the last 50 years. An important problem that needed
to be faced by Hanushek and Woessmann was the lack of a sufficient number of observa-
tions: the PISA tests that they used as the measure of education quality had a relatively
short history and were performed in relatively few countries. Since then, there have been
further waves of PISA tests and more countries have performed them. However, we further
extended the sample by using additional sets of educational and macroeconomic data in
order to extrapolate backward the results of PISA scores, which was the first step of the
research. In the second step, we used lagged PISA scores as regressors in the augmented
Solow growth model with the quality of education factors. The methods used in this
article were aimed at eliminating the six main potential critiques of Hanushek and Woess-
mann’s [1] results, in order to reconfirm and provide a more reliant empirical basis of the
policy conclusions, and furthermore, to extend and modify their approach:

1. A small sample. The original article was based on data covering 23 countries that
performed PISA tests. We substantially extended this dataset in both time (using
updated data) and geographic dimensions and based the model on the panel instead
of a cross-sectional sample.

2. The lag length. PISA tests are used to measure the skills of large groups of teenagers
aged 14 or 15. However, the main transmission mechanism between the quality of
education and economic growth is based on the influence of education quality on
labor skills, which further influences the state of the economy. It is thus clear that
the human capital quality of 15-year-olds shall not influence the GDP growth sooner
than in at least a few years when they start their first job—and it is quite likely that
most of the relationship will only be observable after some further few years. We thus
properly lagged PISA scores used in the function of the measure of education quality.

3.  The dynamics of the model. The dynamic nature of growth and the use of cross-
country panel data made it essential to apply such modern estimation tools as the
Blundell and Bond system GMM estimator [9], rather than the simple OLS estimator
used by most. This was mostly due to the existence of GDP convergence across
countries, which should be considered (or at least tested).

4. Omitted variable bias. The quality of education is only one of the numerous growth
factors (and relevant independent variables in the case of the other economic indica-
tors of interest). Failing to include other growth factors results in an increased risk
of omitted variable bias. To avoid this problem, we proposed a complex Barro-type
regression including not only the PISA scores but also other typical growth factors.

5. Therisk of inverse causality and endogeneity issues. The economic variables used in
the model were expected to depend on the education quality; however, the relation
in the opposite direction also exists, making the education quality endogenous. This
is a problem in most regression model frameworks, even considering the fact that
the educational results shall be appropriately lagged in the constructed model. This,
however, can be tackled by proper treatment of the variables, which is possible in the
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Blundell and Bond method of estimation [9], which we used. Additionally, the use of
this particular estimator made it automatic to check for causality and its direction.

6.  Types of skills. Most research emphasizes the possible role of cognitive skills, whereas
it is not only a sensible influence on the future socio/macroeconomic indicators on
the national level. PISA test results allow the evaluation of competencies acquired
by students of different types (mathematical literacy, reading literacy, and scientific
literacy). Whereas most studies concentrate on the acquired skills in the field of
science, we separately analyzed different types of competence and their impact on
economic growth. This part of the study may constitute a contribution to the adequate
profiling of educational expenses.

The article is structured as follows. In Section 2, we survey the relevant literature and
provide the background of the topic. In Section 3, we present a proper theoretical model
that provides a theoretical background for the role of education quality for the GDP growth
and the empirical model as well as the econometric approach used in the study. Section 4
presents the main empirical findings, while Section 5 concludes. All the computations were
performed with the use of Stata 16 software (StataCorp LLC, College Station, TX, USA).

2. Literature Background

Hanushek and Woessmann [1] emphasized that although the role of human capital in
growth is regarded as obvious in theoretical discussions, the results of the empirical analysis
are unclear. According to them, this mixed evidence appears to reflect measurement issues
and the skills—growth relationship becomes unequivocal when the quality of schools and
the varied sources of skills are taken into account. Nevertheless, as stated by Morris and
Oldroyd [10], the quality of human resources impacts economic growth by increasing
employees, income, and welfare; therefore, human capital is to be seen as a key element
accelerating economic growth. Hanushek and Woessmann [1] argued that economic growth
is strongly affected by the knowledge capital of workers in both developed and developing
countries alike. In today’s rapidly developing knowledge economy, complex skills and
competencies of employees are of special importance for economic growth [11]. In their
study using Indonesian annual data for 35 years, Widarni and Bawono [2] examined the
long-term relationship between economic growth and its determinants, and they also
ascertained the impact of human resources and technology on economic growth both in the
long and short term. The authors concluded that human capital is effective in promoting
long-run economic growth, whereas effective technology drives economic growth in the
long and short run [2].

Education plays an important role in accelerating the process of passage from a pre-
scientific to a scientific mode of thinking. This change most probably accounts for the
Flynn effect [12]—the worldwide improvement of populations’ intelligence test results. An
effective shift from the manner of thinking in which the learner is given the principles that
shall be used in the problem-solving thinking to the scientific mode of thinking based on
the use of the higher levels of general and immediate resolution, results in detachment
from the concrete and becoming more flexible and results in more efficiency in the way of
complex problem solving, which seems crucial for today’s knowledge-based economies.
In the knowledge-based environment with rapidly advancing technological development,
there is a continuous need for the life-long learning of employees. Companies have to
manage employees in such a way as to improve workability so that they can achieve higher
levels of performance [13], but previously developed cognitive competencies form a solid
base for this process.

On the microeconomic level, the accumulation of human capital improves labor
productivity and increases wages [14]. A well-educated workforce is also essential for
the creation and diffusion of technology. There is plenty of microeconomic evidence
on the robust relationship between education and earnings, stemming from the widely
known Mincer equation [15], which uses years of schooling as a key determinant of wages,
and several growth-accounting studies, which adjust the workforce for improvements in
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educational attainment (operationalization of the human capital factor). This seems as
natural as the statement by Castriota that pointed out that empirical research has found a
positive impact of education on the level of happiness [16].

The argument for macroeconomic effects relies on this microeconomic evidence. Im-
provement in education could have an aggregate impact on economic growth through
two different channels. On the one hand, extended education may improve the produc-
tivity of the workforce as it improves workers” individual skills. On the other hand, as
adopted [17,18], education can be treated as an independent factor in the growth process,
which can augment labor, physical capital, and total factor productivity (TFP). The relation-
ship with TFP reflects the view that an educated workforce is more able to implement new
technologies and generate ideas for improving efficiency. Both considered mechanisms
provide justifications for the expected positive correlation between educational attainment
and economic growth, which stems from the aggregation of the effects on an individual
level. A number of studies, including those of Mankiw et al. [17,18], have found a signifi-
cant positive association between cross-national differences in the initial endowment level
of education and subsequent rates of growth.

However, numerous studies that examined the relationship between the dynamics
of the educational factor (measured by the years of schooling) and the dynamics of GDP
failed to find a significant association [19]. Benos and Zotou [20] described, in a recent
comprehensive meta-regression analysis of 57 studies with 989 estimates, the presence
of a substantial upward publication selection bias in the empirical education—economic
growth literature and the absence of a representative authentic growth effect of education.
The addition of openness, public spending, and health variables in specification involve a
lower estimated education impact on growth. The authors concluded, “most importantly,
educational attainment, commonly used in empirical studies, is a crude measure of human
capital, since it measures education quantity, while education quality varies widely across
countries and time periods.”

There are three potential reasons for the failure to replicate the microeconomic results
on the aggregate level. Firstly, the global returns to schooling that can be observed in the
aggregated data may be much lower than the individual returns, which can be observed
in the microdata, mostly because of the averaging processes, which can be viewed as an
extended version of the statistical Simpson’s paradox. Secondly, there is a high risk of
measurement errors, which, after aggregation, are an even greater problem and are more
difficult to discover and eliminate. Thirdly, cross-national differences in years of schooling
and their dynamics or other schooling indices (such as the fraction of society with tertiary
education) may not account for differences in the quality of education. Thus, educational
attainment, commonly used in empirical studies, is a crude measure of human capital,
since it measures education quantity, whereas education quality differs extensively across
countries and time [20], which is not taken into consideration if the above-described mea-
sures are used. Therefore, as argued by Hanushek and Woessmann [6], adding the quality
of education may alleviate these concerns. Schoellman [21] adjusts years of schooling for
quality to explain cross-country output per worker differences. He finds that cross-country
differences in education quality are roughly as important as cross-country differences in
quantity. This increases the total contribution of education from 10% to 20% of output per
worker differences.

Hanushek and Woessmann [1] have apprised that in developing countries the dis-
cussions on development policy often simplifies and distorts this truth by focusing most
attention on ensuring school enrollment for everyone and losing sight of the importance
of the quality of education. In their latest work [1], they reported findings indicating that
knowledge, rather than just the length of time spent in school, is the factor accounting for
economic growth. In international comparisons of a broad group of countries, the average
number of years of schooling [7] and school attainment [22] were treated as a good proxy
for the quality of education [7]. This measure, however, is biased as it does not embrace
the differences in the quality of education across countries over time.
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A powerful tool that allows for the quantification of the educational attainment quality
is the use of PISA tests. Education systems might be assessed in terms of context, specific
inputs, social or institutional processes, and outputs or outcomes [23]. For each of these
categories, specific indicators can be designed. Context indicators focus on providing
information on such contextual factors that affect learning as student characteristics, socio-
economic conditions, cultural aspects, the status of the teaching profession, and local
community issues. Input indicators measure the deployment and use of resources to
facilitate learning, such as financial, material, and human resources in the education
system. Process indicators describe to which extent specific educational processes are
conducted in practice, and output indicators measure whether the program objectives were
attained by revealing the level of competencies, progression and completion rates, and
employer satisfaction. Output indicators may be obtained through national examinations,
international assessments such as PISA or TIMSS (Trends in International Mathematics and
Science Study) surveys, and systematic field observations belonging to this category [23].

PISA is a worldwide study created in 1997 by the Organization for Economic Co-
operation and Development (OECD) and intended to develop tools allowing for the
evaluation of the quality of education in member and non-member countries [1]. The
governments of the member states have committed to regularly monitor the effectiveness
of their education within the international framework developed by the Decomposition and
Selection of Competencies: Theoretical and Conceptual Foundations (DeSeCo) Committee
established by OECD. The main objective was to create a new basis for political dialogue
and cooperation in defining and implementing, in an innovative way, educational goals
aimed at developing key skills in adulthood [1]. Starting from the year 2000, every three
years, the PISA Programme assesses the competencies of students who have reached the
age of fifteen in three areas considered key for modern life and today’s job market: reading,
mathematics, and science.

The specificity of the PISA is based not only on its international momentum but also
on measuring literacy in the three assessed areas of literacy. It is believed to measure
the assimilation of knowledge and the mastery of skills necessary for students in their
adult life, on the labor market, and for their fully free functioning in society. The PISA
research agenda is also unique in that it broke with national curriculum-based international
research traditions, introducing a problematic approach detached from the core curriculum,
providing the results and knowledge that allow better planning of effective teaching.
The PISA framework was carefully prepared in the process of long-term consultations of
international experts and solicitously documented in separate publications [24].

Thanks to the fact that the PISA test is repeated every three years, it is possible to
capture the dynamics of changes in the education system. In each edition of PISA, one of the
areas (reading, mathematics, and science) Reading is the leading subject matter. The subject
considered to be the leader at a given moment of the study takes half the time devoted to
solving the test skills testing tasks, and the remaining two take 25% each. The student has
two intervals of 60 min, with a break of 10 min, for the entire test, with the tasks being mixed
up and the student being unaware of the domain a specific task is assigned to [25].

The basic units for the PISA test are countries. It was assumed that within each
country, students will be randomly selected in schools—between 5000 and 10,000 students
are selected from at least 150 schools per country [26]. However, actual empirical samples
range widely from around 3500 to over 30,000 students in some countries. The sampling
procedure thus limits the possibility of comparing the results to comparisons between
countries and at the level of individual countries, and it is not possible to analyze the level
of individual school classes [27]. In the selection of the sample of students in the PISA
study, two-stage stratified sampling with systematic randomization is used. The first stage
of sampling is the drawing of schools, and the second is the drawing of students from
previously selected schools. To be able to generate unbiased estimators of the national
parameters, the weighting for the individual trials is determined; replicated weights are
used, which allows the estimation of unbiased standard errors of measurements for all
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national parameters [28]. The probability of a particular school being selected is propor-
tional to the number of its students eligible for the PISA survey. Thanks to the use of
the stratified sampling procedure, it is possible to improve the accuracy of estimates by
partially controlling the inter-school variance [25].

As a result of implementing the lifelong learning (LLL) perspective, the tasks in PISA
tests assessing life-relevant competencies are not related to national curricula. Therefore,
one consistent theoretical rationale allowing a combination of the competencies of ado-
lescents and adults is to make the program foundation reflect human development and
to establish a framework for the development of adequate tools to measure it [25]. The
concept of lifelong learning is based, on the one hand, on the assumption through the
psychological mechanism of nonspecific transfer [29] that, when relying on competencies
acquired during school education, a person will be able to implement them and, as a result,
cope in adult life, whereas, on the other hand, neither school nor studies will be able to
equip us with all the specific competencies needed in life.

Sellar and Lingard [30] state that that the key to the increase in the importance of
education for the OECD is the growing importance of PISA tests’ results and the OECD’s
impact on global-scale education along with the implementation of the human capital
theory in which the simultaneous process of the “economization” of education policy
and the “education” of economic policy is inherent. Currently, the OECD conceptualizes
education, skills, and competencies as essential in a world of knowledge-based economic
policies. The necessity to equip today’s students with lifelong learning tools results from
the demographic trends. The worldwide decline in fertility rates along with increasing life
expectancy leads to population aging. Therefore, economic growth and stability depend
on workers’ ability to be present in the labor market and maintain high productivity over
an extended time. As the proportion of young working people in societies declines in the
coming years, it will be increasingly important for education systems to remove barriers
that prevent some of today’s students from reaching their full potential in the future. Never
before have equality of opportunities and economic efficiency been so closely related [31].

Authors in [6,32] have argued that the cross-country comparative approach provides
several advantages over national studies. In these studies, differences in skills measured
by international tests such as PISA are believed to be strongly related to individual labor-
market outcomes and, consequently, to cross-country variance in the economic growth of
particular countries [33-36]. The existence of such relationships can be attributed to two,
possibly simultaneous processes: since the results of PISA tests measure the abilities of the
young generation, this can, on the one hand, be treated as a proxy for the quality of the
future labor force and, as such, may influence the future performance of the economies,
measured by the GDP dynamics. However, on the other hand, the results of the PISA
tests themselves might be a function of economic development [37]. Most of the surveyed
studies used contemporary PISA results to explain the GDP growth over a period of
50 years. While the country’s economic performance and the quality of education are most
likely associated, a natural question regards the direction of this relationship. Either it
might be one of the above-described processes that yields the observed relation, or it might
be both of them. Since the PISA results are generally attained for 15-year-olds, it seems
rational to believe that the members of today’s PISA cohort shall begin to have a greater
impact on the country’s economy at least 10 years later, after they graduate or reach higher
positions in companies. Consequently, the PISA results as a proxy for quality of education
might be believed to perform as a relevant GDP driver only if they are appropriately lagged.
On the other hand, the relation between the current country’s economic performance and
PISA results with no lags most likely reflects the reversed relation: they are the better
performing economies that generally invest more in high-quality education, which in a
short time horizon may result in higher PISA scores. We thus believe that Hanushek and
Woessmann's [6] results should not be used to prove that the quality of education matters
for GDP growth: they do confirm the existence of a relation, however, the lack of the lag
mechanism in the proposed model suggests that they rather confirmed the existence of
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an inversed relation and that they did not shed sufficient light on the influence of high
quality education on economic performance. This allowed us to argue that the problem of
endogeneity should be addressed.

While some research on the influence of educational quality measured by PISA scores
on economic growth exists, most of the applied work was based on cross-sectional regres-
sions or correlations. However, a few more methodologically advanced studies, mostly
by Hanushek and Woessman, should also be mentioned. In their study [38], they address
a problem of causality by trying to gradually eliminate the influence of potentially rele-
vant features on growth to eliminate the potential spuriousness of the regression. More
importantly, they emphasized that the education-quality—GDP growth relation is not con-
temporary, and they used properly lagged education measures, which enforced them to use
the results of tests performed before the PISA was introduced (such as TIMSS). While [6]
mentioned the problem of causality and attempted to perform a series of robustness checks
to discover the direction of the existing relation, others have not always done so. For
example, authors of [34] simply regressed growth on test scores. The latter researchers
investigated the link between test scores (mathematics and science) and cross-country
income differences. The authors posed the question of whether test scores are good in-
dicators of workforce quality. The obtained results suggested that, while other variables
that are typical in cross-country economic growth studies are properly controlled for, the
strong link between test scores and cross-country income differences cannot be confirmed.
However, they discovered that the per capita number of researchers involved in R&D as
well as the per capita number of scientific and technical journal articles could better account
for the cross-country income differences. This might be due to improper lagging of the
test scores, however, it might also mean that the general proxy for the country’s education
quality (which PISA intends to measure at the mid-teen level) is not sufficient. Indeed, it
is possible that either the skills as they are measured in PISA tests are not key factors to
the future human capital quality or that it is the quality of tertiary education that has the
greatest importance.

Summarizing the results of the study by Cheung and Chan [33], who considered the
relation between the PISA scores in mathematics and reading, the gender structure of
agriculture, service and industry employment, the number of R&D-involved researchers,
and GDP per capita, have asserted that, in the analyzed group of 32 countries, PISA scores
are significantly related to employment in different economic activities across countries.
At the same time, the PISA science and reading scores positively predicted both male and
female employment in the industrial and service sector, whereas the PISA mathematics
score positively predicted the number of researchers in the field of research and develop-
ment but also predicted female and male employment in the agricultural sector negatively.
The authors concluded that better academic performance might be crucial for countries
to stay competitive in a knowledge-based global economic environment. Yet again, this
research was based on a simple regression and correlation analysis, disregarding the perils
of endogeneity, country-specific effects, causality, or spurious regression. It thus seems
risky to conclude the direction of the discovered relations.

The second issue related to [6] is that the authors did not attempt to construct a more
theoretically based GDP growth model, such as the augmented Solow growth model.
Instead, they estimated a regression in which the results of PISA tests (interpreted as
a proxy for education quality) were almost the only regressor. The risk behind such a
procedure is that the quality of education might also be correlated with other GDP-relevant
growth factors, such as the total government expenditures as a percentage of GDP. Their
omission results in omitted variable bias and, consequently, inconsistency in the applied
estimators. One can interpret the estimates of parameters by the PISA scores presented
by Hanushek and Woessmann as reflecting the influence of the quality of education and
everything else which is correlated with the quality of education on economic growth.

In Hanushek and Woessmann's study [36], the authors developed a new metric
for the distribution of educational achievement across countries that allows for tracking
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the cognitive skill distribution within countries and over time. Cross-country growth
regressions generated a close and stable relationship between educational achievement
and GDP growth. In a series of approaches that address the issue of causality, they limited
the range of plausible interpretations of this strong cognitive-skills-growth relationship.
The results indicated that school policy can be an important instrument to spur growth.
The shares of basic literates and high performers have independent relationships with
growth, the latter being larger in less-developed countries. In their study, they used cross-
national data and applied the two stage least squares (2SLS) estimator while addressing the
potential endogeneity of educational achievements, which reflects the possible two-sided
relationship and thus the endogeneity of this variable. The authors of [6] addressed the
problem of causality in yet one more way, namely by using the difference instead of the
level relation. While the latter approaches are a huge step forward, the failure to use panel
data imposes a limited number of observations, which is crucial, especially in the 2S5LS
framework given that, while the essential assumptions are fulfilled, the 2SLS (and the
more-developed GMM) estimators are consistent but, in general, not unbiased in a finite
sample. Still, most research is based just on cross-sectional data with only a few researchers
applying instrumental variables regression.

We found no trace of dynamic panel data models analysis in the literature that makes
use of the PISA and similar test measurements of human capital, although the application
of some form of GMM dynamic panel model would seem natural. The worries about
the data-generating process, which relates education and GDP growth and its potential
regressors, can be summarized in the following list:

1. The process is dynamic, with current realizations of the dependent variable influ-
enced by past ones. Particularly, while the GDP growth processes are analyzed, the
economically sound existence of beta-convergence [39] requires the use of the GMM
approach if the analysis is based on a panel of countries [40,41]. The latter seems
essential because of the otherwise very small sample size if only a time series or a
cross-section of countries are used.

2. Furthermore, even in a larger group of countries, there may be arbitrarily distributed

fixed individual effects in the dynamic so that the dependent variable consistently

changes faster for some observational units than others. This argues against cross-
section regressions, which must essentially assume fixed effects away, and in favor of

a panel set-up, where variation over time can be used to identify parameters.

Some regressors (the macroeconomic GDP growth factors in particular) may be endogenous.

Measurement errors can be substantial.

5. The idiosyncratic disturbances (apart from the fixed effects) may have individual-
specific patterns of heteroskedasticity and serial correlation.

6.  Good instruments may not be available outside the immediate dataset.

S

One prominent way to address these problems is the use of a first-differenced general-
ized method of moment estimators applied to dynamic panel data models. A commonly
employed estimation procedure to estimate the parameters in such a model with unob-
served individual-specific heterogeneity is to transform it into first differences. Sequential
moment conditions are then used where lagged levels of the variables are instruments for
the endogenous differences and the parameters estimated by GMM. The relevant estimator
was originally developed in [30] and further in [14], where the so-called system GMM
estimator used in this study is discussed. The potential for obtaining consistent parameter
estimates even in the presence of the above problems is a considerable strength of the
GMM approach in the context of empirical growth research.

3. Materials and Methods

In order to understand the underlying process, consider a simplified version of the
Lucas model [42] as in [43], with discrete-time and successive generations of individuals
whose lives are divided into two periods. The model is described in Section 3.1. In
Section 3.2, we provide the details of the modeling strategy used in the study.
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3.1. Theoretical Model

In her first period of life, an agent chooses how to share her time between production
and human capital accumulation, which is education. Let us denote the fraction of her time
currently allocated to production, then (1 — u) is the current schooling time and ¢ is the
quality of schooling. Therefore, human capital accumulates according to:

Hz—Hl :5(1—M)H1, (1)

where H; (and H) is the agent’s stock of human capital in period 1 (and period 2, respec-
tively). Let the per capita production in any of the two periods y;, where t = 1, 2, be a
function of human capital H;:

ye = ki (uH) @

where k; denotes the physical capital stock in period ¢ (t = 1, 2), which evolves over
time according to the differential equation as in the Solow or Ramsey model and equals
ict = y: — ¢; with ¢; representing current consumption in period f (t = 1, 2) and «, the
parameter of the model, is the elasticity of growth with respect to capital.

Let u* maximize the agent’s intertemporal constant relative risk aversion utility (as
in [44]), which spells out how the fraction of time devoted to schooling in the first period
(1 — u) affects the accumulation of human capital subject to Equation (1), assuming all the
other parameters are known:

1-0 1-0
(Hiu) (Ha)
max , 3

u { 1-0 TP 1-0 @)
where 0 is the risk aversion coefficient that represents the agent’s willingness to smooth
consumption over time, and f is the subjective discount factor that can be interpreted as
the rate of time preference (clearly, b < 1), which is inversely linked with the agent’s rate
of time preference r, namely 8 = l%r The first-order condition for this maximization is

u=% — BS[1+6(1 —u)]” 7 = 0, which yields

1
Uk =

=— 4)
J+ (B9)

[U=

Thus, the optimal level of time dedicated to allocated to production is decreasing
in § and B. As a result, the equilibrium economic growth ¢ = 6(1 — ux) increases in the
quality of schooling J and decreases in the rate of time preference. This clearly confirms
the positive role of education quality as a positive stimulus of economic growth.

3.2. Modeling Strategy

The main concern associated with the use of PISA results as a measure of the quality
of schooling ¢ and the growth factor in empirical growth models is that the PISA tests
have only been performed over approximately the last 20 years, and, during most of
this period, the number of countries that participated in the tests was anything but large.
Assuming that using the results of the test as a growth factor requires lagging them by
at least 10 years and given that PISA tests are performed every 3 years, the number of
available true observations is limited to, at most, just five per participating country. Such a
low number of observations makes it difficult to estimate an appropriate growth model.
Its statistical properties would be poor, especially considering the necessity to use the
initial two waves of observations as instruments in the GMM estimation procedure, which
further shrinks the dataset. In consequence, even interpolating the PISA scores to attain
a series of annual observations does not solve the problem of a low number of available
observations, which is also due to the low number of countries that participate in the
PISA tests: while the group is relatively numerous right now, it has not been throughout
the PISA’s history. In order to overcome this problem, we applied the following strategy.
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Firstly, we used exponential smoothing to interpolate the PISA scores in the years when
the tests were not performed in a given country. Secondly, we used backward-extrapolated
PISA results series for each of the countries in the sample. While numerous methods of
extrapolation are available, we based our rationale on previous research, which suggests
that the quality of education is mostly associated with government investment in the
educational sector [7,22,45,46]; although, one cannot place an equality sign between the
quality and the quantity in this respect. In consequence, as the first step, we used the panel
data on the group of countries that participated in PISA tests in order to estimate:

PISA} = Bo+c_efi+ P1GEEi;—p + i, ®)

where PISAj, is the general score in the skill s measured in the PISA test (mathematics,
science, or reading) in country i and year ¢; c¢_ef; is the country effect for country i, GEE;;
are the government expenditures on education as a % of GDP in country i lagged by p years
Bo and B are the parameters of the model, and ¢;; is the error term for country 7 in year t.

In the model (5), we included the government educational expenses as the main
determinant of the result of the PISA test measuring the given type of skills, and the separate
equations were estimated for each type of skills that included mathematical, scientific,
and reading skills. However, the past government expenditures, rather than current
expenditures, had the greatest influence on the quality of education today. Nevertheless,
it remains unclear how much time passes before the results of educational investment
can be seen. In modeling terms, how much should the government expenditures be
lagged in the model to reflect the effect of additional investments in the skills of students?
We thus applied a mixed solution and included three lags of government educational
expenditures: 3-year-, 6-year-, and 9-year-lagged expenditures in the model to capture the
potential middle, middle-long, and long time horizon, which converts the structure of the
model into:

PISA} = Bo + c_efi + B1GEE;;_3 + B2GEE;;_¢ + B3GEE;;_9 + € (6)

The individual effect of a given country was included so as to reflect each country’s
unobserved characteristics in the result of which similar spending might not yield the same
results of the test scores because of a different starting point, which was due to, among
others, diverse cultural and physical capital in the sector of education as well as dissimilar
schedules of the educational system across countries.

Finally, we allowed the error term to be non-spherical. This reflected the belief that
because of the quite strong stability of PISA results over time, the autocorrelation of the
error term is quite likely. In addition, in the case of less-developed countries with lower
expenditures on education, the variance of the PISA results is usually greater, which
suggests heteroscedasticity of the error term. In the assumptions of the model, we allowed
for both.

The panel-data-based model (6) was estimated with the use of the GLS estimator that
takes account of autocorrelation and heteroscedasticity and was further used to extrapolate
the results of the PISA test backwards. These can be viewed as a form of backward-
prediction: given the estimated country effect and the known government educational
expenditures, those can be substituted into the model to answer what results of the PISA
test would have been likely in the past if those tests had been performed at that time.
Naturally, these results, which are the conditional expected values of PISA tests (should
those have been performed) can be interpreted as a proxy for the quality of education
given the country’s real educational expenditures in the past and its estimated individual
characteristics. Furthermore, we predicted the theoretical PISA scores for the countries that
did not participate in the tests, in the same way, assuming that the individual effects in
their case co-respond to the average c_ef; for the countries that were included in the sample
used to estimate model (6). While it is truly the dynamics and not the level of PISA score
that matters in the further discussed growth model, the procedure of extrapolating PISA
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scores outside the group of countries that have ever participated in the test might raise
certain doubts. Thus, we also provided the results restricted to the sample of countries
used to estimate model (6) as a part of a robustness analysis.

Using the theoretical results of PISA tests in the past years solves the problem of
unavailability of the potential GDP growth factor, which is the proxy for the quality of
education lagged by at least a decade. As a result, the remaining step was the estimation
of an appropriate GDP growth model. We based the analysis on the model proposed in
Section 3 of this article while considering the empirics. We drew from the vast literature
devoted to the GDP growth modeling and used the augmented Solow model, which is
operationalized in the form of the Barro regression [39]. Importantly, and contrary to
Hanushek and Woessmann, we constructed a model in which we explain the GDP change
as a function of not only the quality of education but also the necessary and relevant
economic characteristics. Those involve the human capital factors (life expectancy, popula-
tion change) and physical capital factors (level of investment, government expenditures,
the openness of the economy), while the predicted backward PISA results (for each of
the skills—mathematical, reading, and science) were included as an additional human
capital factor. The typical Barro regression, which assumes (or at least allows for) the
existence of beta-type convergence of the GDP between countries, adapted to the panel
data environment, can be written as:

AGDP;/GDP;;_1 = ¥yInGDP;;_1 + xfﬂ + u; + Ui, 7)

where GDP;; is the GDP of country i in year t in real prices, x/, is the vector of GDP growth
factors of country i in year ¢, including the appropriately backward predictions of PISA
scores for the different skills, u; is the country’s individual effect, y;; is the error term for
country i in year ¢, and 7y and 6 are the parameters of the model.

Given the typically low short-term changes of the GDP and the relative change of
GDP in the country i and year t, the AGDP;;/GDP;;_;, for computational reasons, was
approximated with:

AGDPZ‘t/GDPi,t,] = lTlGDPit — l?’lGDPl‘,t,1 (8)

yielding:
AlnGDPy = vInGDP;;_1 + xl’-te +u; + it 9)

Obviously, (8) is equivalent to the estimable form:
lTlGDPit = (’)/ + 1)ZTZGDPZ',,§_1 + xfte + Ui + Ui (10)

which allows for solving the endogeneity problem that arises in (8).

Model (9) has been discussed and estimated frequently in the economic growth
literature. We followed the mainstream literature and applied the common Blundell
and Bond estimator [9], and it is worth noticing that the number of considered cross-
sectional units (countries) in our case was indeed large enough to apply this GMM-based
technique. One important implication is that proper instrumentalization allowed for
treating the considered growth factors as potentially endogenous, which reflected their
possible immediate two-way relation with the GDP growth. An exception to that were
the lagged PISA scores, which surely do not react immediately to the GDP dynamics.
The attained estimates allowed for drawing conclusions regarding the relevance of the
particular PISA test results, measuring the impact of various aspects of education quality
on growth.
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4. Results

The PISA score model (6) can be estimated with the use of 638 observations, and we
were restricted by the availability of true or interpolated PISA scores for the particular
types of skills in this respect and the macroeconomic statistics regarding the adequately
lagged government expenditures on education (the data provided in [7] are mostly used
for that purpose). Table 1 provides a complete list of country—year observations used to
estimate Equation (6).

Table 1. Country-year observations used to estimate the PISA-score Equation (6).

Earliest/Latest Earliest/Latest
Country Available n Country Available n
Observation Observation

Albania 2003-2015 11 Latvia 2005-2015 9
Argentina 20002015 14 Lithuania 2006-2015 8
Australia 20002015 14 Luxembourg 2000-2004 5
Austria 2000-2015 14 Macao 2007-2015 7
Azerbaijan 2006-2009 4 Malaysia 2009-2012 4
Belgium 2000-2012 13 Malta 2009-2015 2
Chile 2000-2015 14 Mexico 2000-2012 13
Colombia 2006-2015 8 Moldova 2009-2015 2
Costa Rica 2009-2015 5 Netherlands 2003-2015 11
Croatia 2011-2012 2 New Zealand 2000-2015 14
Czech Republic 2001-2015 13 Norway 2000-2015 14
Denmark 20002012 13 Peru 2000-2015 14
Estonia 2006-2015 8 Poland 2000-2015 14
Finland 20002015 14 Portugal 20002012 13
France 2000-2015 14 Qatar 2006-2015 8
Georgia 2009-2015 2 Romania 2005-2015 9
Germany 2002-2015 12 Russia 2009-2015 5
Greece 2000-2008 9 Singapore 2009-2015 5
Hong Kong 2000-2015 14 Slovak Republic 2003-2015 11
Hungary 2000-2012 13 Slovenia 2006-2015 8
Iceland 2000-2102 13 Spain 2000-2015 14
Indonesia 2000-2015 14 Sweden 2000-2015 14
Ireland 2000-2102 13 Switzerland 20002015 14
Israel 2000-2015 14 Thailand 2000-2015 14
Italy 2000-2102 13 Tunisia 2003-2015 11
Japan 2000-2015 14 Turkey 2003-2009 7
Kazakhstan 2009-2012 4 UK 2000-2015 14
Korea 2000-2015 14 USA 2000-2012 13
Kyrgyz Republic 2006-2009 4 Uruguay 2003-2012 10

A large number of observations allowed for secure GLS estimation of Equation (6)
and reduced the risk of attaining inadequate values of the standard errors as suggested by
Beck and Katz [47]. The results of the estimation are provided in Table 2.
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Table 2. Estimates of model (6) for different set of skills measured in PISA tests.

Variable Reading Mathematics Science
GEE(-3) 1.077 *** 1.079 ** 0.247
GEE(-6) 2.846 *** 0.927 ** 1.089 ***
GEE(-9) 0.215 0.681 * 0.484 *
Country-specific effect -skipped-
Constant 367.7 *** 379.6 *** 390.3 ***
N 638 638 638
R? 0.938 0.953 0.957
0 0.7003 *** 0.7349 *** 0.7405 ***
chi? for u; = cons 14,332.68 *** 7101.90 *** 19,308.63 ***

**p <0.01, **p <0.05, * p < 0.1; particular columns contain the estimates of model (6) for the PISA score in reading,
mathematics, and science; GEE(-3), GEE(-6), and GEE(-9) represent government expenditures on education lagged
by 3, 6, and 9 years, respectively; country-specific effects have were skipped because of space limitations and are
available from the authors on request; n is the total number of observations; p is the estimated AR(1) coefficient
(the p value referring to the HO: p = 0); chi? for u; = cons provides the test statistic for HO: u; = cons,i=1,...,N.

Three earlier values of the government expenditures of education have been included
in the model: 3-, 6-, and 9-year-long lags, which were supposed to capture the potential
middle-, long-, and very long-term effects. Clearly, in the case of each of the three types of
skills measured in the PISA tests, there existed a notable influence of earlier government
expenditures on education on the results measured in the tests, and, while each of the
lags mattered at least for some of the aspects, they were the 6-year-lagged inputs that
demonstrated the most doubtless relevance. The results confirmed the positive influence
of the educational expenditures on the attained results as a whole and (together with
the country-specific effects) allowed for the backward prediction of hypothetical PISA
scores if those had been performed in the earlier years. The updated data on government
educational expenditures provided in [48] is once more used for that purpose.

The latter allows for the estimation of the augmented Solow GDP growth model (9)
with education quality approximated with PISA scores. A total of 1731 observations in
the period 1994-2015 were used, and the sample included 111 countries throughout the
world (conditional upon availability of the considered growth factors). It was far from
obvious by how much the extrapolated PISA scores should be lagged, which is equivalent
to asking at what age the graduates enter the labor market to the extent that allows their
skills to have a key influence on the economy’s functioning. We used the 5-, 10-, and 15-year
lags of the predicted PISA scores (named reading(-15), mathematics(-15), and science(-15),
respectively) and concluded that the 15-year-lagged scores seemed most relevant, thus
further exploiting these results (presented in Table 3). Moreover, there were numerous
possibilities regarding the rest of the operationalization of x;;/—Sala-i-Martin et al. [29]
mentioned that there are approximately 600 variables used as such in the empirical models
present in the literature. We used four important human and physical capital growth
factors that were found significant in most of the empirical research: inv (gross capital
formation as % of the GDP), gov (total government expenditures as % of the GDP), life_exp
(life expectancy at birth), and open (value of trade as % of the GDP) in order to explain
the logarithm of the GDP in constant prices (yet contradictory conclusions regarding the
direction of the influence of the government expenditures were drawn in different studies).
The InGDP(-1) represents the logarithm of the one-year-lagged logarithm of the GDDP, as in
model (9); thus, the estimate of the parameter on InGDP(-1) was the estimate of the y + 1
and would need to be subtracted from 1 in order to obtain the annual speed of the beta
convergence.
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Table 3. Estimates of the augmented Solow GDP growth model (9) with education quality.

(1) Reading (2) Mathematics (3) Science
InGDP(-1) 0.9801828 *** 0.9805469 *** 0.9802120 ***
inv 0.0016506 *** 0.0016418 *** 0.0016490 ***
gov —0.0007520 —0.0007466 —0.0007275 **
life_exp 0.0017133 *** 0.0017415 *** 0.0017211 ***
open 0.0000764 *** 0.0000791 *** 0.0000783 **
reading(-15) 0.0001130 ***
mathematics(-15) 0.0000765 ***
science(-15) 0.0001091 **
Constant 0.0016247 0.0111554 0.0008775
n 1731 1731 1731
Arellano-Bond AR(1) —2.7035 (0.0069) —2.7037 (0.0069) —2.7038 (0.0068)
Arellano-Bond AR(2) —0.49696 (0.6192) —0.49529 (0.6204) —0.49610 (0.6198)

***p <0.01, ** p < 0.05; models (1), (2), and (3) include the reading, mathematical, and scientific skills as regressors,
respectively; 7 is the total number of observations; number of countries in the dataset = 111 world countries;
Arellano-Bond AR(1) is the test statistic (p value) of the Arellano-Bond test of autocorrelation of order 1 (order 2
in the case of Arellano-Bond AR(2)).

It should first be noticed that all of the macroeconomic variables demonstrated the
influence that should be expected on the theoretical basis: the level of investment, life
expectancy, and openness of the economy had a clear positive influence on the GDP
growth rate, whereas the influence of the government expenditures remains unclear. The
estimate of the parameter by the lagged GDP confirmed the existence of strong convergence
processes with a rate of slightly below 2% per year, which confirmed the mainstream
literature result. At the same time, the results of the Arellano-Bond test for autocorrelation
of order two in the differenced equation that corresponds to the order one autocorrelation
in the level equation provided no reason to reject the null hypothesis of no autocorrelation,
which was essential for the consistency of the estimator.

Most importantly, each of the PISA scores, interpreted as a proxy for the quality of
different skills taught at school, proved statistically significant for the GDP growth at a
5% significance level (1% in the case of reading and mathematics skills). Since in order to
assess this result we used 15-year-long lags, this meant using the quality of education of the
30-year-olds at the time when they were approximately 15 years old using the GDP growth
factor. While this result was also largely confirmed if 10-year-long lags were used (which
meant including the quality of education of today’s 25-year-olds at the time when they were
15), it remained most clear in the presented group (the results of the estimation with 10-year
lags of the PISA scores are available on request from the authors). No greater differences
could be seen while comparing the influence of each of the separate PISA indicators: while
the exact estimate of the parameter was not the same, the difference between the estimated
coefficients for reading, mathematical, and science literacy lagged by 15 years was not
statistically significant (assuming any reasonable level of significance, such as 5%).

While all the discussed results confirmed the intuitive and were confirmed by the
provided theoretical model relevance of the quality of education for the GDP growth, we
ran a series of robustness checks.

Firstly, it may raise doubts about whether computing and exploiting the theoretical
PISA scores in the group of countries that never actually ran the test does not require
stronger homogeneity of the population used to estimate the growth model (9) than indeed
took place. Thus, we restricted the estimation sample to the countries used to estimate
model (6), whose list is provided in Table 1. We also restricted the list of lags of the
regressors used as instruments to just the two most recent usable values so as to avoid the
risk of instrument proliferation [49]. The estimates of the respective models are provided
in Table 4.
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Table 4. Estimates of the augmented Solow GDP growth model (9) with education quality in the
sample of countries that performed PISA tests.

(1) Reading (2) Mathematics (3) Science
InGDP(-1) 0.9954993 *** 1.0046150 *** 1.0025350 ***
InGDP(-2) —0.1691006 *** —0.1765280 *** —0.1754891 ***
InGDP(-3) 0.1568341 *** 0.1551946 *** 0.1562269 ***
Inv 0.0030705 *** 0.0029663 *** 0.0030006 ***
Gov —0.0020520 ** —0.0019407 ** —0.0019221 **
life_exp —0.0027801 ** —0.0026226 ** —0.0027087 **
Open 0.0000928 *** 0.0000793 *** 0.0000873 **
reading(-15) 0.0002229 ***
mathematics(-15) 0.0001747 ***
science(-15) 0.0002083 ***
Constant 0.2615308 ** 0.2730802 *** 0.2610700 ***
N 408 408 408
Arellano-Bond AR(1) —3.593 (0.0003) —3.6714 (0.0002) —3.6722 (0.0002)
Arellano-Bond AR(2) —1.0928 (0.2745) —1.0499 (0.2938) —1.0414 (0.2977)

***p <0.01, ** p < 0.05; models (1), (2), and (3) include the reading, mathematical, and scientific skills lagged by
15 years as regressors, respectively, while all models include the natural logarithm of the GDP lagged by 1, 2, and
3 years; n is the total number of observations; number of countries in the dataset = 42 countries participating in
the PISA tests (listed in Table 1); Arellano-Bond AR(1) is the test statistic (p value) of the Arellano-Bond test of
autocorrelation of order 1 (order 2 in the case of Arellano-Bond AR(2)); 2nd and 3rd lag of the dependent variable
were added to avoid autocorrelation, which was present otherwise.

Secondly, we included the fixed time effects, which helped capture the global economic
cycle peaks and troughs and omitted the government expenditures, whose influence was
unambiguous in the light of both the theory and the presented empirical results. The
estimates are provided in Table 5.

Table 5. Estimates of the augmented Solow GDP growth model (9) with education quality with
time effects.

(1) Reading (2) Mathematics (3) Science
InGDP(-1) 0.9683281 *** 0.9688890 *** 0.9685778 ***
Inv 0.0021138 *** 0.0021080 *** 0.0021265 ***
life_exp 0.0030568 *** 0.0030578 *** 0.0030005 ***
Open 0.0000162 0.0000174 0.0000146
reading(-15) 0.0001878 **
mathematics(-15) 0.0001514 *
science(-15) 0.0002033 **
Constant —0.0371567 —0.0277849 —0.0445571
N 1733 1733 1733

Wald, sign. of the
time effocts 361.70 (0.0000)
Arellano-Bond AR(1) —2.662 (0.0078) —2.6617 (0.0076) —2.6605 (0.0078)

Arellano-Bond AR(2) 0.01578 (0.9874) 0.01789 (0.9857) 0.02021 (0.9839)

#**p <0.01, ** p <0.05, * p < 0.1; models (1), (2), and (3) include the reading, mathematical, and scientific skills as
regressors, respectively; 7 is the total number of observations; number of countries in the dataset = 111 world
countries; instruments lagged by up to three periods were used; Arellano-Bond AR(1) is the test statistic (p value)
of the Arellano-Bond test of autocorrelation of order 1 (order 2 in the case of Arellano-Bond AR(2)); Wald, sign.
of the time effects is the test statistic (p value) for the Wald test of the joint significance of the time effects.

361.11 (0.0000) 357.79 (0.0000)

Thirdly, we ran the complex robustness analysis in the spirit of Bayesian model
averaging (BMA). While the classical article [50] discusses its version for the growth
models estimated with the use of the OLS estimator (which usually would apply to a
cross-section of countries), we applied the approach of Prochniak and Witkowski [51],
assuming that the beta convergence does exist and verifying the relevance of the particular
growth factors. We thus began (separately for each of the considered PISA skills) with
estimating the autoregressive model (9) with all the possible subsets of the considered
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macroeconomic growth factors {inv, gov, life_exp, open} and the PISA skills in one of
the areas. We made no prior assumptions regarding the number of the relevant growth
factors in the true relation, and the number of the considered regressors was not large.
Thus, it allowed us to assume that the prior probability of the relevance of each of the
possible models was the same. Under that assumption, we followed [51] and computed
the averaged estimates of the parameters -y and 6 as well as the p-values for the t-test of
significance, treating the posterior probabilities of the relevance for each of the models as
weights. The BMA-averaged estimates of y and 6 and the p-values obtained in the main
sample of 111 countries are provided in Table 6. Additionally, we completed it with an
approach based on Leamer’s [52] extreme bound analysis (EBA) and provided the range of
the estimate of particular parameters in all the estimated models as well as the fraction of
the models that confirm the hypothesis of the given variable’s significance.

Table 6. BMA and EBA estimation results for the augmented Solow GDP growth model (9) with
education quality.

(1) Reading (2) Mathematics (3) Science
Bayesian Model Averaging Estimates (p-Value for the Significance Test Given in Brackets)
InGDP(-1) 0.9704477 0.9694659 0.9684520
(0.0000000) (0.0000000) (0.0000000)
Inv 0.0017909 0.0017853 0.0017889
(0.0000000) (0.0000000) (0.0000000)
Gov —0.0005426 —0.0005388 —0.0005249
(0.2030227) (0.2075655) (0.2185428)
life_exp 0.0027987 0.0028204 0.0028047
(0.0000000) (0.0000000) (0.0000000)
Open 0.0002220 0.0002186 0.0002213
(0.0017697) (0.0023417) (0.0018750)
reading(-15) 0.0005646
(0.0060577)
mathematics(-15) 0.0006020
(0.0069853)
science(-15) 0.0006809
(0.0077673)

Extreme Bound Analysis—Type Statistics for the PISA Score Variables (Reading,
Mathematics and Science)

% confirming relevance at 1% 56.3% 56.3% 56.3%

% confirming relevance at 5% 75.0% 68.8% 62.5%

% confirming relevance at 10% 81.3% 75.0% 75.0%
lowest parameter estimate 0.0000144 —0.0000272 —0.0000244
highest parameter estimate 0.0006132 0.0006581 0.0007419
% negative estimates 0.0% 12.5% 6.3%

N 1731 1731 1731

Models (1), (2), and (3) include the reading, mathematical, and scientific skills as regressors, respectively; n is the
total number of observations; number of countries in the dataset = 111 world countries; the averaged parameter
estimates and p values are provided in the first (BMA) part of the table; the fraction of models in which PISA
scores regarding the given skills are significant at the 1%, 5%, and 10% levels with the lowest and the highest
obtained estimate of the parameter on the PISA score variable and the fraction of models in which the estimate of
the parameter on the PISA score are negative are provided in the second (EBA) part of the table.

The results obtained in a series of robustness checks fully confirmed the validity of
the baseline analysis. The significance of the quality of education was stable and exhibited
no sensitivity to structural changes of the model, such as the inclusion of time effects, the
inclusion of additional earlier lags of the GDP enforced by the autocorrelation in the initial
form of the model, or manipulation of the classical growth factors (both by eliminating the
government expenditures whose impact cannot be fully confirmed, as well as in light of
the BMA based on every possible subset of the considered growth factors).
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The changes in the technical details of the estimation approach (manipulating the
lag length of the set of applied instruments) as well as the changes in the sample used to
estimate the growth model (limiting the sample to the countries that have performed PISA
tests) did not result in any changes in the qualitative conclusions regarding the relevance of
the PISA scores. The validity of these results was reassured given that other considered GDP
growth factors exhibited a stable influence that complies with the mainstream literature:
while there is an open discussion regarding the impact of the government expenditures on
the economic growth, other growth factors in most models have exhibited the expected
properties (an exception to that is that the unconfirmed influence of the economic openness
is just one of the robustness checks), and the estimated rate of convergence complies with
most of the existing research.

The only doubts may be raised by the results of the EBA-type analysis, given that
the formal confirmation of the relevance of PISA scores was observed in 75.0-81.3% of
the cases (at the 10% significance level) for different skills equations and that there exist
single cases in which the estimate of the parameter on the PISA score variable is slightly
lower than zero. However, it must be emphasized that Leamer’s approach was mostly
criticized because of its being too stringent: in most empirical analyses there are hardly
any (or no) variables that are unambiguously found robustly significant in the EBA sense.
This is particularly important when the very sensitive Blundell-Bond approach is used:
indeed, all the “doubtful” results are obtained in the models that included the government
expenditures among the regressors. Still, even in its presence, the much more widely
acknowledged BMA procedures raise no doubts about the relevance of the PISA scores for
the GDP growth processes. As a result, we believe that the robustness checks provided
very strong confirmation of the results provided by the baseline model.

5. Conclusions

It is common knowledge that education is important, and there is overwhelming
evidence that better education gives great returns to individuals. Oreopoulos and Sal-
vanes [53] suggest that better education might lead individuals to make better decisions
about health, marriage, and parenting style. It is also believed that schooling improves
patience, making individuals more goal-oriented and less likely to engage in risky behavior.
Yet, at the macroeconomic level, there is little empirical evidence that better education in a
given country translates into better economic results. This can be mostly attributed to the
quantitative, not qualitative, data on education available across countries. While Hanushek
and Woessmann [6] published evidence of the importance of education quality as a factor of
GDP growth, their results might cause some doubts, mostly because they investigated the
contemporaneous relationship between the two—or, to be more accurate, the correlation
between the 1960-2010 GDP growth and the available PISA scores (from the beginning
of the current century). As a result, their research confirms the existence of the relation
itself; however, its direction is most likely opposite to the claim of the authors—or at least
it is difficult to identify the direction of the relation. A possible solution would be to use
properly lagged PISA results and include them in the GDP growth regression. An obvious
problem is the lack of the lagged PISA results given that the tests started at the beginning
of the current century. As a partial solution to this problem, we suggested estimating a
model that explains the results of PISA as a function of educational expenditures. The
model would then been used to provide backward predictions of PISA scores, and the final
model of GDP growth could be estimated with the use of adequately lagged PISA scores in
the role of input.

The resulting model seems to be rational from the economic and the educational
point of view. Although the results are in line with earlier claims by the cited authors, it
provides stronger evidence for the relevance of the quality of education as it is statistically
more robust, and the properties of the applied estimator are generally better. As a result,
applying the alternative technique should be viewed as an important value-add of this
research. Justifying the value of a good education is of double importance. In practical
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terms, it is an important voice in the discussion and provides an additional argument
for directing a stream of investment in education, which is particularly important while
governments might start searching for savings if global markets fall into the recession
phase of the economic cycle.

One might wonder why the different types of skills have such a similar influence
on the performance of the economies. Certainly, a few reasons could be given. Firstly,
each of them should be viewed as a proxy for the general quality of education in a given
school, district, or even country—probably more than the indicator of the level of teaching
of a particular class. Secondly, the final PISA scores in different areas are in some cases
constructed with the use of their values (or actually, their components) in various areas.
As a result, the distributions of different PISA scores are not fully independent, which can
be partly reflected in the above-described similarities between the three different models
presented in Table 2. In any case, it can be believed that the methodology discussed here
should be viewed as a formal confirmation that expenditures on education, which result in
higher education quality, just pay back. The return is not immediate, but some years after
the graduates enter the labor market, the quality of the education that they attained at the
age of 15 begins to matter.

Several elements are crucial for the properly constructed model and for trustworthy
conclusions. An important question is how long after graduation the employees have
the greatest impact on the total productivity in the economy and contribute the most
to the GDP growth. While answering this question would suggest the adequate lag
length for the models analyzed in the study, it is not simple to do so. It seems rational to
assume that the employees of crucial significance should obtain better remuneration. This
process, however, exhibits little stability: while in 1975 they were the 29-year-olds who
had the highest average wages, recently, the peak is observed in the cohort of 40-year-olds.
That could be attributed to the increasing professionalization and an increasing role of
knowledge and experience in the labor market, which suggests that the significance of the
quality of education has increased and might be expected to further increase in the future.
However, such a result makes it more challenging to properly lag the regressors in the
model equations. Still, the robustness analysis partly described in this paper and delivered
by Witkowska and Witkowski [54] leaves no doubts: while the results are observed most
clearly with lags of 15 years, which means considering the education quality of today’s
30-year-olds, the figures are very similar for the 25- as well as the 40-year-olds.

The transmission channel in the analyzed phenomenon is interesting. While in the
theoretical model we concentrated on the economic aspects of education quality, those
are not limited to these. Authors in [4,55] have pointed out that, on the individual level,
expenditures on education as well health will develop adequate competencies and improve
the state of health so that the productivity and income of that person will increase in the
future. These two factors, education and health, have an impact on human productivity,
which has an impact on production, and with an increase in production, economic growth
will also increase. Therefore, education and health, which are important components of
human capital, have an impact on economic growth. A study on economic growth in
Korea and Japan by Han and Lee [56] provides empirical arguments that there is strong
cointegration between health services and education in improving the quality of human
resources and economic growth.

Yet another transmission channel to be taken into consideration is the democracy—
education nexus. While most of the highest-developed countries in the world are adult
democracies, there is a clear relationship between education and democracy across coun-
tries [57,58]; however, the reason for this remains unclear. In their study [59], they proposed
the explanation hinging on the connection between education and the costs and benefits
of political engagement. Schools not only educate but also socialize young people, and
political involvement is a form of the latter. There is numerous evidence showing a positive
connection between education and civic engagement. Ref. [59] models education as raising
the benefits of political action when individuals choose to support a more or less democratic
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regime. In this model, democratic regimes offer weak incentives to a wide base of potential
supporters, whereas dictatorships offer strong incentives to a narrower base. Education
increases the society-wide support for democracy because democracy relies on people
with high participation benefits for its support. The authors showed that better-educated
nations are more likely both to protect democracy and to undertake effective efforts to
prevent coups. The performed analysis additionally raised two broader questions. First,
whereas the model itself focused on the effects of education on participation, the analysis
applied to 32 all social glues that encourage collective action; so, perhaps the analysis sug-
gests a solution to Olson’s free-rider problem in all organizations, and not just in political
regimes—namely, human capital or other kinds of social glue as a motivation to participate.
Secondly, the results shed a light on the problem of why some dictators invest in education
that might be a threat to them.

One of the possible answers is that many dictators face an external threat and, therefore,
must grow their economies and their armies (including investing in human capital) to
counter these threats even if this raises the risk of democratization. A second answer is
that, even with a lack of external threats, dictators might benefit from economic growth,
and, therefore, they might promote education to become richer. A third idea is that all
dictators face significant ouster risks and that it is much better for the dictator’s life for
him to be replaced by democracy in an educated country than by another dictator in an
uneducated one.

Fortunato & Panizza [57] in their study on the interaction between democracy and
education and its impact on the quality of government, draw three important conclusions.
Firstly, the interaction between democracy and education is always positively and sig-
nificantly correlated with the quality of government. Secondly, the correlation between
democracy and quality of government is statistically significant only in countries with high
levels of education. Thirdly, the marginal effect of education is positive and statistically
significant in countries with high levels of democracy. In their model [57], they synthesized,
in one framework, the stance emphasizing the importance of political institutions as a fun-
damental factor explaining cross-country differences in income per capita with the stance
that institutional improvements and development is driven by social and human capital.
The most important empirical finding from this work is the conclusion that democratic
institutions and education complement each other, but they argue that democracy leads
to the election of better candidates only in the situation where the level of education is
above a certain threshold. Simultaneously, amelioration of education can affect the quality
of the elected officials but only if the cost of entry into politics is not prohibitive. The
authors ran a set of Monte Carlo simulations to show that these results were not driven by
reverse causality. By looking explicitly at the interaction between democracy and education,
they demonstrated how these two variables complement each other in the selection of
high-quality policymakers, which guarantees good governance.

In addition, we should bear in mind that economic growth is an important facet, but
just one of many, of country development. We can expect societies with higher education
quality to be more democratic and politically stable, to exhibit less violence, poverty
and inequality, and to enjoy a higher quality of governance. All of these additional
factors associated clearly with higher education quality can have a noteworthy positive
impact on both economic growth and society’s welfare, going far beyond simple economic
calculation. The development of a knowledgeable population does not only contribute to
economic growth itself but also might contribute to such aspects of national well-being as
welfare and poverty reduction [3]. The authors in [58] also agree that the development of
economic growth analysis provides a basis for the role of human capital as an important
part of increasing economic growth. Wensley and Evans [60] are convincing that the
higher the quality of human capital, the higher its effect on economic growth, and there
are numerous studies stating that education is of particular importance for growth in
developing countries [2,61-63].
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The above results seem to be an important confirmation of the role of education not
just for the well-being of individuals but also for the well-being of entire societies. Of
course, the milestone study [6] and the earlier analysis of Hanushek and Woessmann
suggested the existence of such a relation. However, we believe that this study is the first to
confirm them with the use of modern econometric tools that include not just the dynamic
panel data models but also the BMA approach. Its strength consists in the elimination of a
vast amount of subjectivity that accompanies the construction of a single model. Instead, a
number of models were analyzed and averaged, confirming the validity of the results. They
seem vital, especially in the pandemic era when numerous governments will be looking
for various areas in which the costs can be cut to compensate for the recent excessive
expenditures on healthcare and lockdown support. The decision of where to cut costs
will be challenging; however, the conclusions of this study are clear: saving on the quality
of education in the middle and long time horizon will not pay off in terms of economic
growth and should not be considered as a profitable solution. On the other hand, our study
has natural limitations. The crucial one is the limited number of lagged PISA scores due to
the relatively short history of this tool. Secondly, although the number of countries that
participate is quite large today, initially, it was notably lower. These shortcomings simply
require more time. Secondly, while we believe that the PISA scores are the most adequate
measure of quality of education, they are not perfect either.

Providing high-quality education for humankind is of crucial importance and, as such,
has been listed as one of the priorities on various global development agendas, such as the
United Nations” Sustainable Development Goals (SDGs) of the 2030 Agenda for Sustainable
Development [64]. Education is crucial for individual and social development given that
it allows for the transmission of knowledge and facilitates the ability to understand and
cope with the surrounding world in addition to inspiring innovation [65]. Good education
reduces poverty and promotes prosperity.
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