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Abstract: This study investigated the contributions of human capital and physical capital to economies
at different stages by measuring the economic development with the traditional GDP and green
GDP. The traditional GDP stood for the quantity of economic growth, and the green GDP, taking
both the energy consumption and environmental pollution into account, was employed to represent
the sustainability of economic development. We used a panel data of 143 countries and regions
during the period from 1990 to 2014, and results showed that the elasticities of output with respect
to human capital were greater compared to physical capital, while green GDP was significantly
more sensitive to changes in human capital than the traditional GDP. In particular, considering the
unbalanced distribution of economic growth among countries and regions, we employed the quantile
regression model to explore the heterogeneous roles of physical and human capital in different stages
of economic development, which evidenced not only the significance but also the stability of human
capital. As national economic levels grew, countries became less dependent on physical capital,
yet human capital maintained its outstanding role at different stages of economic development,
particularly for the building of more sustainable economies.

Keywords: physical capital; human capital; green economy; Solow model

1. Introduction

The significance of human capital and physical capital in economic development has
been discussed and evidenced thoroughly in the extant literature. In particular, since the
modern human capital theory was initially formulated by Schultz [1] and Becker [2], the
study of the contribution of human capital to economic growth has attracted extensive
attention both in academia and in the real world [3–5]. It has become a consensus that
human capital has significant positive effects on economic growth, but its estimated effects
are quite heterogeneous according to relevant empirical studies [6]. Many countries
and regions have invested heavily in education, but the goals assigned to educational
development by governments have not always been achieved, especially in developing
countries. This indicates that the effects of educational investment may vary at different
phases of economic growth, and that the heterogeneous impacts are worthy of further
empirical scrutiny.

Despite both physical and human capital being regarded as decisive factors promoting
economic development, as evidenced by many relevant theoretical and empirical analyses,
the comparison of their impacts on economic development still needs to be explored in
the global context. In particular, with the increasingly intensified trade conflicts as well as
weak and uncertain business investment in recent years, coupled with the huge shock of
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the COVID-19 pandemic, it is widely acknowledged that global economic growth is facing
the risk of long-term stagnation. Under such circumstances, we urgently need to identify
the roles of human and physical capital so as to understand the fundamental driving force
of economic growth.

As for the measure of economic growth, gross domestic product (GDP) or gross na-
tional product (GNP) are usually used to denote the increase in the total economic volume
of a country or region due to various factors of production over time. Apart from this
quantity aspect, various factors including environmental conditions, life expectancy, and
income inequality have been taken into consideration regarding the quality dimension of
economic development [7]. Green GDP, for instance, by considering the environmental in-
fluence (such as energy depletion and environmental pollution) together with the economy,
can reflect the sustainability of economic growth to a certain extent. However, there is a
lack of studies addressing the effects of human and physical capital on the quality facets
of economic development, particularly the sustainability of growth in the long term. In
this respect, our study mainly aims to compare the contributions of physical capital and
human capital to both the quantity and quality dimensions of economic development in
order to better understand the attributes of various capital elements as well as to provide
empirical evidence for optimizing capital allocation, bolstering green energy development,
and promoting sustainable economic growth.

2. Literature Review

There has been a growing body of research on the contribution of physical and human
capital to economic development, and this section will review relevant studies on both the
research methods and findings.

2.1. Review of Research Methods

The Solow model (neo-classical growth model) has become the most commonly used
analysis framework when studying economic development, and its basic form is as follows:

Y = Kα(AL)1−α (0 < α < 1) (1)

where Y refers to the economic output and the notations K, L, and A stand for capital, labor,
and technological development, respectively [8]. However, this traditional form did not
distinguish between human capital and physical capital, and it was difficult to clearly ex-
plain the essential reasons for technological progress and increasing returns to the economy.
In this way, scholars have continuously developed the Solow model based on the human
capital theory. For example, Mankiw, Romer, and Weil [5] introduced human capital as an
independent factor of production into the Solow model. They established an augmented
Solow growth model (the Mankiw–Romer–Weil version) including accumulation of human
capital, which was measured by the ratio of the working-age population in secondary
school. Furthermore, they proved that there was a positive correlation between human
capital and economic growth with empirical analysis by cross-country data. Lucas [3]
further distinguished the external effects of human capital from its internal effects and
realized that human capital increment, rather than human capital stock, was the decisive
factor for industrial development and sustained economic growth. In general, the Solow
model has been extensively developed and used in the study of economic growth.

Prior literature mainly estimated the output elasticities of physical capital and human
capital by the income-shares method and regression analysis. The income-shares method
regarded the ratio of capital income to GDP as the output elasticity in a perfectly compet-
itive factor market with constant returns to scale [9,10]. Although the calculation of the
income shares was simple, its premises and assumptions deviated greatly from realistic
situations, and it was often not practical due to the unavailability of relevant statistical
data. In contrast, the regression analysis method has been more commonly used, and the
Cobb–Douglas production function (hereinafter referred to as the C–D function) is widely
acknowledged because of its simple form, as well as the easy estimation and clear interpre-
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tation of the parameters concerning their economic significance. The C–D function was first
proposed by Solow and Swan [11] in order to deal with the "knife-edge” equilibrium in the
early Harrod–Domar model so that capital and labor can change disproportionately [12,13].
They relaxed the assumption that the two are irreplaceable and introduced technological
progress to establish the Solow model. However, the C–D function strictly assumes that
the elasticity of substitution between elements remains unchanged and the return of scale
is constant, which has been controversial in dynamic macroeconomics. Later, many C–D
production functions have been developed in econometrics with more complex structures
in order to change the limitations of the C–D function, such as the CES production function
model [14], the VES production function model [15], and the super-logarithmic production
function [16]. Some scholars took further steps in estimating the dynamic characteristics
of output elasticities in a certain period rather than analyzing the static elasticities, using
the structural time-varying elastic production function [17], the state–space model [18],
and popularization of the gradient algorithm [19], etc., although their applicability and
theoretical basis were not widely recognized. These extended models introduced new
assumptions and new parameter estimation methods to improve the accuracy of the coeffi-
cients to a certain extent, but they failed to elaborate the economic meaning of elasticity
under many circumstances. The C–D production function, which minimizes the mean
and variance estimation errors, has a relatively solid theoretical foundation instead. Thus,
this paper employed the classic C–D function as the basic framework based on previous
relevant studies.

2.2. Review of Research Findings

Studies on the role of human capital and physical capital in economic growth, particu-
larly in output elasticity, have been conducted from various perspectives. Most pertinent
research, for instance, compared the elasticity of output concerning human capital and
physical capital, and predicted the durability of their contribution to economic growth. In
general, the estimated elasticity of output of human capital was in the range of 0.3 to 0.8,
whilst the output elasticity of physical capital varied from 0.2 to 0.6 [20–22]. On average,
economic development was more sensitive to changes in human capital than to changes
in physical capital [23]. With regard to the persistence of their effect, relevant research
indicated that human capital had a continuous pulling effect on economic growth, while
physical capital only promoted economic growth in the short term [24].

Furthermore, there were studies focusing on how the relationship between physical
and human capital affected economic growth. Some analyzed the elasticity of substitution
between physical and human capital, and insisted that the elasticity of substitution served
as a key factor in economic growth [25]. Others investigated the coordination between
physical and human capital. For example, Lucas [26] stated that a certain level of economic
growth can be maintained if physical capital and human capital can grow in a coordinated
manner; while Pablo et al. [27] pointed out that the diminishing marginal effect caused by
continuous capital investment can be reduced when an increase in the output elasticity of
one type of capital drives the output elasticity of another type.

One strand of literature explored the heterogeneity of the contribution of physical
and human capital to different economies. Mamuneas et al. [28] found that the United
States had the highest human capital elasticity (0.29), while Spain had the lowest (0.13).
The human capital elasticity of middle-income countries (0.11) was lower than that of
low-income countries (0.16), and the elasticity of human capital was positively correlated
with the openness of a nation. Some studies in China also showed that the elasticity of
human capital in the eastern regions was significantly greater than that in the western
regions, while the elasticity of physical capital is much higher in the west [29,30].

Additionally, most studies employed traditional GDP to represent economic growth,
which failed to take into account the contribution of both total factor productivity and
factor inputs such as resources and energy. The concept of green GDP has received
growing attention, but considering the difficulty in its measurement, there is still in urgent
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need to explore more sophisticated calculations and to conduct more relevant empirical
research [31,32].

In view of the above literature analysis, an important gap in the literature lies in the
comparison of the contribution over time of human capital and physical capital to eco-
nomic development worldwide. Furthermore, most relevant studies measured economic
development with GDP, which mainly reflects the quantity of economic growth while
overlooking the sustainability of economies. Our study, in this way, aims to fill these gaps
and explore the differential role of physical and human capital in both the quantity and
quality of economic growth. This paper is designed to mainly address three questions:
(1) How different are the impacts of physical and human capital accumulation on economic
growth? (2) Are there any differences of the roles of physical and human capital play in the
quantity and quality of economic development? (3) How do the contributions of physical
and human capital to economic development vary among countries and regions at different
economic phases? Based on the prior literature, we will first build the economic growth
model to compare the impacts of physical and human capital on economic development.
Apart from the traditional GDP as the most commonly used measure for economic growth,
green GDP, taking the resource consumption and environmental damage in production
into consideration, is regarded as an indicator of the quality dimension of economic devel-
opment in our study. In addition, given that the impacts of physical and human capital on
economic growth might be varied for economies at different levels of development, we will
explore the heterogeneity of the output elasticities of physical and human capital using the
quantile regression methods.

3. Research Design
3.1. Modeling the Impacts of Physical and Human Capital on GDP and Green GDP

The widely used Mankiw–Romer–Weil neoclassical growth model regards human
capital as well as the traditional capital and labor as the core elements for economic growth,
with each playing a relatively separate role. In this way, we introduced the human capital
variable (H) into the Solow model, and built a log-log regression as follows:

ln(Yit) = θ0 + ln(A) + α ln(Kit) + β ln(Lit) + γ ln(Hit) + µit (2)

where Yit refers to the economic output of country i in the year of t. The three independent
variables Kit, Lit, and Hit stand for the capital, labor, and human capital of country i in
year t, respectively, and the variable A represents technological development. The sum
of coefficients in this equation α + β + γ can be equal to 1 (indicating constant returns to
scale), greater than 1 (increasing returns to scale), or less than 1 (diminishing returns to
scale). Since our study aimed to take not only the traditional quantity of economic growth
but also the quality dimension of economic development into consideration, we performed
the regressions of both the traditional GDP and green GDP on physical and human capital
at the total and per capita levels, respectively, and established the following models:

ln(GDPit) = ln(A) + α1 ln(Kit) + β1 ln(Lit) + γ1 ln(Hit) (3)

ln(Green GDPit) = ln(A) + α2 ln(Kit) + β2 ln(Lit) + γ2 ln(Hit) (4)

ln(GDP per capitait) = ln(A) + α3 ln(K per capitait) + β3 ln(L per capitait) + γ3 ln(H per capitait) (5)

ln(Green GDP per capitait) = ln(A) + α4 ln(K per capitait) + β4 ln(L per capitait) + γ4 ln(H per capitait) (6)

It should be noted that the variable green GDP here does not refer to the real green
output, but is an indicator considering the efficiency of energy utilization and environ-
mental damage. It is the product of the traditional GDP times the rate of energy use
times the proportion of renewable energy, which represents the domestic productivity,
energy efficiency, and environmental preservation of a country or region as a whole [31].
Although the absolute value of this variable has little practical meaning, it reflects the
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overall scenarios of economic development and environmental preservation to some extent.
Moreover, we employed the fixed-effect models after the Hausman test [33].

The above analysis has so far been more concerned with averages, focusing on the
impact of changes in physical and human capital on the mean values of economic growth
while failing to consider changes in the continuous distributions of GDP and green GDP.
Indeed, physical and human capital are both closely related to economic development,
yet their roles in developed and developing countries may be heterogenous. The least-
squares regression models analyze the conditional mean, yet it is susceptible to interference
from the extreme values of certain variables, and cannot measure the impact of changes
in the physical and human capital at different stages of economic development. Thus
we chose to use the quantile regression model proposed by Koenker and Bassett [34],
which describes the changes of regression parameters at different quantile levels so as to
reflect the relationship between variables more accurately and yield more robust results.
We employed the deciles that divide the population into ten parts, and explored the
heterogeneous effects of the two factors on economies with different development phases.

3.2. Data Description and Measurement

The data of this study were mainly from the World Bank and the United Nations
Development Program (UNDP). We gauged the quantity of economic output by the tradi-
tional GDP (constant 2010 USD); while the concept of green GDP was employed to measure
the quality of economic development, and the metrics of green GDP have been elaborated
before, and equals the traditional GDP multiplied by both the GDP produced through
consuming per unit of energy resources and the proportion of the renewable energy of
the total [31]. Physical capital was measured by the gross capital formation (constant
2010 USD), including investment in fixed assets of the economy and net changes in the
level of inventories, such as plants, machinery, infrastructure, and land. Labor refers to
the total labor force, including all groups of 15 years and older that meet the definition
of the economically active population set by the International Labor Organization. The
study uses education as the proxy variable for human capital since education serves as
the main way to form human capital, which can also exclude the influence of the price
factor of human capital measured by currency [35]. One of the key dimensions of the
Human Development Index (HDI) developed by the UNDP measures access to education
by expected years of schooling of children at school-entry age and mean years of schooling
of the adult population, on the basis of which our study calculated the stock of human
capital with the average years of schooling derived from HDI multiplied by the total
number of people over 25 years old. The analysis at the individual level took the size of
the national population into consideration, and the per capita variables were GDP, green
GDP, physical capital, labor force, and the human capital mentioned above divided by
the country’s total population. In sum, the variable of education was collected from the
UNDP datasets, while other relevant variables all came from the World Bank. Given that
the World Bank database has not updated information such as energy consumption per
unit of GDP and the proportion of renewable energy since 2015, we mainly selected the
data during the period of 1990 to 2014. Furthermore, the 189 nations and regions in the
World Bank’s public database do not exactly match the 193 countries in the UNDP database.
After screening, a total of 143 countries and regions were finally retained after matching the
two datasets and excluding countries that strayed from the general economic development
paths due to wars or other reasons.

4. Results
4.1. Descriptive Statistics

In order to compare the green GDP and traditional GDP of countries and regions in
our sample using descriptive statistics, we used the normalized values of the green GDP
and traditional GDP to make the comparison clearer. The standardized GDP and green
GDP both have lognormal distributions with a mean of 0 and variance of 1. Figure 1 shows
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the changes in the means of traditional GDP and green GDP at the aggregate level and per
capita level after standardization, which all experienced a steady increase from 1990 to 2014.
Specifically, the average traditional GDP at the total level overtook the average green GDP
before the year 2006 and their changing trends were relatively similar, indicating that the
global economic development over this span was not, on average, environmentally friendly.
After that, the growth rate of the green GDP has soared and even exceeded the traditional
GDP, reflecting that the world economy has, on average, become green since 2006. This can
be attributed to technological development to a certain extent. The technology of energy
conversion in the early stage may not be mature, while the efficiency of energy use has
been improved with technological advancement and the green economic development has
thus been greatly improved compared with the traditional economic level. The per capita
level of the means of green GDP and traditional GDP grew alternately until 2010, after
which green GDP per capita completely surpassed traditional GDP per capita, indicating
that the economic development of countries and regions in the sample has become greener
on average in recent years. Considering the policies on environmental governance and
energy conservation, the international community signed a series of international treaties
in the early 1990s to protect the ozone layer such as the Vienna Convention in 1985 and the
Montreal Protocol in 1987, which stipulated that developed countries will phase out more
than 40 controlled substances in 1996 and developing countries in 2010. This can explain,
to a certain extent, why the global economy became greener on average after the year 2010
at the per capita level.
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Figure 1. Means of standardized traditional GDP and green GDP over the period 1990–2014.

Table 1 presents the means of the global stock of physical and human capital at both
the total and per capita level over the last few decades. For instance, the mean of physical
capital per capita worldwide experienced a slow decrease from USD 3160.73 in 1990 to
USD 3112.59 in 2001, before it started to gradually rise again. In the year 2008, the stock
of physical capital per capita on average witnessed a temporary decline, after which it
maintained a growth trend, reaching USD 4097.12 in 2014. Meanwhile, the average years
of education increased steadily from 6.419 years in 1990 to 9.268 years in 2014. At the
national level, the number of countries with backward education has decreased significantly,
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which was due to both the popularization of education by governments and international
organizations, and also to the increasing trend in the rate of return of education. In order
to meet the growing demand for talent as economies developed rapidly, human capital
became scarce, and education, in this way, was more attractive and more worth investing
in than ever before.

Table 1. Stocks of physical and human capital over the period 1990–2014.

Year
Total Per Capita

Physical Capital
(Billion USD)

Human Capital
(Years × Person × Million)

Physical Capital
(USD)

Human Capital
(Years)

1990 112 125 3160.727 6.419
1991 107 132 3029.569 6.502
1992 104 135 2980.611 6.687
1993 98.9 137 2833.379 6.807
1994 103 141 2925.771 6.992
1995 99.2 170 2826.825 7.303
1996 94.7 174 2925.592 7.400
1997 98.1 182 3050.138 7.512
1998 94.5 189 3110.823 7.626
1999 95.9 194 3103.554 7.737
2000 94.5 194 3120.525 7.773
2001 91.3 197 3112.594 7.843
2002 97.9 202 3145.016 7.980
2003 94.7 208 3250.389 8.087
2004 102 205 3412.833 8.200
2005 99.7 197 3445.646 8.168
2006 105 199 3728.238 8.215
2007 116 201 4010.128 8.288
2008 127 224 4213.613 8.570
2009 115 230 3497.95 8.647
2010 120 226 3495.893 8.636
2011 132 240 3812.906 8.869
2012 137 247 3864.551 9.008
2013 141 253 3880.808 9.117
2014 153 267 4097.122 9.268

4.2. Regression Results
4.2.1. Results of Ordinary Panel Regression Models

We applied country fixed effect regression models after the Hausman test for panel
data. In order to avoid the spurious regression phenomenon caused by the presence of unit
roots, we first performed the Fisher-PP test to check the stationarity of data, and the results
in Table 2 show that the null hypothesis of unit root can be rejected at a significance level of
1%, which means that the time series data were stationary as a panel. Table 3 presents the
correlation coefficients between variables, and there were significant correlations between
physical capital, human capital, labor, and economic growth (p < 0.01). Furthermore, we
calculated the variance inflation factors (VIF) of all predictors in the regression models
(3) to (6), and in accordance with Table 4, all the VIF values were less than 10 except for
the human capital at the total level, indicating that there might have been high correlation
between human capital and other explanatory variables. Given that collinearity may
undermine the statistical significance of independent variables, yet the coefficients of
human capital remained significant in the regression models presented in Table 5, it should
not be a concern on this occasion. Table 5 shows the average elasticities of output with
respect to physical and human capital. In the fitted model with traditional GDP as the
dependent variable, the least-squares estimate of the mean output elasticities of physical
and human capital were 0.26 and 0.48, respectively, for the entire sample. This means that a
percentage increase in the stock of physical capital and human capital significantly brought
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in 0.26% and 0.48% of growth in the traditional GDP, respectively. In the model with green
GDP as the dependent variable, the mean output elasticities of physical and human capital
were 0.43 and 1.08, which indicated that green GDP significantly grew by 0.43% and 1.08%
with a one percent increase in physical capital and human capital respectively. Similarly,
the regression coefficients of traditional GDP per capita on physical and human capital
were 0.26 and 0.39, respectively, while the corresponding coefficients of green GDP per
capita on physical and human capital were 0.42 and 0.65. In addition, we conducted the chi-
square tests to check whether the comparison of estimations between different regression
models (suest) were significantly different, which indicated that the estimated coefficients
of physical and human capital in the green GDP models was significantly higher than those
in the GDP models at both the total and per capita levels (p < 0.01). Therefore, it is not
difficult to conclude that economic growth, particularly the green GDP, is more sensitive
to changes in human capital than those in physical capital. Moreover, green GDP turned
out to be more responsive to changes in human capital as well as physical capital than the
traditional GDP.

Table 2. Panel unit root test.

Variables
Original Sequence First-Order Difference

Sequence
Second-Order Difference

Sequence

Statistic p-Value Statistic p-Value Statistic p-Value

Total

GDP 741.7770 0.0000 887.4874 0.0000 853.9321 0.0000
Green_GDP 790.0146 0.0000 783.2675 0.0000 702.8129 0.0000

Physical capital 806.0727 0.0000 880.2285 0.0000 827.2592 0.0000
Human capital 713.5032 0.0000 758.9784 0.0000 730.5496 0.0000

Labor 681.3100 0.0000 790.8196 0.0000 801.5049 0.0000

Per capita

GDP 687.2652 0.0000 766.1465 0.0000 781.6961 0.0000
Green_GDP 719.0931 0.0000 675.1307 0.0000 655.1826 0.0000

Physical capital 789.7440 0.0000 792.1605 0.0000 724.2483 0.0000
Human capital 787.4480 0.0000 662.3556 0.0000 590.9798 0.0000

Labor 611.5155 0.0000 645.7079 0.0000 550.1382 0.0000

Note: The values in the table are the logarithm of the original values to be consistent with the following regression analysis.

Table 3. Correlation analysis between variables.

Dependent Variable: Traditional GDP

GDP Physical Capital Human Capital Labor

GDP 1
Physical capital 0.9817 *** 1
Human capital 0.8320 *** 0.8058 *** 1

Labor 0.6938 *** 0.6639 *** 0.9161 *** 1

Dependent Variable: Traditional GDP Per Capita

GDP per Capita Physical Capital Human Capital Labor

GDP per capita 1
Physical capital 0.9731 *** 1
Human capital 0.7580 *** 0.7372 *** 1

Labor 0.5423 *** 0.5502 *** 0.6357 *** 1

Dependent Variable: Green GDP

Green GDP Physical Capital Human Capital Labor

Green GDP 1
Physical capital 0.6667 *** 1
Human capital 0.6023 *** 0.8058 *** 1

Labor 0.5835 *** 0.6639 *** 0.9161 *** 1
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Table 3. Cont.

Dependent Variable: Green GDP per Capita

Green GDP per Capita Physical Capital Human Capital Labor

Green GDP per Capita 1
Physical capital 0.5273 *** 1
Human capital 0.3228 *** 0.7372 *** 1

Labor 0.2553 *** 0.5502 *** 0.6357 *** 1

Note: The values in the table are the logarithm of the original values to be consistent with the following regression analysis; *** p < 0.01.

Table 4. Collinearity test for regression models.

Dependent Variables Independent Variable VIF 1/VIF

Traditional GDP

Human capital 15.51 0.064471
Physical capital 3.58 0.279262

Labor 9.7 0.103063

Mean VIF 9.6

Traditional GDP per capita

Independent Variable VIF 1/VIF

Human capital 2.62 0.380995
Physical capital 2.19 0.45567

Labor 1.55 0.646378

Mean VIF 2.12

Green GDP

Independent Variable VIF 1/VIF

Human capital 15.11 0.066189
Physical capital 3.73 0.268156

Labor 9.17 0.109036

Mean VIF 9.34

Green GDP per capita

Independent Variable VIF 1/VIF

Human capital 2.71 0.368691
Physical capital 2.23 0.449142

Labor 1.55 0.647164

Mean VIF 2.16

Table 5. OLS regressions of GDP and green GDP on physical capital and human capital.

Factor Inputs GDP Green GDP SUEST

α (Physical capital) 0.26 *** 0.43 *** chi2 = 37.16
Prob > chi2 = 0.000(0.01) (0.02)

γ (Human capital) 0.48 *** 1.08 *** chi2 = 56.04
Prob > chi2 = 0.000(0.02) (0.08)

N 2760 2695
R-squared 0.83 0.38

Factor Inputs GDP per Capita Green GDP per Capita SUEST

α (Physical capital per capita) 0.26 *** 0.42 *** chi2 = 32.54
Prob > chi2 = 0.000(0.01) (0.02)

γ (Human capital per capita) 0.39 *** 0.65 *** chi2 = 16.42
Prob > chi2 = 0.000(0.02) (0.07)

N 2760 2695
R-squared 0.68 0.42

Note: t statistics in parentheses; *** p < 0.01.
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4.2.2. Results of Panel Quantile Regression Models

Our study further applied the quantile regression model with the panel data. Table 6
presents the output elasticities of physical and human capital in the entire distribution of
GDP and green GDP at the total and per capita levels. Generally, the coefficient of human
capital significantly overtook that of physical capital for the traditional and green GDP at
either the total or per capita level. The elastic coefficients of physical capital to GDP and
GDP per capita at the first decile were 0.286 and 0.281, respectively, which both decreased
monotonically to 0.233 and 0.234 at the upper decile. Meanwhile, the estimated output
elasticities of human capital remained relatively stable over quantiles at approximately
0.48 and 0.39, respectively. Moreover, the output elasticity of physical capital to green GDP
and green GDP per capita also declined as the quantile increase, while the estimates of
human capital kept rising from 0.892 and 0.533 at the tenth quantile to 1.274 and 0.733 at
the 90th quantile. This indicates that countries with more rapid economic growth gradually
become less sensitive to changes in physical capital, but the impacts of human capital
were maintained across countries with various income levels, and in particular, the role
of human capital turned out to be more prominent for the building of the green economy
of more developed countries and regions. Figure 2 shows the ratio of the elasticity of
human capital to the elasticity of physical capital. A ratio greater than 1 means that the
elasticity of human capital is greater than that of physical capital. It was evident that
the elasticity ratio of human capital to physical capital increased with upper green GDP
quantile, which means the sustainability of economic development depended more on
the accumulation of human capital, especially for developed countries and regions. This
may have been due to the influence brought by industrial upgrading. Labor-intensive
industries are more conducive to the input of material capital, while high-tech industries
have a greater demand for human capital.

Table 6. Quantile regressions of GDP and green GDP on physical capital and human capital.

Factor Inputs Dependent Variable: Traditional GDP
Quant10 Quant20 Quant30 Quant40 Quant50 Quant60 Quant70 Quant80 Quant90

Physical capital 0.286 *** 0.280 *** 0.274 *** 0.268 *** 0.261 *** 0.253 *** 0.246 *** 0.240 *** 0.233 ***
(0.022) (0.018) (0.016) (0.014) (0.013) (0.014) (0.017) (0.020) (0.024)

Human capital 0.481 *** 0.481 *** 0.481 *** 0.481 *** 0.481 *** 0.481 *** 0.481 *** 0.481 *** 0.481 ***
(0.042) (0.036) (0.030) (0.026) (0.025) (0.027) (0.032) (0.038) (0.046)

Factor Inputs Dependent Variable: Green GDP
Quant10 Quant20 Quant30 Quant40 Quant50 Quant60 Quant70 Quant80 Quant90

Physical capital 0.480 *** 0.468 *** 0.457 *** 0.446 *** 0.434 *** 0.420 *** 0.407 *** 0.394 *** 0.379 ***
(0.050) (0.042) (0.036) (0.031) (0.029) (0.032) (0.038) (0.046) (0.056)

Human capital 0.892 *** 0.938 *** 0.979 *** 1.023 *** 1.069 *** 1.119 *** 1.171 *** 1.219 *** 1.274 ***
(0.138) (0.115) (0.098) (0.085) (0.081) (0.087) (0.105) (0.127) (0.156)

Factor Inputs Dependent Variable: Traditional GDP Per Capita
Quant10 Quant20 Quant30 Quant40 Quant50 Quant60 Quant70 Quant80 Quant90

Physical capital
per capita

0.281 *** 0.275 *** 0.270 *** 0.265 *** 0.259 *** 0.252 *** 0.245 *** 0.240 *** 0.234 ***
(0.021) (0.017) (0.015) (0.013) (0.013) (0.015) (0.018) (0.021) (0.025)

Human capital
per capita

0.389 *** 0.389 *** 0.388 *** 0.387 *** 0.387 *** 0.386 *** 0.385 *** 0.384 *** 0.384 ***
(0.038) (0.031) (0.027) (0.024) (0.023) (0.026) (0.032) (0.038) (0.045)

Factor Inputs Dependent Variable: Green GDP Per Capita
Quant10 Quant20 Quant30 Quant40 Quant50 Quant60 Quant70 Quant80 Quant90

Physical capital
per capita

0.464 *** 0.454 *** 0.445 *** 0.436 *** 0.426 *** 0.415 *** 0.403 *** 0.392 *** 0.378 ***
(0.051) (0.043) (0.036) (0.032) (0.030) (0.032) (0.038) (0.047) (0.058)

Human capital
per capita

0.533 *** 0.561 *** 0.587 *** 0.613 *** 0.639 *** 0.670 *** 0.703 *** 0.736 *** 0.773 ***
(0.113) (0.095) (0.080) (0.070) (0.066) (0.071) (0.085) (0.105) (0.130)

Note: t statistics in parentheses; *** p < 0.01.
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Figure 2. Ratios of elasticities of human capital to physical capital in the quantile regression models.

5. Discussion

Schultz [1] insisted that the economics of education required a comprehensive and
deep understanding of the concept of capital. Some economists assumed capital as material
wealth while failing to include human capital, the importance of which has gradually
emerged with economic development. The key investment in human capital lies in educa-
tion, and relevant empirical evidence on the economic significances of education indeed
leads to the growing awareness of the traditional value of school education and university
scientific research. Our study invited human capital into the Solow model in order to
compare the importance of physical capital and human capital to economic growth, and the
results indicated that economic growth is more sensitive to changes in human capital rather
than changes in physical capital. We discussed some possibilities about the influencing
mechanisms of different factors on economic development, as shown in Figure 3.

First, the stock, as well as structures of physical capital and human capital, may exert
internal impacts on economic development. Physical capital usually refers to the capital
embodied in the quantity and quality of the production materials such as plants, machinery,
raw materials, and semi-finished products owned by society. Physical capital is regarded
as consuming since it can be constantly worn out with use. Its ownership can be easily
transferred or inherited by future generations. In addition, the nature of all physical capital
can be regarded as homogenous in the form of currency, which plays relatively the same
role in economic development. Human capital, on the other hand, refers to the cumulative
capital embodied in the stock of production knowledge, labor skills, and health qualities
accumulated by the individual. It is difficult to separate human capital from its owners, so
it is not possible for it to be replicated or transferred to other individuals in a short period.
In addition, individuals can be equipped with heterogeneous levels of human capital even
receiving exactly the same education. The stock and structure of human capital can affect
the economy in both direct and indirect ways. As an independent factor of production,
human capital may have direct effects on economic growth. Furthermore, it may affect
the technological innovation of nations at the macro level, which in return, decides the
rate of economic growth. It may also improve the production efficiency of the labor force
in industries and agriculture, optimize structures of organizations, enhance individual
abilities in consumption, alter people’s consumption concepts and increase consumer
demand at the micro-level. In general, physical capital serves as the basis of economic
development, which directly expands social production, stimulates social employment,
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and increases national income, while the intangibility and abundance of human capital
make economic growth more sensitive to its changes.
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Second, physical capital and human capital are not completely independent but
indeed interact with each other. The function of human capital can only be given full play
with investment in physical capital. The marginal output of physical capital keeps being
diminishing without the support of human capital. Therefore, the interaction between
human capital and physical capital may affect their respective importance in economic
growth. Third, the external environment including institutional context, economic policies,
and the relations of supply and demand also matters. The impacts of human capital and
physical capital on economic growth vary at different stages of economic development.
The institutional context affects the utilization rate of the two as well as their marginal
outputs, and economic policies may also lead to different requirements for physical capital
and human capital.

Overall, our study evidenced the important role of human capital in economic growth,
and it indeed plays an even more dominant and indispensable role than physical capital
considering its diversity in composition, cumulatively in practice, and flexibility in accu-
mulation. In particularly, human capital provides a strong guarantee for the sustainability
of the economy in the knowledge age with an aging population and artificial intelligence
boom. There have been increasingly severe challenges to sustainable development in
the global context, with greenhouse gas emissions increasing substantially and extreme
weather events occurring frequently. Thus, human capital must be continuously invested,
accumulated, and utilized in order to reduce greenhouse gas emissions from mankind’s
activities (such as fossil energy consumption) and to form a sustainable energy system
by using renewable energy and other new energy as the main alternative to replace tra-
ditional energy. Developing countries and regions should strive to increase the stock of
human capital and improve the efficiency of its use to improve people’s livelihoods, and
achieve rapid economic development; while for the developed nations, it is essential to
optimize the allocation of human capital as well as other factors, and to promote talent
training and technological innovation with the purpose of guaranteeing the sustainability
of economic development.
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6. Conclusions

This paper introduced human capital into the Solow model to compare the significance
of physical capital and human capital to economic growth. The main conclusions are as
follows:

First, the paper explored the different impacts of physical and human capital accumu-
lation on economic growth, and the results showed that economic development, concerning
the dimensions of both quantity and quality, is more sensitive to changes in human capital
than physical capital.

Second, as for the differential roles of physical and human capital for countries and re-
gions at different economic phases, the results indicated that the more developed economies
are less responsive to changes in physical capital, while the impacts of human capital main-
tain to be prominent. This is relatively consistent with the reality that the development
of low-income countries such as Burundi, Ethiopia, Guinea, and Mozambique perhaps
depends highly on the accumulation of physical capital, while high-income countries
such as Canada, Switzerland, Germany, Spain, and the United Kingdom rely more on the
accumulation of human capital. Several other relevant studies also strongly confirm the
significant impact of human capital on economic development [22,36,37].

Third, the sustainability of economic growth, in particular, depends highly on the
accumulation of human capital. Therefore, human capital should be invested in in order to
achieve rapid and sustainable development of the national economy.

There were several limitations of our study. First, education was deemed as the key
component of human capital in our study, which inevitably ignored other factors such as
health; while the educational levels on average cannot reflect the heterogeneity in the qual-
ity of education in different countries and regions, which may lead to overestimation of the
output elasticity of human capital. Future relevant studies can discuss more possibilities on
the measurement of human capital. Second, future research may discuss more possibilities
on the calculation of green GDP. This study has indirectly estimated the green GDP, yet
more calculation methods should be explored to ensure the reliability of the estimation.
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