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Abstract: Green development and the high-quality economic growth model have replaced the
extensive growth model in an effort to reduce the large amounts of energy consumption and pollution
emissions. Green total factor productivity has become an important indicator to more accurately
measure the quality of economic growth. Transportation infrastructure is a fundamental component
that may effectively integrate regional resources, increase regional cooperation, and encourage the
sensible use of resources, and is a key factor in increasing productivity. At present, transportation
infrastructure should focus on the speed of construction and the quality level, expand the radiation
range of the transportation system, improve the service level of transportation facilities, and promote
the spatial coordination between transportation facilities and resources and the environment in each
province. Therefore, it is of great significance to study the spatial effect of the transport infrastructure
on green total factor productivity in order to understand the role of transport infrastructure and its
impact on the quality of economic growth. In this study, the slacks-based measure (SBM) model
and the global Malmquist-Luenberger (GML) index were used to calculate the green total factor
productivity of 30 provinces in China, while the spatial effect of the transportation infrastructure
on green total factor productivity was investigated based on the spatial Durbin model. At the
national level, road density, railway density, and road service level show positive spillover effects.
The railway service level inhibits the growth of green total factor productivity, and there is obvious
regional heterogeneity in transport infrastructure construction in eastern, central, and western
regions. Therefore, in the process of transportation infrastructure construction, we should not only
pay attention to the scale of expansion but also pursue the quality of service. At the same time,
measures such as the flow of talent and the introduction of foreign capital within the region should
be constantly coordinated to promote the improvement of green total factor productivity and achieve
a win-win situation between economic growth and environmental protection.

Keywords: transportation infrastructure; green total factor productivity; spatial spillover effect

1. Introduction

In the 18th century, Adam Smith took the lead in expounding the positive effect of
optimal transportation structure on economic growth from a theoretical point of view [1].
Subsequently, mathematicians began to focus on empirical studies of the effects of trans-
portation arrangements on economic progress, and the estimated output elasticity was
mostly positive [2-5]. The various types of traffic construction form a heterogeneous group.
Arbues et al. [6] showed that all kinds of traffic construction in Spain have significant
impacts on road facilities. Park, Seo, and Ha [7] provided evidence that in OECD member
countries, the role of sea transportation is much greater than that of air or land transporta-
tion. Marinos [8] found that the direct effect of road capital stock in the Greek economy is
higher than that of airports and ports, respectively.
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From the perspective of the spatial spillover effect of the transportation infrastruc-
ture on economic growth, the network attribute is one of the important characteristics of
the transportation infrastructure. In the context of increasingly frequent cross-regional
communication, the continuous improvement of transportation construction is making
the radiation range of various transportation networks increasingly extensive and the
spatial spillover effect of transportation facilities increasingly obvious. Based on the static
spatial econometric model, most scholars, such as Nguyen [9] and Zahra et al., have found
that transportation structure has a positive spillover effect on economic progress [10].
Marinos [8] found that the total effect of transport capital stock is lower than its indirect
effect when sorted by transport mode. For example, Chao et al. [11] analyzed the impact of
railways and roads on the economic progress of states, suggesting that the spatial spillover
effect of transport infrastructure is significantly negative.

Transport infrastructure provides the energy for individual regions and countries
to increase total factor productivity (TFP). With the concept of sustainable development
deeply rooted in the hearts of the people, the contribution of TFP to economic growth
has attracted increasing attention, with both national and international scholars studying
the influence of the transportation system on TFP. As an input factor, the transportation
infrastructure can directly affect economic growth, in addition to having spillover effects
on TFP. The improvement of transportation infrastructure enables connections between
regions, which promotes knowledge and talent flow to optimize the resource utilization
among regions, encourage technological development, and drive TFP. Many studies have
concluded that transportation infrastructure promotes TFP. For example, Farhadi [12] col-
lected data from OECD member countries over the period from 1870 to 2009 and concluded
that transportation infrastructure is the major promoter of TFP. Roberto’s [13] study found
that the transportation infrastructure significantly reduces private costs and thus improves
TFP. Kailthya [14] used panel data for Indian manufacturing enterprises from 1998 to 2012
to conclude that, for every 1% increase in road density, TFP increases by about 0.25% on
average. Most scholars in China believe that the transportation infrastructure improves
TFP to some extent, but some scholars have found that the transportation infrastructure
inhibits TFP [15-17]. Haoran and Baozhong [18] found that, although road density could
promote TFP in the region, it could not influence neighboring cities. Wang Xiaowen [19]
believed that the provincial one belt one road initiative increases road traffic density and
decreases TFP. Based on provincial data, Wang Ruizhe [20] found that the per capita traffic
density in the eastern region reduces TFP by inhibiting free trade between regions.

However, improving economic benefits can also result in excessive energy consump-
tion and greater pollution [21,22]. The China Mobile Environmental Management Annual
Report (2020) emphasized that, whereas China’s highway transportation accounted for
about 73% of freight and 73.9% of passenger transportation, its unwieldy structure needed
improvement [23]. The advantages of the reduced energy consumption and emissions of
the railway system have not been fully utilized. Furthermore, the “siphon effect” (economi-
cally developed areas will attract the advantageous resources of the surrounding areas) of
the transportation infrastructure restricts improvements in sustainable resource utilization,
the protection of ecosystems, and the reduction in environmental pollution [24].

At the same time as rapid economic expansion is taking place, steps are being taken to
promote the continuing green development of the infrastructure and the improvement of
green total factor productivity (GTFP) through the careful use of resources and safeguards
against environmental harm; this movement has emerged at just the right historic moment.
As an extension of TFP, GTFP has as its objective the rational consumption of resources and
the reduction in environmental pollution within the traditional infrastructure framework.
Therefore, GTFP scientifically reflects the quality of economic growth under the constraints
of wise resource usage and environmental protection. In surveying the relevant literature,
we found that most existing studies focused on the impact of the transportation infrastruc-
ture on economic growth or TFP. However, they ignored the potential of environmental
pollution and resource waste caused by the transportation infrastructure. Most of the litera-
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ture has assessed the transportation construction level of the whole region by measuring
a single index, such as transportation investment or traffic density, which cannot fully
reflect the transportation infrastructure of each province [6,25,26]. Therefore, in this paper,
we measure the highway and railway infrastructure from two aspects: the traffic density,
reflecting the scale of traffic facilities; and the traffic capacity, reflecting the quality. We also
examine the spatial spillover effect of different types of traffic infrastructure on GTFP.

2. Theoretical Background

Single-factor productivity refers to the output level reached by inputting a unit of
production factors, which measures the output capacity of economic activities in a specified
period. TFP and GTFP are derived on this basis in order to understand the situation of
more input-output. TFP represents the influence of the intangible elements outside the
input of labor and physical capital to increase output, such as the rational allocation of
resources, technological innovation, progress, and the improvement of management modes
to promote economic output, which can be used to reflect the quality of the economic growth
of a country or region. Regarding the TFP concept, in 1957, the famous economist Solow [27]
developed a production function to calculate the “Solow residual value,” which is a measure
of economic growth in addition to the outer part of the labor and capital investment
growth, usually in the form of technical progress or improved efficiency. However, the
use of input and output indicators does not consider energy consumption and pollution
emissions, hence not aligning with the notion of green development. With the rapid
pace of industrial transformation and upgrading, economic operations will inevitably
consume a lot of energy and emit more environmental pollutants [28]. It is impossible to
disregard the issues concerning resources and the environment. In the past, the rise in
input volume was what caused the economy to grow at a rapid pace. Economic growth
strives for high quality against the backdrop of sustainable development, which is the
contribution of output growth excluding the increase in physical input [22]. To evaluate
the source of economic growth under sustainable development, GTFP adds energy input
and environmental pollution to the classic TFP accounting framework, representing the
improvement in economic growth quality brought about by technological innovation
or efficiency improvement. Consequently, within the limitations of resources and the
environment, GTFP can more accurately reflect the quality of economic growth [29]. Green
technological development and efficiency are the two components of GTFP. The production
frontier is the plane composed of individuals in the best state of input-output efficiency,
which involves other individuals in the worst state. Green technological progress means
that the production function changes due to technological innovation or progress, which
pushes the frontier of an industry or region to move outward. In other words, when the
input and output remain unchanged, the output level can be improved through more
advanced technologies. Green technical efficiency reflects the distance between each
decision-making unit (DMU) and the front edge. A smaller value indicates higher technical
efficiency. When the technical level is set, the current technical potential can be released to
the maximum extent by promoting the rational allocation of industry or regional resources
and improving factor utilization.

In the early stage of development, due to the spatial constraints of geographical loca-
tion, various regions could not share material elements, which inhibited the productivity
of various industries. With the increase in investment in transportation infrastructure,
the radiation range of traffic density is constantly expanding, which improves the acces-
sibility between regions along the route, effectively breaks down the natural barriers for
the communication of physical elements in various regions, strengthens the spatial corre-
lation between provinces, and provides a means of communication for cooperation and
development between regions.

Transportation construction investment, as a kind of physical investment, expands
the total social demand through the amplification of the multiplier effect in the short term
and establishes a communication bridge between the supply side and the demand side of
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production. However, in most cases, the supply of resources is limited, so it is particularly
important to promote the rational allocation of regional resources. According to the theory
of economic geography, the agglomeration direction of economic activities in a region
depends on the flow cost of factors [30]. On the whole, according to the economic level
and resource endowment of the region, local governments create an “economic corridor”
through the joint development of multiple resource factors to attract suppliers and sellers
to invest and set up factories around them. Increasing the density of the traffic network
is conducive to reducing the cost of physical transportation, broadening the channels of
information exchange, and improving the timeliness of information transmission, thus
reducing the transaction costs of industries along the route and greatly saving costs. Consid-
ering the competition effect, if the technical level is relatively low, more pollutants will be
produced by industry and the production efficiency will be low. Technical efficiency must
be improved in underdeveloped regions for these regions to prosper. This can be achieved
through: improving traffic facilities to strengthen regional industry with a high level of
technology for communication and coordination; promoting the effective integration of
resources and complementary advantages between regions to realize regional resources
and make full use of shared resources [31]; reducing overall energy consumption and
pollutant discharge; deepening the social professional division of labor and cooperation;
improving the production level of enterprises along the belt and road; and promoting
industrial transformation and agglomeration. The improvement in technical efficiency and
the expansion of output after the production needs are met in various industries promotes
the improvement of GTFP. Therefore, the first hypothesis of this paper is proposed:

H1: Traffic network density is conducive to the improvement of GTFP.

The unique transportation service capacity of the transportation infrastructure facil-
itates the transportation of goods and personal travel for enterprises, provides physical
carriers for the flow of technical elements, such as talents, information, energy, materials,
and equipment between regions, and promotes the formation of the sharing mechanism
of technological elements [32]. Increasing the traffic service level reduces people’s com-
muting time, gives people more choice regarding employment, promotes human capital
agglomeration to advantageous areas and accumulates human resources to a certain de-
gree, encourages efficiency improvements and technological advancement, and promotes
improvements in product structure, industrial structure, and sales structure, such as trans-
formation and upgrading, which ultimately improves GTFP.

Meanwhile, the economist William Baumol once pointed out the economic phe-
nomenon of “Baumol’s disease” [33]. In the process of economic operation, the productivity
growth rate of different production sectors is not the same. Compared with industrial
production sectors with higher growth rates, it is not easy to reduce the relative transaction
costs of the service production sector owing to its lower growth rate. Furthermore, as the
service sector with low productivity growth expands its input and output, the proportion
of the sector with low productivity growth in the national economy becomes larger, which
may inhibit the improvement of productivity in a region [34]. The specific transportation
services of the transportation infrastructure reduce the resource waste and repeated de-
velopment and construction caused by the geographical distance limitation and promote
the resource elements of the industrial sector to further gather in the service sector. As
the proportion of the service sector continues to increase, while the contribution of the
industrial sector that promotes the improvement of GTFP decreases, this may inhibit GTFP.
In addition, high energy use and high emissions owing to the irrationality of transportation
route planning will reduce the marginal rate of return, and a large amount of energy
consumption and pollutant emissions accompanying the service process may also inhibit
GTFP. Therefore, the second hypothesis of this paper is proposed:

H2: The traffic service level is conducive to the improvement of GTFP, but it may also be inhibited
by negative externalities.
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3. Material and Methods
3.1. Selection and Description of the Variables
3.1.1. Dependent Variables

The measurement methods of GTFP can be divided into random parameter methods
and deterministic non-parameter methods. Parametric methods include the C-D function
method and the trans-logarithmic production function method, among others. In the
measurement of the parametric method, environmental pollution factors are regarded as
the same input factors as labor, capital, and energy, being necessary to determine the specific
form of the production function and the market price of each input factor in advance, not
only assuming strict conditions but also being unable to measure the situation of more
input and more output.

As an undesired output, environmental pollution is characterized by negative exter-
nalities. Not only is the market price difficult to obtain, but it is also not consistent with the
actual production process to measure GTFP directly as an input factor. Data envelopment
analysis (DEA) is a non-parametric method that uses linear programming to measure the
relative efficiency of each DMU without setting the functional relationship between input
and output, which makes up for the deficiency of the parametric method.

According to Fare and Primont [35], before constructing the DEA model to measure
GTFP, it is necessary to redefine the production technology set, namely the environmental
technology set, in combination with the introduced environmental resource indicators. A
province represents a DMU, N inputs x = (x1,x2,x3,...,xy € RY) are used in each year,
M kinds of expected outputs y = (y1,¥2,3,-..,ym € RY) and T kinds of bad outputs
b = (by,bo,bs,..., by € Rﬁ ) can be produced, and the environmental technology set
enveloped by the production front is:

P'(x) = {(y,b) : x can produce (y,b),Rﬂ\_I} 1)

The environmental technology set will meet the following requirements.

First, if (y,b) € P(x), then (y —s,b) € P(x),s > 0. In other words, the output is
expected to have strong disposability. When a certain amount of input can produce a
certain amount of output, more inputs can produce the same amount of Y, and the same
amount of X can also produce less output.

Second, if (y,b) € P(x), then (8y,0b) € P(x),0 <6 < 1!. In other words, bad output
has weak disposability, and when emissions of polluting output are reduced, good output
must also be reduced.

Third, (y,b) € P(x) and b = 0 then y = 0. In other words, as long as there is good
output, there will be emissions.

Multiple input variables and output variables of the production frontier will be parallel
to the axis and appear as a slack variable problem. The radial DEA model can therefore only
be scaling, such as input and output, and it is not possible to measure this if the proportion
is not part of the change; it is also not possible to maximize improvement if this is not on
the surface of the cutting edge of efficient DMU efficiency, although the radial slacks-based
measure (SBM) model can make up for these shortcomings. Therefore, a non-radial and
non-angular SBM model containing bad outputs is selected in this paper [36]:

1 N X t
1=x L Su/x,
n=1

0 = min v 7 2)
1+ 3t (X Sh/vh, + X SP/bt,
m=1 i=1
K
st Y Ajxp, +SE=xp,n=1...,N ©)

k=1,k]
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where Al > 0; S}, > 0; Si>0;8" >0;k=1,...,K;pis the efficiency value, 0 < p < 1; N,
M, and T represent the number of inputs, good outputs, and bad outputs, respectively; A}
is the weight of the kth DMU in year t; (x},, ¥}, b};) is the input-output vector of the kth
DMU in year; and (s, s, sf’ ) is the relaxation vector of the input-output. When and only
when sf, ¥, and sf are 0, the efficiency of the measured DMU is 1. There is no redundancy
of input and bad output and insufficient good output. The greater the degree of slack, the
smaller the efficiency value.

Considering that the DEA model can only measure the static efficiency value of each
DMU by year, it cannot measure the technological progress of panel data, and technological
progress promotes the movement of the production frontier, which will change productivity.
Therefore, the calculation of GTFP requires a further calculation of the Malmquist index
based on the DEA model. Considering that the Malmquist index is measured by using
two adjacent frontiers, it cannot be multiplied year by year due to the absence of solutions
and the inability to transfer; therefore, the global Malmquist-Luenberger (GML) index is
selected in this paper:

Score_g(x_t,y_t)

MI(t-1,t) = Score_g(x_t —1,y_t—1) X
- B Score_t(x_t,y_t)
EC(t—1,t) = Score_t —1(x_t—1,y_t —1) (7)
_ MI(t—1,1)
TC(t—1,t) = EC(t—1,1) ©

where Score_g(x_t,y_t) is the efficiency of DMU in year t; Score_g(x_t —1,y_t — 1) is
the efficiency of DMU in year t — 1; MI(t — 1,t) is the GML index; TC(t — 1,t) is the
technological progress index; and EC(t — 1, t) is the technical efficiency index. The GML
index has the advantage of constructing a common frontier covering all the years, which
can be decomposed into technological progress (I'C) and technological efficiency (EC).
Meanwhile, since the production function expression is unknown, the GML index measures
the growth rate of GTFP.

The capital input index is used to determine the capital stock of each region based on
the year 2001, following the perpetual inventory method of Zhang and Wu [37]. The labor
input is measured as the years of education of the labor force, as obtained from weighting
the number of employees by the degree of education of the labor force [29,38]. The energy
input is determined from the energy consumption converted into standard coal measures.
The expected output in terms of real GDP is calculated using the GDP index based on the
year 2001, reducing the real GDP. For the unexpected output, to fully reflect the energy
conservation and emission reduction of each province, a comprehensive environmental
pollution index including CO,, SO,, wastewater discharge, and industrial solid waste
is constructed using the entropy method; the CO, emission is calculated by the IPCC
method. Given the implementation of energy conservation and emission reduction during
the eleventh five-year plan, this paper uses MaxDEA 8.0 to measure the GML productivity
index, its decomposition terms, and the technological progress (TC) and technological
efficiency (EC) of each province from 2005 to 2018. Following the method of Qiu [39], the
GTFP of each region in the base year is 1, and the annual GTFP is obtained by multiplying
the GML index of each period by the GTFP of the current period of the previous year. The
descriptive statistics for each indicator are shown in Table 1.
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Table 1. Descriptive statistics for each indicator.

Variable Mean Std. Dev. Min. Max.
Actual GDP (100 million yuan) 12,085.09 11,050.27 461.75 67,945.49
Capital stock (100 million yuan) 36,916.73 30,406.56 2336.75 163,132.30

Years of education of the labor force (years) 9.46 1.26 6.46 13.50
Energy consumption (ten thousand tons) 13,056.90 8274.84 822.00 40,581.00

SO, emissions (ten thousand tons) 63.11 44.89 0.27 200.20
Production of industrial solid waste (ten thousand tons) 9346.27 8659.84 127.00 48,541.30
Discharge of wastewater (ten thousand tons) 214,206.40 170,277.40 19,360.00 938,261.00
Wastewater discharge (ten thousand tons) 37,667.07 30,339.99 1249.17 179,336.90

Figures 1-4 depict the changing trend of the geometric mean of the GML index and its
decomposition items in each year. Starting from the national average level, the mean value
of the GML index in each year is >1, indicating an increasing trend for GTFP in each year.
Overall, economic development is compatible with the implementation of environmental
policies, such as energy conservation and emission reduction. The annual mean value
of technological progress decomposed by the GML index is >1, while the mean value of
technological efficiency in most years is <1, indicating that China’s GTFP improvement
still depends on technological innovation [29] and that inefficiency hinders GTFP. From a
regional perspective, GTFP growth in the eastern, central, and western areas is technology-
driven, and its growth is high in the east and low in the west. The eastern region has the
greatest advantage in sustainable development.
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Figure 1. Trends of GML and its decomposition index in China from 2006 to 2019.

1.15

1.1
1.05
N\ S S &
1
0.95
0.9
0.85
© D PO O DD DN O LD P
S FF PSS PSS S S
PAVIEIA A VA VA A A VA VA A VA VA VA
FF T TP S
DT AT AT AR ADT AT DT DT AT AT DT DTS
— GML EC TC

Figure 2. Trends of GML and its decomposition index in eastern China from 2006 to 2019.
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Figure 3. Trends of GML and its decomposition index in central China from 2006 to 2019.
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Figure 4. Trends of GML and its decomposition index in western China from 2006 to 2019.

3.1.2. Explanatory Variables

In terms of the core explanatory variables, previous studies on transport infrastructure
have usually considered railway and road density but ignored the transport service level
of the transport infrastructure, which fails to fully represent the level of the transport
infrastructure in each province. Considering that road and railway transport, respectively,
account for 94.1% and 83.6% of passenger and freight transport modes in China, the
transport infrastructure indicators in this paper are road density, rail density, highway
service level, and railway service level. Traffic density more intuitively reflects the scale of
the transportation infrastructure in each province at a quantitative level. It is represented
by the stock index and is measured by the ratio of traffic mileage to the administrative
area of each province. The traffic service level reflects the quality of the service provided
by the transportation infrastructure. The transportation service level is calculated using
the three aspects of passenger volume, freight volume, and the number of workers in the
transportation business, using the entropy method. Passenger volume reflects both the
provinces’ traffic infrastructure services by the number of passengers and the provinces’
goods transport infrastructure services. Freight volume belongs to the service industry;
because of its relatively sharp market features and characteristics of early opening, there is a
greater number of traffic services staff, which is an important indicator of the transportation
service level.

3.1.3. Control Variables

To accurately analyze the impact of the transportation infrastructure on GTFP, we use
four control variables: foreign direct investment (FDI); fiscal expenditure (Gov); human
capital (Hum); and population density (Indens). Foreign investment may create “paradise
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pollution” (as developed areas have high requirements for the environment, and some en-
terprises create high levels of pollution, they will move to the areas that need to develop the
economy, and the polluting industries will gather, resulting in the pollution of “paradise”)
when expanding economic output through technology spillover [40]. This paper measures
the converted FDI in the total social fixed asset investment [18]. Government fiscal ex-
penditure is a key component of both short- and long-term macro-control, particularly in
the steady growth of the economy and society. It serves as a crucial assurance to advance
social progress and social fairness. The proportion of government fiscal expenditure to
GDP serves as the conceptual foundation for this investigation. Human capital economic
theory holds that human capital grows through the accumulation of regional knowledge
and technology, subsequently stimulating economic growth. In this paper, the average
number of years of education in each region is obtained by weighting the number of people
aged six years old and over at different educational levels in each region. In terms of
the population variable, the continuous expansion of the population promotes regional
economic development, but can also increase the environmental burden. Here, we measure
the ratio of population to the administrative area at the end of each year in terms of the
number of people per unit area.

3.1.4. Data Sources

The data were obtained from the China Statistical Yearbook, the China Traffic Statistical
Yearbook, the China Energy Statistical Yearbook, the China Environmental Statistical
Yearbook, and the Provincial Statistical Yearbooks. Because of the lack of availability of
data, this study did not include Tibet, Taiwan, Hong Kong, or Macao. The descriptive
statistics for each indicator are shown in Table 2.

Table 2. Descriptive statistics for each indicator.

Variable Mean Std. Dew. Min. Max.

GTFP 1.210301 0.2726294 0.7715426 2.36518

Road 0.869734 0.4782515 0.0661928 2.10093
Rail 0.0244274 0.0200758 0.0017569 0.0967861
Rail service level 0.1814431 0.1279873 0.0021753 0.5929346
Road service level 0.1843297 0.1510668 0.0160339 0.8689324
FDI 0.0408464 0.0424307 0.0000708 0.2296779
Indens 5.44084 1.273012 2.028221 8.249705
Gov 0.2376667 0.1099396 0.0947822 0.7582924

Hum 8.845338 0.9869783 6.593961 12.55503

3.2. Specifications of the Spatial Econometric Model

Considering that the external effects of transportation facilities in the construction
process are not only limited to the provinces but also exist among provinces, in order to
analyze the spatial spillover influence of the transportation system on GTFP of neighboring
provinces, this paper constructs a spatial Durbin model (9), a spatial error model (10), and
a spatial lag model (11), which include the influence of GTFP and explanatory variables for
neighboring provinces:

GTFP; = ag + pPWGTFPj + a1 Ktjy + aoWKtjy + a0 Xy + 0oWXie +u;j + 0+ (9)
GTFP;; = ag + pWGTFPlt 4+ o Kty + oo X +u; + 08 + €54 (10)
GTFPy = ag 4+ a1 Ktjp + ap Xjp + u; + 0 + €54, €5 = AWej + yjy (11)

where i represents the province; t. represents the year; GTFP;; is the explained variable; K;;
is the transportation infrastructure variable; Xj; is a control variable; and p, A, &g, #;, v, and
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¢;; are the spatial autocorrelation coefficient, spatial error coefficient, constant term, spatial
effect, time effect, and random disturbance term, respectively. «; and a; are parameter
estimation coefficients, and W is a spatial weight matrix. In the study of the spatial effect, it
is necessary to introduce a spatial weight matrix to represent the proximity of each region.
This paper uses three kinds of spatial weight matrices: the adjacency matrix, W1; the
anti-geographic distance matrix, W2; and the economic geographic distance matrix, W3.

4. Results Analysis
4.1. Spatial Autocorrelation Test

The variables are spatially dependent, which is the basis for discussing spatial influ-
ence. Therefore, it is necessary to test the spatial autocorrelation of the explained variables.
The most common method to achieve this is to use the Moran index. This paper tests the
spatial correlation between the explanatory variables and explained variables based on the
adjacency matrix, W1. The results in Table 3 show that there is a significant spatial positive
correlation between China’s GTFP and transportation infrastructure each year, showing the
characteristics of high-value and low-value agglomeration. With the increase in years, the
Moran index of GTFP shows an upward trend, the positive agglomeration characteristic
of highway density is the most obvious, and the spatial correlation between railway and
highway transportation capacity is weakened.

Table 3. The Moran index of green total factor productivity (GTFP) and transportation infrastructure.

Year GTFP Road Rail Rail Service Level = Road Service Level
2006 0.181 ** 0.585 *** 0.423 *** 0.213 ** 0.340 ***
2007 0.128 * 0.580 *** 0.423 *** 0.178 ** 0.355 ***
2008 0.098 0.588 *** 0.418 *** 0.236 ** 0.297 ***
2009 0.248 *** 0.593 *** 0.442 *** 0.257 *** 0.250 ***
2010 0.274 *** 0.592 *** 0.377 *** 0.215 ** 0.240 ***
2011 0.323 *** 0.596 *** 0.386 *** 0.183 ** 0.191 **
2012 0.341 *** 0.602 *** 0.371 *** 0.207 ** 0.195 ***
2013 0.355 *** 0.609 *** 0.380 *** 0.173 ** 0.162 **
2014 0.378 *** 0.586 *** 0.368 *** 0.230 ** 0.154 **
2015 0.354 *** 0.578 *** 0.372 *** 0.182 ** 0.188 **
2016 0.371 *** 0.579 *** 0.354 *** 0.199 ** 0.207 ***
2017 0.374 *** 0.583 *** 0.355 *** 0.177 ** 0.211 ***
2018 0.383 *** 0.583 *** 0.346 *** 0.163 ** 0.231 **

Note: ***,** and * indicate statistical significance at the 1%, 5%, and 10% levels, respectively.

The Moran’s I plot in Figure 5 reflects the local characteristics of variables. In 2018,
the spatial positive correlation of GTFP in China was found to be significant, and GTFP in
most provinces was concentrated in the first and third quadrants. Among the 10 provinces
in the first quadrant, eight provinces are in the eastern region, which is a high-value cluster,
indicating that provinces with high GTFP levels can often promote the development of
surrounding areas. Provinces in the third quadrant are mainly western regions, which
are low-value clusters, indicating that areas with relatively weak GTFP levels tend to
hinder the development of surrounding areas. It can be seen that GTFP in China shows
the characteristics of a massive cluster in space. At the same time, the density of railways
and highways in central and eastern provinces is also ranked top in China, while the
density in central and western regions is lower. The spatial distribution characteristics of
transportation infrastructure and GTFP are similar, and there is a close connection.
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Figure 5. Moran’s I plot of GTFP in 2018.

4.2. Selection of the Spatial Econometric Model

Based on the Lagrange multiplier (LM) test and its robustness in exceeding the 1%
significance level, as well as to test the adaptability of the spatial Durbin model (SDM)
using the Hausman test, Wald test, and likelihood-ratio (LR) test, this paper uses an SDM
with a mixed fixed effect for fitting. In Table 4, the spatial autoregressive coefficient of GTFP
in the results, p, is significantly positive, indicating that the GTFP of each province drives
the GTFP of adjacent provinces. Under a series of environmental protection policies, such
as energy conservation and emission reduction, the improvement in resource allocation
efficiency and green technology innovation brought about by coordinated development
among provinces promotes the overall GTFP. At the same time, the spatial transmission
effect of explanatory variables also affects GTFP.

4.3. Direct and Indirect Effects

There is a systematic bias when measuring the spatial spillover impact of explanatory
factors using the model estimate coefficient since the spatial autocorrelation coefficient of
GTEFP is notably not 0. As a result, this research reduces the coefficients of explanatory vari-
ables into direct impact, indirect effect, and total effect [39] based on the partial differential
technique suggested by LeSage [41]. Whereas the indirect effect shows the spatial spillover
effect of local explanatory variables on GTFP in nearby provinces, the direct effect, or local
effect, reflects the effect of local explanatory variables on local GTEP (refer Table 5).

The results show that the spatial spillover effect of transportation infrastructure is
greater than the direct effect. The direct effect, indirect effect, and total effect of road
density and railway density are significantly positive (p < 0.01). At the same time, the
traffic density drives the GTFP of this province and neighboring provinces, which has a
positive spatial spillover effect. On the whole, the findings show that resources after the
completion of China’s transportation facilities have been effectively utilized, rather than
being idle resources. Sufficient transportation resources reduce transportation costs and
promote the market size effect, thus improving GTFP in each region. Among them, the
estimated value of each effect of highway density is less than that of railway density. Due
to the early development of highways in China, regional highways are relatively complete,
and their coverage area has become saturated. The continuous expansion of highway
mileage construction makes the marginal efficiency increase smaller. At the same time,
China’s traffic construction is focusing more on the railway. The spillover effect of railway
mileage construction on GTFP in neighboring provinces is greater than the direct effect,
indicating that the spillover effect brought about by the expansion of the scale of railway
construction is more obvious among provinces, showing the characteristics of increasing
marginal returns [42].
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Table 4. Estimation results of the SDM, SEM, and SAR models of transport infrastructure affecting

green total factor productivity (GTFP).

SDM SEM SAR
Variable Estimated Value t-Value Estimated Value t-Value Estimated Value t-Value
Road 0.468 *** 4.93 0.489 *** 4.74 0.495 *** 5.37
Rail 4.083 * 2.30 2.933 1.56 4.921 ** 2.79
Rail service level —0.524 ** —2.87 —0.596 ** —3.08 —0.775 *** —4.06
Road service level 0.711 **+* 7.57 0.679 *** 7.07 0.716 *** 7.50
FDI —0.683 * —2.44 0.00305 0.01 —0.165 —0.59
Indens 0.896 *** 421 0.779 *** 3.67 0.474 ** 2.81
Gov 0.24 1.29 —0.349 -1.83 —0.214 -1.15
Hum 0.0863 ** 2.92 0.0884 ** 2.81 0.0840 ** 2.69
W X Road 0.550 ** 2.90
W X Rail 19.62 *** 5.16
W X Rail service _0815* 991
level
W x Rlc:]c‘lalservice 0.460 * 292
W x FDI —1.748 *** —4.34
W x Indens —1.703 *** —4.59
W x Gov 0.879 ** 2.67
W x Hum —0.0173 —0.25
0 0.394 *** 6.14 0.563 *** 10.71
A 0.560 *** 8.83
Sigma2 0.00692 *** 13.71 0.00873 *** 13.27 0.00803 *** 13.44
R-squared 0.5593 0.5989 0.5851
log-likelihood 408.3818 353.7576 370.1923
N 390 390 390
Hausman 14.33 ***
Wald-lag 78.68 ***
Wald-err 119.56 ***
LR-lag 76.38 ***
LR-err 109.25 ***
Note: ***, ** and * indicate statistical significance at the level of 1%, 5%, and 10%, respectively.
Table 5. Direct, indirect, and total effects of transportation infrastructure and control variables on
green total factor productivity (GTFP).
Direct Effect Indirect Effect Total Effect
Variable Estimated Value t-Value Estimated Value t-Value Estimated Value t-Value
Road 0.555 *** 5.57 1.164 *** 4.09 1.720 *** 5.37
Rail 6.402 *** 343 33.155 *** 523 39.556 *** 5.38
Rail service level —0.625 *** -3.19 —1.604 *** —-2.7 —2.229 ¥** —-3.1
Road service level 0.796 *** 8.01 1.172 *** 3.33 1.968 *** 4.83
FDI —0.911 *** -3.12 —3.162 *** —4.76 —4.073 *** —4.74
Indens 0.758 *** 3.8 —2.0971 *** —3.99 —1.334 = —2.66
Gov 0.350 * 1.68 1.523 *** 293 1.872 *** 2.95
Hum 0.087 *** 2.78 0.027 0.24 0.114 0.88

Note: ***, and * indicate statistical significance at the level of 1%, and 10%, respectively.
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There are significant differences between highway and railway traffic service levels
measured by passenger and freight volume and the number of employees. The direct
and indirect effects of highway service level are significantly positive, which is consistent
with the analysis of the current situation of relevant highway service indicators above.
Highway service occupies a dominant position in the transportation service industry. For
commuters and people on short business trips, cars can be used as a means of transportation
to stop and start at any time, which greatly improves the service level of highways. Road
transport services drive the GTFP of the region and its neighboring regions by promoting
resource flow and technology spillover. However, the rail service level of direct and
indirect effects is significantly negative. This may be due to the railway’s high technical
requirements; compared to highways, railway construction entails a higher cost, a longer
period, and more employees, while areas restricted by a poor geographical position and
a lack of funds do not have a rail link, as well as having less access to highways, so the
rail service level needs to be improved. At the same time, some provinces have failed to
use energy efficiently and reduce pollution emissions while increasing output from the
expansion of railway construction. On the one hand, due to the large volume of railway
transportation, low transportation cost, and a large amount of railway cargo transportation,
the pollution brought about by the transportation of goods has caused a certain burden
on the ecological environment of various regions. Railways also cost more to maintain
than roads, so the level of rail service does not contribute to the growth of GTFP. On the
other hand, in order to join the ranks of provinces with strong transportation, provinces are
continuing to strengthen railway construction and improve service levels, and resources
are reallocated among regions. There are obvious competition effects among regions, which
produce negative spatial spillover effects on neighboring regions and inhibit the GTFP of
neighboring provinces.

The results for the control variables show that FDI inhibits the GTFP of each province
and its adjacent provinces. The “paradise pollution” hypothesis holds that investors prefer
to invest in provinces with low environmental regulatory requirements and relatively
rich resources, resulting in increased pollution in the investment areas [40]; enterprises
in these provinces may also be squeezed out of the market by aggressive competition.
When the expected output does not keep pace with the increase in unexpected output
and resource consumption, this inhibits GTFP. Government functions have improved the
province’s GTFP, and fiscal expenditure is mostly used for external capital investment,
such as infrastructure construction. As the supervisor of regional enterprise environmental
regulations, the government has effectively promoted the progress of green technology
in each province. At the same time, the driving role of the government has promoted
the GTFP of neighboring provinces. With the improvement in the education level of each
province, the environmental protection attitudes of technicians have been strengthened,
which makes them pay more attention to the effective utilization of energy and pollutant
discharge in developing and applying new technology, which significantly improves the
GTFP of the province. However, human capital has failed to significantly affect the GTFP of
neighboring provinces, indicating that there are regional limitations in the radiation range
of human capital externalities in China [18]; on the whole, the positive impact of human
capital is not significant. The population agglomeration effect brought about by population
expansion ensures that each region has sufficient labor resources. While the specialization
and division of labor are guaranteed, this also creates a market effect, which effectively
promotes GTFP in each province. However, too large a population size will inevitably lead
to the overuse of resources, exacerbate regional energy use and environmental pollution,
and inhibit the GTFP of adjacent provinces.

4.4. Robustness Test

To test the robustness of the empirical results, this paper adopts the approach of
fitting the model of the anti-geographic distance matrix, W2, and the economic geographic
distance matrix, W3, as shown in Table 6.
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Table 6. Results of the robustness test.
Direct Effect Indirect Effect Total Effect
Matrix Variable i i i
Estimated £-Value Estimated £-Value Estimated I-Value
Value Value Value
Road 0.784 *** 7.42 1.785 *** 4.31 2.569 *** 5.49
Rail 8.348 *** 4.46 41.85 *** 6.06 50.20 *** 6.54
Rail service —0.484 ** —241 ~1.392* —2.34 — 1.876 ** —2.64
level
Anti—geographical distance Roaiiee?’me 0.871 *** 8.43 1.159 #+* 351 2.030 *** 535
matrix, W2
FDI —0.591* —-1.92 —-0.73 —0.70 —-1.32 —1.07
Indens 0.812 *** 3.77 —2.793 *** —4.98 —1.981 *** —3.82
Gov 0.483 ** 2.14 1.154 * 1.94 1.637 ** 2.35
Hum 0.0662 ** 2.07 0.06 0.47 0.123 0.92
Road 0.816 *** 7.38 1.787 *** 4.09 2.603 *** 5.29
Rail 9.121 *** 4.67 37.12 *** 5.98 46.24 *** 6.60
Rail service —0.558 ** —2.64 —1.355* —231 —1.914 *+ 267
level
Economic geographical Road service 0.865 *** 8.18 1.027 *** ~3.43 1.892 5.42
. . level
distance matrix, W3
FDI —0.766 ** —2.39 —1.575* —1.72 —2.342 ** —2.09
Indens 0.887 *** 413 —2.765 *** —5.09 —1.878 *** —3.69
Gov 0.446 * 1.88 1.467 ** 2.06 1.912 ** 2.34
Hum 0.067 * 1.97 0.0721 0.54 0.139 0.95

Note: ***,** and * indicate statistical significance at the 1%, 5%, and 10% level, respectively.

The test results show that, under mixed fixed effects, the SDM must be selected. The
results of explanatory variable decomposition show that the impact of transportation
infrastructure on GTFP is the same under different weight matrices.

4.5. Regional Heterogeneity

The heterogeneity of the transport infrastructure in different regions is studied based
on the adjacency matrix (Table 7). In terms of service level, the railway service level in
the east and west regions is significantly negative, indicating that the railway service level
inhibits the GTFP of each province and its neighboring provinces. However, the effects
of the railway service level in the central region are not significant, which indicates that,
although the railway promotes the technical exchange and resource factor flow in the
regions along the railway, it is generally long-distance transportation, with a large cargo
volume, unable to provide a sustainable service, and the lack of rationality in planning leads
to environmental pollution and the ineffective use of resources, which inhibits the GTFP of
the provinces in the region. There is a positive spillover effect of highway transportation
capacity only in the central and western regions, indicating that the cross-regional resource
flow brought about by the highway is more prevalent. In terms of traffic density, the
highway density in the eastern region inhibits the GTFP of the province and its neighboring
provinces, while the effects of railway density in the central and western regions are
significantly negative. Although the highway density in the eastern provinces shows
absolute advantages, the intensive highway construction reduces the marginal rate of
return [30]. The rich resources and developed economy in the region also produce strong
competition, and too aggressive competition will have negative effects on GTFP. Because of
the low density and uneven distribution of railways in central and western China, there
are still many areas with negative externalities in railway transport.
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Table 7. Effect decomposition of regional transportation infrastructure based on the adjacency weight

matrix.
Direct Effect Indirect Effect Total Effect
Region Variabl : . .
g ariable Estimated +-Value Estimated +-Value Estimated -Value
Value Value Value
Road —0.588 *** —2.65 —0.765 * —1.55 —1.354 ** —-2.18
Eastern Rail 8.437 *** 2.69 7.864 1.2 16.301 * 1.87
region Rail service level —1.334 *** —4.45 —2.405 *** —3.99 —3.740 *** —4.47
Road service level 0.811 *** 6.49 0.676 *** 2.74 1.487 *** 4.61
Road 0.342 *** 3.99 0.623 * 4 0.965 * 5.8
Central Rail —7.727 *** —4.81 0.157 0.05 —7.57 ** —-2.07
region Rail service level —0.194 —0.82 0.269 0.78 0.075 0.22
Road service level 0.027 0.19 0.895 *** 3.58 0.922 *** 3.63
Road 0.941 *** 7.17 2.868 *** 8.49 3.810 *** 10.7
Western Rail —10.893 *** —-2.61 —28.483 *** —341 —39.376 *** —4.55
region Rail service level —0.850 *** —3.58 0.23 0.66 —0.621 ** —1.74
Road service level 0.195 0.95 1.225 *** 29 1.420 *** 2.89

Note: ***, ** and * indicate statistical significance at the level of 1%, 5%, and 10%, respectively.

4.6. Discussion

Two research hypotheses were proposed in Section 2: H1: Traffic network density
is conducive to the improvement of GTFP; and H2: The traffic service level is conducive
to the improvement of GTFP, but it may also be inhibited by negative externalities. This
paper has studied the impact of transportation infrastructure on GTFP through the spatial
econometric model, and the empirical analysis results were found to be consistent with the
research hypotheses. Consistent with previous studies, road density, rail density, and road
service level drive GTFP. However, previous research has mainly focused on the highway,
therefore largely ignoring the railway service level, in studying GTFP, which represents an
innovation of the present paper.

5. Conclusions and Implications

Based on the SBM and GML indices, we calculated the GTFP of Chinese provinces,
revealing an increasing trend year by year. This paper analyzed the spatial spillover effect
of China’s transport infrastructure on GTFP from two perspectives: the scale of transport
facilities” construction; and the level of transport services. The spatial spillover influence
of the interprovincial transportation structure was found to be significant. Road density,
railway density, and road service level were found to have positive effects on the GTFP
of the whole province and its neighboring provinces, and the total effects were 1.72, 39.56,
and 1.968, respectively. The estimated effects of road density were smaller than those of
railway density, and the spatial spillover effect of railway density was 33.16 and greater
than the direct effect of 6.40. Each unit improvement in railway service level thus reduces
the GTFP of neighboring provinces by 0.63 units. The results of the regional division
showed that the transport infrastructure has obvious regional heterogeneity. Railway
density in the central and western regions and road density in the eastern regions inhibit
GTFP in the respective regions and surrounding provinces. The direct spillover effect
and spatial spillover effect of highway service level in eastern China were found to be
significantly positive, while the spillover effect was found to exist only in central and
western China. The railway service level in the east, middle, and west has an inhibitory
effect on the GTFP of the whole province and its neighboring provinces. Among the control
variables, foreign direct investment inhibited GTFP, while government function, human
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capital, and population size significantly inhibited GTFP. Thus, only government functions
have positive spillover effects.

Based on our results, we conclude that all regions need to improve the scale and quality
of their transportation infrastructure. At present, the network density of various grades
of highways has increased overall, but the railway mileage, especially for high-speed rail
construction, needs to be extended further to obtain a higher marginal rate of return. At
the same time, we should pay more attention to the quality of transportation construction
by continuously improving the service level. In addition, timely maintenance needs to be
carried out with the continuing development of railway facilities prone to environmental
pollution. There should be increases in China’s traffic-carrying capacity, coordinated
expansion of railway transportation systems in the region, and improvements in railway
transportation capacity. All of these plans should focus on eliminating bottlenecks that
hinder GTFP in the various provinces. Second, reasonable plans should be drafted for
traffic construction in the various regions to narrow the traffic development gap. The
eastern region should not blindly pursue “extensive” traffic construction but should pay
more attention to the problem of diminishing marginal income caused by dense highway
construction. When the traffic flow is small, the resources in the region cannot be fully
utilized and, when the traffic flow is large, the pollution in the region will increase. The
central and western areas should increase the construction of railway facilities, constantly
optimize the spatial layout of railways, promote the effective allocation of resources through
the “space-time compression” characteristics of railways, and focus more on coordinating
railway construction with environmental stewardship. At the same time, all regions should
pay attention to the importance of traffic construction in the quality of economic growth
and continuously improve the scale and quality of traffic construction. Finally, to create a
good environment for sustainable development, all regions should work together to adopt
strong measures for promoting GTFP. While continuously improving the transportation
infrastructure, the government should also increase investment in environmental pollution
control. Policy makers need to formulate reasonable environmental regulation policies,
including minimizing the “paradise pollution” brought about by foreign investment. The
radiation scope of knowledge and technology spillover must be enhanced together with
the effective utilization of human resources and the rational flow and agglomeration of the
population in the region. Only in this way can China ultimately achieve the coordinated
development of resources, the environment, and the economy.
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