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From the perspective of input and output differentiation, using the SBM directional
distance function method and Luenberger productivity index, this paper calculates the
index of the green total factor productivity (GTFP) growth of 280 cities in China, from 2004
to 2016. This study also analyzes the growth sources of urban GTFP and the
decomposition situation of GTFP in four cases, as well as the factors that affect the
growth of GTFP. Finally, the following conclusions are drawn: 1) the overall growth trend of
GTFP under four different situations of elements input is basically consistent. As a whole,
the growth trend can be divided into three stages. The first rising stage of GTFP growth
was from 2004 to 2008; the next declining stage was from 2008 to 2012, and a further
rising stage occurred from 2012 to 2016. 2) From the decomposition situation of GTFP
growth, we can know that the main source of GTFP growth is in the scale efficiency (LSEC)
of GTFP. The decomposition of inefficiency levels in four cases shows that the inefficiency
of land resources is the highest among many factors. Land resource inefficiency is also the
key factor determining the output efficiency; the input inefficiency and bad-output
inefficiency between them account for about 50% of the overall inefficiency level. 3)
Among the factors that influence GTFP growth, the negative effect of urban land and
energy structure is mainly reflected in the pure technology growth (LPTP) and scale
efficiency growth (LSEC) of GTFP. In addition, investment in scientific and technological
innovation and foreign direct investment both have a significantly positive effect on GTFP
growth, as well as in improving urban population density and road area per capita.

Keywords: green total factor productivity growth, Luenberger productivity index, decomposition of GTFP growth,
influencing factors of GTFP growth, measurement and analysis

INTRODUCTION

Energy has become an important factor affecting the improvement of economic efficiency and
high-quality development of China’s economy. In fact, during the 11th Five-Year Plan period
(2005–2010), China’s energy consumption per unit GDP actually decreased by 19.3%. The actual
decline was 18.4% during the 12th Five-Year Plan period (2010–2015), and the ratio of energy
consumption per unit GDP decreased by 11.4% from 2015 to 2018, during the 13th Five-Year
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Plan period. Energy consumption has decreased more than
before, but it is still one of the important factors that cannot be
ignored in the process of high-quality economic development
(970 million tons of coal, 49.18 million tons of crude oil, and
53.3 billion cubic meters of natural gas were produced in China
in the first quarter of 2021, based on National Bureau of
Statistics data).

At the same time, the rapid development of urbanization in
China has caused urban land resources to be a core element of
economic development. By the end of 2018, the number of
Chinese cities had reached 672 (297 prefecture-level cities;
375 county-level cities). The urbanization rate of permanent
residents reached 59.58% (48.94% higher than in 1949); at the
end of 1978, there were 193 cities (101 prefecture-level cities;
92 county-level cities). During this period, specifically from 1981
to 2017, the urban built-up area in China increased from
7,438 km2 to 56,225 km2, an increase of nearly 660%, based on
data from the National Bureau of Statistics in China.

The rapid growth and high-quality development of China’s
economy have also been closely related to the process of market-
oriented reform (Cai, 2018; Liu, 2018) and the degree of market
resource allocation (Nie and Jia, 2011). However, existing
research on resource allocation focuses more on capital
elements (Chen et al., 2019; Wu and Lin, 2016; Fang, 2007)
and human capital elements (Li and Yin, 2017; Yuan and Xie,
2011; Lai and Ji, 2015), as well as on the matching degree of
capital and labor (Hsieh and Klenow, 2009). Some studies have
focused on the allocation of resources for the agricultural (Elahi
et al., 2021a; Elahi et al., 2021b), industrial sectors (Zhao et al.,
2021; Sun et al., 2021c; Pei et al., 2020), energy efficiency (Sun
et al., 2021a; Zhang et al., 2021), or socio-economic viability of
solar commercialization and electrification (Sun et al., 2021a) and
the effect of technological innovation and knowledge spillover on
energy efficiency (Sun et al., 2021b). But only a few scholars have
put energy factors into a production function model in the overall
analysis of resource allocation efficiency (Wang et al., 2010; Chen
and Chen, 2017; Watanabe and Tanaka, 2007; Sun et al., 2021c),
mostly focus on labor, capital, technology, and other factors
(Wang et al., 2006; Cai and Fu, 2017). Therefore, this paper
will mainly focus on the effect of energy and land resource factors
on the green total factor productivity (GTFP) when considering
capital, labor, energy and land factors (K/L/E/S), as well as
considering the environment factors, which is different from
traditional productivity analyses that only consider capital and
labor (K/L).

As for the measurement of GTFP, the global SBM directional
distance function is the mainstream method used to measure
productivity (Tone, 2001; Fukuyama and Weber, 2009; Yang
et al., 2019). Yang et al. (2019) measured using the Malmquist-
Luenberger index (Fare et al., 1994; Chung and Fare, 1995), based
on the non-radial slack SBM direction distance function (Tone,
2001). The index was then decomposed into an efficiency change
index (ML-EFFCH) and technology change index (ML-TECH).
Many scholars have used the Malmquist-Luenberger index
(Chung and Fare, 1995) to measure the green total factor
productivity in the United States (Fare et al., 2001), OECD
countries, Asia (Jeon & Sickles, 2004), Taiwan Province (Yu

et al., 2008), OPEC countries (Wang et al., 2008) and China
(Kaneko and Managi, 2004; Managi and Kaneko, 2006; Yang and
Shao, 2009; Chen, 2010).

Liu et al. (2016) calculated the GTFP and its decomposition
value based on the DEA-Malmquist productivity index. The
study took SO2 and COD emissions as environmental bad
output factors. Chen (2016) calculated the industrial GTFP by
using the SBM directional distance function andML index. Wang
et al. (2010) analyzed and decomposed the GTFP using the SBM
directional distance function and Luenberger productivity index.
The study found that excessive energy consumption and excessive
emissions of SO2 and COD would lead to environmental
inefficiency. Dong et al. (2012) measured the source of
industrial GTFP by using slack efficiency loss and the
Luenberger productivity index. The study found that both
labor technology progress (Li and An, 2012) and pollution
control (Wang and Sheng, 2015) can effectively improve
industrial GTFP. Kuang and Peng (2012), using the
Malmquist index combined with stochastic frontier function in
a VRS case, found that GTFP can reflect environmental efficiency
loss and resource utilization efficiency differences. Cui and Zhang
(2014) measured China’s agricultural environmental efficiency
and agricultural green total factor productivity, as well as their
changes, based on the principle of material conservation. The
results showed that environmental efficiency can reflect the
utilization efficiency and material absorption efficiency of
various factors in agricultural production.

In the process of measuring GTFP, environmental factors
must be included in the input-output production function. These
factors may accurately measure the loss of efficiency of resources.
Some scholars regard energy as an environmental resource input
(Chen and Chen, 2017; Watanabe and Tanaka, 2007; Tone, 2001;
Fukuyama and Weber, 2009; Yang and Shao, 2009). Some
scholars also divide “good output” and “bad output” in
resource output to measure the influence of environmental
factors. The measurement of bad output is usually set by three
industrial wastes, namely industrial waste gas, smoke and water
emissions (Cheng and Li, 2009; Hu et al., 2008;Wu, 2010; Kaneko
and Managi, 2004; Managi and Kaneko, 2006). Others only use
SO2 emissions (TuWatanabe and Tanaka, 2007; TuWatanabe
and Tanaka, 2008), or add COD based on the former (Managi
and Kaneko, 2006; Hu et al., 2008; Wang et al., 2010), or CO2

emissions (Yang et al., 2019).
Based on the above analysis, the main contributions of this

paper are as follows: Firstly, this paper will mainly focus on the
effect of energy and land resource factors on the green total factor
productivity (GTFP) when considering capital, labor, energy and
land factor (K/L/E/S), which is different from traditional
productivity analyses that only consider capital and labor (K/
L). Secondly, using the method of SBM directional distance
function and Luenberger productivity index from the
perspective of resource input-output differentiation, it
calculates the index of the GTFP growth of 280 cities in China
from 2004 to 2016, and analyzes the growth sources of urban
GTFP and the decomposition situation of GTFP in four cases.
Thirdly, the study also conducts an inefficiency level analysis of
input inefficiency (IEx), “good” output (IEy) and “bad” output
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inefficiency (IEb), and analyzes the factors that influence the
growth of GTFP, which is the key to high-quality economic
growth.

THEORETICAL ANALYSIS

The measurement and theoretic analysis of GTFP is mainly based
on the Solow economic growth model or its related production
function model. The traditional Solow economic growth model
mainly covers two production factors: labor (L) and capital (K).
The model’s production function is Y=F (A, K, L), which can be
further simplified to Y=F (K, AL); AL represents effective labor.
Romer (2001) further expanded the model in the book Advanced
Macroeconomics, adding natural resources and land resources to
the production function, and using the C-D production function
model as follows:

Y � KαRβTγ[A, L]1−α−β−γ，α> 0，β> 0，γ> 0，α + β + γ< 1
(1)

In the above formula, K represents capital stock, R represents
available resources, T represents available land resources, and α,
β, and γ represent corresponding capital elasticity, resource
elasticity and land elasticity, respectively. It is also assumed
that the scale effect remains unchanged. Next, A and L
represent knowledge capital and labor. However, the model
only exists in the theoretical analysis level, without any actual
measurement analysis.

In the process of studying economic growth and the allocation
of resource elements, some scholars consider adding energy
elements into the basic AK model Y=F (K, AL), in order to
study the phenomenon of total factor productivity or resource
mismatch (Pang, 2009; Wang et al., 2010; Yang et al., 2015; Chen
and Chen, 2017; Yang et al., 2019). Among them, Chen and Chen
(2017) put energy elements into the production function
framework and analyzed the total energy elements covering
time, industry and region.

The function is set as follows:

Yij � Aij(Kαi
ij L

βi
ijE

1−αi−βi
ij )∅ (2)

where i and j represent different regions and industry sectors; ∅
indicates scale effect, and Aij, Kij, Lij, Eij represent total factor
productivity, capital, labor and energy input, respectively.

In this paper, the influence of energy and land factors on the
growth of total factor productivity is considered in the model
construction. In addition, referring to Brandt’s model
construction ideas (Brandt et al., 2013), the growth and
change of GTFP in China are analyzed from the allocation
efficiency perspective of incorporating energy (E) and land
resources (S). Therefore, the theoretical analysis model of this
paper is set as follows:

Yi � Ai(Kαi
i L

βi
i E

γi
i S

1−αi−βi−γi
i )∅ (3)

In the above, i represents different urban areas, E represents
the amount of energy used, S represents the land resources used,

and α, β and γ represent the corresponding elasticity and scale
effect. Next, Yi represents the total output GDP of region i, and Y
represents the total output at the national level. The production
function at the national level (Brandt et al., 2013) is as follows:

Y � ⎛⎝∑N

i�1ωiY
1−θ
i

⎞⎠ 1
1−θ

(4)

where, ωi is the weighted weight of regional output GDP, and θ
measures the elasticity factor of output substitution between
regions. Then, the formulas of total factor productivity Ai and
A at urban level and national level are as follows:

Ai � Yi

(Kαi
i L

βi
i E

γi
i S

1−αi−βi−γi
i )∅

A � Y

(KαLβEγS1−α−β−γ)∅ � (∑N
i�1ωiY1−θ

i ) 1
1−θ

(KαLβEγS1−α−β−γ)∅

� ⎛⎝∑N

i�1ωi(kαii lβii eγii s1−αi−βi−γii )∅(1−θ)⎞⎠ 1
1−θ

(5)

Then, ki � Ki
K, li � Li

L , ei � Ei
E , si � Si

S and satisfy the following
conditions:

∑N

i�1Li � L,∑N

i�1Ki � K,∑N

i�1Ei � E,∑N

i�1Si � S (6)
As the optimal conditions for maximizing output are:

ki � li � ei � si � πi, the optimal environmental factor
productivity Ap can be obtained by combining the above
Formula (5) as follows:

Ap � ⎛⎝∑N

i�1ωi(πi)∅(1−θ)⎞⎠ 1
1−θ

(7)

Then, according to the optimal condition Si
S � Ki

K � Li
L � Ei

E � πi,
the following formula is obtained:

πi � ω
1
θ
i A

p1−θθ
i∑n

i�1ω
1
θ
i A

p1−θθ
i

(8)

Then:

Ap � ⎛⎝∑N

i�1ω
1
θ
i A

p1−θθ
i

⎞⎠ 1
(1−θ)∅

(9)

Then, the efficiency loss d of resource allocation is obtained:

D � ln(Ap/A)orDi � ln(Ap
i /Ai) (10)

D � ln(Ap

A
) � ln

(∑N
i�1ωi(πi)∅(1−θ)) 1

1−θ

(∑N
i�1ωi(μi)∅(1−θ)) 1

1−θ

⎞⎟⎟⎟⎟⎟⎟⎟⎟⎠⎛⎜⎜⎜⎜⎜⎜⎜⎜⎝ (11)

According to the above analysis, if the energy factor E and land

factor S are ignored in Ai (Ai � Yi

(Kαi
i L

βi
i E

γi
i S

1−αi−βi−γi
i )∅ ), then the factor

productivity A−E−S
i (A−E−S

i � Yi

(Kαi
i L

1−αi
i )∅ ) can be obtained. There is
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also a big difference with the actual value Ai, and the equilibrium
condition ki � li � ei � si � πi can hardly be satisfied. The
equilibrium condition that can hardly be satisfied is core,
which may cause an error between the actual environmental
factor productivity A � (∑N

i�1ωi(μi)∅(1−θ)) 1
1−θ and the ideal

environmental productivity level Ap � (∑N
i�1ωi(πi)∅(1−θ)) 1

1−θ.
The essence of their error lies in the fact that μi and πi satisfy

different conditions.Where μi � kαii l
βi
i e

γi
i s

1−αi−βi−γi
i (realistic

conditions).Where πi � kαii l
βi
i e

γi
i s

1−αi−βi−γi
i and πi � Si

S � Ki
K � Li

L �
Ei
E (ideal conditions).

The two conditions need to be met at the same time in ideal
conditions, and the realistic conditions only need to meet the first
condition. In addition, the process of resource allocation is to
make the ratio of various resources infinitely close to the ideal
condition πi. Considering the factor resources (capital, labor,
energy and land), which have a great influence on economic
growth, the analysis results are not only able to avoid some defects
of the previous AK model (only labor and capital), but the
contribution of various factors (such as energy and land) to
economic growth in real economic development are also
analyzed. As such, the results have both theoretical and
practical significance.

RESEARCH DESIGN AND DATA
DESCRIPTION

The data of this paper come from the Statistical Database of
China Economic Network and the Idatabase of the development
research center of the State Council. In this paper, the SBM
directional distance function and Luenberger productivity
indicator are used to measure the GTFP of 280 cities in
China, from 2004 to 2016. The production input element
and the “good” output elements (for desirable outputs) and
“bad” output elements (for undesirable outputs) should also be
considered simultaneously (Wang et al., 2010; Yang et al.,
2019; Chambers et al., 1996; Caves et al., 1982; Grosskopf,
2003; Yuan and Li, 2018). The factor input in this paper covers
four production factors (capital, labor, energy, and land, or
K/L/E/S). Outputs include “good” outputs (GDP) and “bad”
outputs (three types of industrial waste), with specific
indicators as follows: 1) Capital input: capital investment in
urban fixed assets investment (unit: 10,000 yuan); 2) Labor
input: the number of employees in the city at the end of the
year (unit: 10,000 people); 3) Energy input: In the calculation

process of total factor productivity, it is necessary to consider
energy input. In this paper, the main energy consumption in
the city is summed up, and the main energy consumption
indexes are the consumption of urban liquefied petroleum gas,
natural gas and electricity. Then, according to the conversion
coefficient in Table 1, the heat data (KJ) and standard coal (kg)
data are obtained. The heat data (KJ) is used as the energy
input index, and then the standard coal (kg) input is used as an
alternative variable to test the reliability of the index; 4)
Land resources input: The urban construction land area can
better reflect the supply status of land resources elements in
market economy activities and conform to the land’s
characteristics as a factor of production. Therefore, the
investment of land resources elements is measured by urban
construction area (unit: km2); 5) Good output: Good output
(also referred to as desirable output) mainly uses industrial
added value (Tu, 2008; Yang et al., 2019) or regional GDP
(Managi and Kaneko, 2006; Wang et al., 2010). This paper
takes cities as the basic unit, so good output is measured by
urban GDP (unit: 10,000 yuan); 6) Bad output: The indicators
of bad output (also referred to as undesirable output) in this
paper are industrial waste gas SO2 (Unit: t), industrial smoke
dust (Unit: t) and industrial wastewater discharge (unit:
10,000 t). These three indicators are the main indicators
used to measure objects of bad output in the production
process (Kaneko and Managi, 2004; Managi and Kaneko,
2006; Hu et al., 2008; Cheng and Li, 2009; Wu, 2010). The
data are also relatively complete.

In this paper, every city (with a city as the basic unit) is set as a
production decision-making unit (DMU) to construct the
production practice boundary. Because different resource
elements (labor L, capital K, land S and energy E) need to be
incorporated into the production decision-making behavior, it is
necessary to construct the environmental factor input (EI),
environmental “good” output and “bad” output, including the
city K and period T, in the model setting.

In the model, it is assumed that city K uses N kinds of elements
as inputs X, X � (x1, x2, x3,/xN) ∈ R+

N, and produces M kinds
of “good” outputs Y, Y � (y1, y2, y3,/yM) ∈ R+

N, as well
as I types of “good” outputs B, B � (b1, b2, b3,/bI) ∈ R+

N.
The input and output set of city K are (xt,k, yt,k, bt,k), when
the corresponding production possibility set meets the
basic assumptions (Tone, 2001; Tone, 2002; Fare et al.,
2007; Wang et al., 2008; Fare and Grosskopf, 2010). The
DEA data envelopment method is used to set the model as
follows:

TABLE 1 | nergy conversion coefficient.

Energy Name Converted Heat Coefficient Conversion Standard Coal Coefficient

LPG 50,179 kJ/kg 1.7143 kg standard coal/kg
Natural gas 32,238–38,931 kJ/m3 1.1000–1.3300 kg standard coal/m3

Power 3600 kJ/kWh (kwh) 0.1229 kg standard coal/kwh

Note: The data come from the energy conversion coefficient table in the China Energy Statistics Yearbook 2018, The average value is calculated when converting natural gas, which is
35,584.5 kJ/m3 and 1.2150 kg standard coal/m3, of which 1 t = 1,000 kg.
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Pt(xt) � (yt, bt):
⎧⎪⎪⎪⎪⎪⎪⎪⎪⎪⎪⎪⎪⎪⎪⎪⎨⎪⎪⎪⎪⎪⎪⎪⎪⎪⎪⎪⎪⎪⎪⎪⎩

∑K

k�1z
t
ky

t
km ≥yt

�k m
, ∀m

∑K

k�1z
t
kx

t
k n ≥x

t
�kn
,∀n

∑K

k�1z
t
kb

t
k i ≥ b

t
�ki
, ∀i

∑K

k�1z
t
k � 1, ztk ≥ 0,∀k

⎫⎪⎪⎪⎪⎪⎪⎪⎪⎪⎪⎪⎪⎪⎪⎪⎬⎪⎪⎪⎪⎪⎪⎪⎪⎪⎪⎪⎪⎪⎪⎪⎭

(12)

where ztk represents the weight of each cross-sectional
observation of the model. If ∑K

k�1ztk � 1 and ztk ≥ 0 ≥ 0, this
means that the production technology is variable return on scale
(VRS). If ztk ≥ 0, this means constant return on scale (CRS). This
paper assumes VRS in the production process.

In this paper, the global SBM directional distance function
(Tone, 2002; Fukuyama and Weber, 2009; Wang et al., 2010;
Yang et al., 2019) is used; the specific method is as follows:

SGV(xt,k, yt,k, bt,k, gx, gy, gb) � maxsxsysb

1
N∑N

n�1
sxn
gxn
+ 1

M+I (∑M
m�1

sym
gym

+ ∑I
i�1

sbi
gbi
)

2
(13)

s. t.∑T
t�1
∑k
k�1

ztkx
t
k n + sxn � xt

�k n
, ∀n ; ∑T

t�1
∑k
k�1

ztky
t
km − sym � yt

�km
,∀m

s. t.∑T
t�1
∑k
k�1

ztkb
t
k i − sbi � bt�ki,∀i

s. t.∑K
k�1

ztk � 1, ztk ≥ 0,∀k; s
x
n ≥ 0,∀n; s

y
m ≥ 0,∀m; sbi ≥ 0,∀i

In the above, xt,k, yt,k, andbt,k, respectively, represent the input of
resource elements, “good” output and “bad” output of city K in T
period. Then, gx, gy, andgb, respectively, represent the direction
vectors of input reduction, “good” output increase, and “bad” output
decrease. Finally, sxn , s

y
m, and sbi , respectively, represent the slack

vectors of input, “good” output and “bad” output; that is, the
quantities of excessive input, insufficient “good” output and
excessive “bad” output. If sxn , s

y
m , sbi are all positive, this means

that the actual input sxn is greater than the boundary input, the
actual good output sym is less than the boundary output, and the
actual bad output sbi is greater than the boundary output (Wang
et al., 2010; Yang et al., 2015; Yang et al., 2019).

When the direction vector (gx, gy, gb) and the slack vector
(sxn , s

y
m , sbi ) have the same measurement unit, the standardized

slack ratio can be added up, and the objective function is to
maximize the sum maximization of the average value of input
inefficiency and output inefficiency (Fukuyama and Weber,
2009). Following the ideas of Wang et al. (2010) and Cooper
et al. (2007), this paper divides the inefficiency (IE) into three
parts (IEx, IEy, andIEb), which is a high and low index
reflecting the level of inefficiency.

The inefficiency of the input: IEx � 1
2N∑N

i�1
sxn
gx
n
.

The inefficiency of “good” output (for desirable outputs):
IEy � 1

2N∑N
i�1

sym
gym
.

The inefficiency of “bad” output (for undesirable outputs):

IEb � 1
2N∑N

i�1
sbi
gb
i
.

According to the above method, the inefficiency index of
production activities in 280 cities in China, from 2004 to

2016, is calculated in a directional distance function measure,
and the 2003 data is the base period data.

The Luenberger productivity index (Chambers et al., 1996)
and the Malmquist productivity index (Caves et al., 1982) are
applied in different disciplines. Together, they form a Malmquist
Luenberger index (ML index) (Chung and Fare, 1995) in the
process of development. A Luenberger productivity index is the
general form of the M index and ML index, and the specific
Luenberger model (Chambers et al., 1996; Wang et al., 2010) is as
follows:

GTFPt+1
t � 1

2
{[StC(xt, yt, bt: g) − StC(xt+1, yt+1, bt+1: g)]
+ [St+1C (xt, yt, bt: g) − St+1C (xt+1, yt+1, bt+1: g)] }

(14)
Then, according to the idea of Grosskopf (2003), the specific

Luenberger model is divided into four parts (Fare et al., 1994; Fare
et al., 2007; Wang et al., 2010; Yuan and Li, 2018), which are pure
efficiency change (LPEC), pure technology change (LPTP), scale
efficiency change (LSEC) and technology pure scale change
(LTPSC), as follows:

LPECt+1
t � 1

2
{[StV(xt, yt, bt: g) − St+1V (xt+1, yt+1, bt+1: g)] }

(15)
LPTPt+1

t � 1
2
{[St+1V (xt, yt, bt: g) − StV(xt, yt, bt: g)]
+ [St+1C (xt+1, yt+1, bt+1: g) − StC(xt+1, yt+1, bt+1: g)] }

(16)
LSECt+1

t � 1
2
{[StC(xt, yt, bt: g) − StV(xt, yt, bt: g)]
− [St+1C (xt+1, yt+1, bt+1: g) − StV(xt+1, yt+1, bt+1: g)] }

(17)
LTPSCt+1

t � 1
2
{[(St+1C (xt,yt,bt: g)−St+1V (xt,yt,bt: g))
− (StC(xt,yt,bt: g)− StV(xt,yt,bt: g))]+
[(St+1C (xt+1,yt+1,bt+1: g)−St+1V (xt+1,yt+1,bt+1: g))

−(StC(xt+1,yt+1,bt+1: g)−StV(xt+1,yt+1,bt+1: g))] } (18)

GTFP � LPEC + LPTP + LSEC + LTPSC (19)
In the above, if GTFP, LPEC, LPTP, LSEC and LTPSC are

greater than (or less than) 0, that indicates that productivity
increases (declines), efficiency improves (deteriorates),
technology progresses (declines), scale efficiency increases
(declines), and technology deviates from CRS.

EMPIRICAL ANALYSIS

Table 2 lists the decomposition status of inefficiency levels in four
cases (K/L; K/L/S; K/L/E, and K/L/S/E). In the input inefficiency
(IEx), the highest level of input inefficiency is 0.204 in the second
case (K/L/S), from 2004 to 2016; the IEx is lower than 0.200 in other
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cases (the IEx in the other three cases are 0.198, 0.188 and 0.198,
respectively). The results are also same when the input inefficiency is
divided into different years. This finding shows that the inefficiency
level of land resources is the highest among many factors. In
addition, the input inefficiency in the first case (K/L) is
consistent with the fourth case (K/L/S/E), but there are some
slight differences in different years.

In the “good” output inefficiency (IEy), the inefficiency level
in the second case (K/L/S) is higher than 0.200 when the land
elements are included. The overall level of the 2004–2016 period
is 0.238, while the inefficiency level in other cases is basically
lower than 0.010. The average difference between the
inefficiency levels is nearly 40 times (the difference between
0.238 and 0.006). This finding shows that the land factor is the
key factor in determining the “good” output efficiency.
Meanwhile, the level of energy factor inefficiency is in the
decline channel, and the level is low; the average level of
inefficiency is only 0.001.

In the “bad” output inefficiency (IEb), the inefficiency
levels in different situations (from 2004 to 2016) are close

to 0.240 (the four cases of inefficiency levels are 0.249, 0.23,
0.244 and 0.234, respectively). According to the data of
different years in three parts (IEx, IEy, andIEb), the
inefficiency level is neither accurate nor in line with reality
when only capital and labor factors are taken into accounts
(first case: K/L). This finding indicates that it is more realistic
to consider the elements of energy and land in the
production model.

For better analysis on the proportional relationship between
the three inefficiency levels (IEx, IEy, andIEb), Figure 1 shows
the relationship between the three inefficiency levels when the
capital, labor, land and energy elements are all included (K/L/S/
E). The columnar proportional graph of the three inefficiencies
shows that the inefficiency level of good output (IEy) is low,
accounting for only 3.16%, while input inefficiency IEx and bad
output inefficiency IEb all account for about 50% of the overall
inefficiency level. Therefore, in the process of improving
production efficiency and GTFP, the key objects to be
considered are the inefficiency of input IEx and the
inefficiency of output IEb.

TABLE 2 | Results of inefficiency level decomposition.

Efficiency Input Inefficiency IEx “Good” output Inefficiency IEy “Bad” output Inefficiency IEb

Element K/L K/L/S K/L/E K/L/S/E K/L K/L/S K/L/E K/L/S/E K/L K/L/S K//LE K/L/S/E

2004 0.237 0.232 0.223 0.226 0.118 0.243 0.002 0.015 0.241 0.243 0.237 0.234
2005 0.252 0.234 0.231 0.221 0.008 0.241 0.002 0.011 0.251 0.241 0.241 0.233
2006 0.216 0.241 0.202 0.221 0.001 0.256 0.000 0.004 0.268 0.256 0.250 0.244
2007 0.209 0.234 0.196 0.216 0.003 0.257 0.000 0.004 0.268 0.257 0.257 0.247
2008 0.205 0.222 0.205 0.216 0.004 0.257 0.001 0.003 0.280 0.257 0.260 0.247
2009 0.210 0.224 0.224 0.239 0.005 0.250 0.001 0.011 0.278 0.250 0.271 0.256
2010 0.211 0.213 0.188 0.205 0.006 0.244 0.001 0.006 0.271 0.244 0.266 0.246
2011 0.191 0.212 0.161 0.191 0.005 0.239 0.000 0.004 0.258 0.239 0.261 0.240
2012 0.178 0.197 0.167 0.189 0.010 0.225 0.001 0.007 0.235 0.225 0.234 0.227
2013 0.158 0.157 0.142 0.142 0.008 0.213 0.001 0.002 0.217 0.213 0.230 0.223
2014 0.179 0.150 0.163 0.148 0.005 0.223 0.001 0.002 0.216 0.223 0.226 0.224
2015 0.174 0.174 0.184 0.185 0.004 0.222 0.001 0.004 0.229 0.222 0.223 0.214
2016 0.157 0.162 0.154 0.169 0.003 0.220 0.001 0.003 0.222 0.220 0.217 0.207
overall 0.198 0.204 0.188 0.198 0.006 0.238 0.001 0.006 0.249 0.238 0.244 0.234

Note: The above-mentioned factor types are divided into four categories. In the first case, the factor inputs are only capital and labor elements (K/L). In the second case, the inputs are
capital, labor, and land elements (K/L/S). The inputs in the third case are capital, labor, and energy elements (K/L/E), and in the fourth case, the capital, labor, land and energy elements are
included (K/L/S/E).

FIGURE 1 | Inefficiency levels in fourth case (K/L/S/E) when the capital, labor, land and energy elements are all included.
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Figure 2 shows the growth of GTFP under four cases (K/L;
K/L/S; K/L/E; K/L/S/E). The overall growth trend of GTFP under
different situations is basically consistent, and the trend can be
divided into three stages as a whole. Specifically, the GTFP growth
rate during 2004–2008 was in a rising stage. From 2008 to 2012,
the GTFP growth rate was in a declining stage. The GTFP growth
rate in 2012–2016 was in a further rising stage. However, in
general terms regarding the positive and negative growth rate of
GTFP, the rate was positive in the 2004–2008 period, negative in
2009–2015, and positive after 2015.

From 2004 to 2008, the GTFP showed an overall growth trend
and a positive value. This was closely related to the opening up of
China’s economy and the reform of the domestic market
economy (reform and opening up in 1978; market economy
reform in the 1990s; China joined the WTO in 2001), which
accelerated the transformation and development of China’s
economic structure and improved the country’s environmental
and economic efficiency. The negative growth rate of GTFP from
2008 to 2015 shows that the “three high effects” of economic
structure were prominent (high input, high consumption and
high pollution in the production process). The inefficiency of
some enterprises with backward production capacity significantly
reduced the ecological environment efficiency in urban areas and

accelerated the process of environmental pollution and the waste of
resources. However, the negative growth trend of the growth rate
weakened and began tomove towards a positive growth trend in 2012.
This changing trend indicated that the effects of environmental
protection policies (such as eco-environmental protection, pollution
control, waste gas treatment, environmental regulation, waste recovery
systems, etc.) began to appear. Then, the production process began
to pay more attention to eco-economic concepts, such as low
carbon, environmental protection, energy saving, resource saving
technological innovation, and harmony between man and nature.

Figure 3 shows the decomposition of the overall GTFP from
2004 to 2016, under four different factor input cases. The four kinds
of decomposition results correspond to the overall productivity
growth (GTFP). The four kinds of decomposition results are
pure efficiency growth (LPEC), pure technology growth (LPTP),
scale efficiency growth (LSEC) and technology pure scale growth
(LTPSC), which occur in the process of GTFP growth. As can be
seen from Figure 3, the GTFP and its decomposition are similar in a
growing trend on the whole, but there are some differences in the
four different type cases. The GTFP growth rate is the lowest when
the land factor is included (second case: K/L/S), and therefore, the
land resource factor is the main factor limiting the overall growth
of GTFP.

FIGURE 2 | GTFP growth in four cases (K/L; K/L/S; K/L/E; K/L/S/E).

FIGURE 3 | Growth rate and decomposition results of overall GTFP in four cases (K/L; K/L/S; K/L/E; K/L/S/E).
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In the decomposition of the GTFP growth rate, only LSEC is
significantly positive. Pure efficiency growth (LPEC), pure
technology growth (LPTP) and technology scale growth
(LTPSC) are all significantly negative, indicating that the main
source of the green total factor growth rate lies in scale efficiency
(LSEC). Meanwhile, pure efficiency, pure technology and
technology scale are significantly reducing the overall level of
green environment total factor productivity. Taking the fourth
case (K/L/S/E) as an example, the scale efficiency growth (LSEC)
reaches 0.031; the absolute value is nearly three times that of the
pure efficiency growth (LPEC), the value of which is -0.010. Also,
pure technology growth (LPTP) is -0.005, and technology scale
growth (LTPSC) is -0.012.

The results in Table 3 show the growth decomposition results
of GTFP in different years. The overall decomposition results in
two cases are close, and the differences between different growth
decomposition types are small. Compared with the first case (K/
L), in the fourth case (K/L/S/E), the average value of LPEC is

about 0.001 lower than the first case (-0.009 and -0.010
respectively). The average value of LPTP is all -0.005, and the
average value of LSEC in the fourth case is 0.001 higher (0.030
and 0.031, respectively). Also, the technology scale growth
(LTPSC) is about 0.003 higher (-0.015 and -0.012,
respectively), indicating that scale effect is the main source of
GTFP growth. In addition, the technology scale (LTPSC) has the
greatest negative impact on growth, while scale efficiency (LSEC)
has the greatest positive impact. Table 4 shows the
decomposition results by using different energy accounting
methods. The results are close, similar and robust.

ANALYSIS OF THE INFLUENCING
FACTORS OF GTFP GROWTH

The above has analyzed the growth process and decomposition
situation of GTFP. Next, this study will deeply explore the core

TABLE 3 | Decomposition of GTFP growth.

Decomposition Only Capital and Labor Factors (first case: K/L) Capital, Labor, land and energy Elements (Fourth case: K/L/S/E)

LPEC LPTP LSEC LTPSC LPEC LPTP LSEC LTPSC

2004 0.007 −0.003 0.034 0.005 −0.015 −0.007 0.033 −0.001
2005 −0.035 −0.005 0.076 −0.046 −0.009 −0.008 0.023 −0.002
2006 −0.004 −0.006 0.029 −0.018 −0.007 −0.010 0.017 −0.004
2007 0.006 −0.004 0.028 −0.011 −0.003 −0.010 0.036 −0.016
2008 0.002 −0.003 0.024 −0.004 0.034 0.004 0.081 −0.051
2009 −0.001 −0.002 −0.006 0.005 −0.044 −0.005 −0.024 0.034
2010 −0.026 −0.003 0.054 −0.033 −0.016 −0.003 0.042 −0.020
2011 −0.021 −0.001 0.071 −0.061 −0.006 0.004 0.042 −0.029
2012 −0.039 −0.008 0.034 −0.039 −0.052 −0.009 0.046 −0.044
2013 0.014 −0.009 −0.035 0.005 0.003 −0.011 0.001 −0.005
2014 0.010 −0.010 0.009 −0.018 0.027 −0.007 0.019 −0.018
2015 −0.031 −0.012 0.012 −0.001 −0.022 −0.008 0.030 −0.007
2016 0.004 −0.002 0.067 0.018 −0.020 0.000 0.061 0.011
overall −0.009 −0.005 0.030 −0.015 −0.010 −0.005 0.031 −0.012

Note: The data in the table are pure efficiency change (LPEC), pure technology change (LPTP), scale efficiency change (LSEC) and technology scale change (LTPSC), respectively; also,
GTFP = LPEC + LPTP + LSEC + LTPSC.

TABLE 4 | GTFP growth and its decomposition in the fourth case (K/L/S/E).

Resolve GTFP LPEC LPTP LSEC LTPSC

Type Kj Kg Kj Kg Kj Kg Kj Kg Kj Kg

2004 0.012 0.011 −0.015 −0.015 −0.007 −0.008 0.033 0.029 −0.001 0.002
2005 0.006 0.004 −0.009 −0.009 −0.008 −0.009 0.023 0.024 −0.002 −0.003
2006 −0.007 −0.006 −0.007 −0.007 −0.010 −0.010 0.017 0.020 −0.004 −0.003
2007 0.009 0.005 −0.003 −0.004 −0.010 −0.011 0.036 0.036 −0.016 −0.017
2008 0.066 0.064 0.034 0.034 0.004 0.002 0.081 0.077 −0.051 −0.049
2009 −0.041 −0.046 −0.044 −0.046 −0.005 −0.009 −0.024 −0.024 0.034 0.032
2010 0.002 0.002 −0.016 −0.014 −0.003 −0.002 0.042 0.039 −0.020 −0.021
2011 0.006 0.004 −0.006 −0.008 0.004 0.003 0.042 0.040 −0.029 −0.032
2012 −0.066 −0.071 −0.052 −0.052 −0.009 −0.013 0.046 0.047 −0.044 −0.050
2013 −0.014 −0.015 0.003 0.004 −0.011 −0.011 0.001 −0.005 −0.005 −0.008
2014 0.017 0.017 0.027 0.029 −0.007 −0.009 0.019 0.017 −0.018 −0.025
2015 −0.009 −0.006 −0.022 −0.021 −0.008 −0.009 0.030 0.017 −0.007 0.002
2016 0.052 0.046 −0.020 −0.022 0.000 0.002 0.061 0.048 0.011 0.019
total 0.003 0.001 −0.010 −0.010 −0.005 −0.007 0.031 0.028 −0.012 −0.012

Note: KJ, in the table indicates that heat input is used in the process of energy input; kg indicates that standard coal is used in the process of energy input.
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factors that affect the growth of GTFP and will analyze the
mechanism and process related to GTFP growth. The model
of influencing factor analysis is set as follows:

GTFPit � α + β0Energy structit + β1Land structit + β2lnGRPit

+ β3lnSCIFit + β4lnFDIit + β5lnQit + β6lnwit + μt

+ πi + εit

(20)
The explained variable (GTFPit) is the growth rate of GTFP in

the fourth case (K/L/S/E), and the other explained variables are
LPEC, LPTP, LSEC and LPTSC. Here, i represents different cities,
t represents different years, μt, πi, andεit represent time effect,
regional effect and random effect, respectively. And the error
term (εit) is normally distributed with zero mean value and
constant variance (Elahi et al., 2019; Elahi et al., 2020).

Definition of variables in Function 20 are shown in Table 5.
The analysis results of influencing factors are shown inTable 6. As a
whole, the greater the proportion of the land construction area is in
an urban area, the lower the utilization efficiency of land resources is;
the corresponding growth ability of GTFP is also weakened. The
overall negative effect is significant at 1% level (the coefficient is
-0.0016). This is mainly reflected in pure technology change LPTP
(the coefficient is -0.0023) and scale efficiency change LPEC (the
coefficient is -0.0015). The overall negative effect of urban energy
consumption structure on GTFP growth is significant (the
coefficient is -0.0401), but the positive effect on pure efficiency
growth (LPEC) and technology scale growth (LTPSC) is not
significant. Negative effects are mainly reflected in pure
technology change (LPTP) and scale efficiency change (LSEC),
but the effect is not significant. This finding shows that no scale
effect exists when electricity is the core of energy consumption; the
improvement of energy efficiency is also not obvious.

In addition, a 1% growth in innovation investment of local fiscal
expenditure on scientific undertakings will promote the growth of
GTFP by 0.0190 as a whole. This is mainly due to the increase of
LPEC onGTFP (the coefficient is 0.0053). This finding indicates that
investment in scientific and technological innovation can improve
the production process and production efficiency of enterprises, and
then enhance the growth of GTFP. Foreign direct investment has a
positive effect on GTFP growth (the coefficient is 0.0023), which
shows that foreign investment can bring about a significant
improvement in production efficiency. The overall efficiency
promotion effect is also higher than that of the “pollution
paradise effect”. In addition, for a 1% growth in urban
population density and road area per unit owned by urban
settlements, the growth effects on GTFP are 0.0212 and 0.0191,
respectively.

CONLCUSIONS AND POLICY
RECOMMENDATIONS

From the perspective of resource input-output differentiation, the
growth index of green total factor productivity (GTFP) of 280
cities in China, from 2004 to 2016, is calculated by using SBM

TABLE 5 | Definition of variables in Function 20.

Variable Variable symbol Definition

The explained variable GTFP The growth of green total factor productivity
LPEC Change of pure efficiency in GTFP.
LPTP Change of pure technology in GTFP.
LSEC Change of scale efficiency in GTFP.
LPTSC Change of technology scale in GTFP.

The explained variable Energy _struct The ratio of electricity consumption to urban energy consumption (urban liquefied petroleum gas, natural gas and electricity
consumption)

Land _struct The ratio (%) of urban construction land area to urban area, used to reflect the land supply situation
The control variable lnGRP GRP: urban per capita GDP.

lnSCIF SCIF: investment in urban innovation expenditure on scientific undertakings
lnFDI FDI: foreign direct investment
lnQ Q: urban population density
lnW W: road area per owned by urban settlements

TABLE 6 | Analysis of factors influencing the growth of green total factor
productivity.

Variables (1) (2) (3) (4) (5)

GTFP LPEC LPTP LSEC LTPSC

Land-struct −0.0016*** -0.0002 −0.0023*** −0.0015* −0.0014
(−3.258) (−0.491) (−3.654) (−1.826) (−1.270)

Energy-struct −0.0401* 0.0100 −0.0088 −0.0299 0.0201
(−1.796) (0.590) (−0.311) (−0.842) (0.415)

lnscif 0.0190*** 0.0053** 0.0053 −0.0001 0.0029
(5.342) (1.979) (1.183) (-0.010) (0.376)

lnfdi 0.0023* 0.0008 −0.0009 −0.0025 −0.0007
(1.877) (0.855) (−0.571) (−1.275) (−0.268)

lnq 0.0212*** 0.0009 0.0289*** 0.0200** 0.0156
(3.901) (0.207) (4.184) (2.315) (1.321)

lnw 0.0191*** 0.0032 0.0177** 0.0131 0.0177
(2.781) (0.605) (2.031) (1.204) (1.188)

lngrp −0.0027 −0.0200*** −0.0056 0.0135 −0.0048
(−0.341) (−3.289) (−0.556) (1.064) (−0.274)

Constant −0.2853*** 0.1630** −0.1755 −0.2428 −0.1195
(-2.785) (2.097) (−1.352) (−1.493) (−0.539)

Observations 3,640 3,640 3,640 3,640 3,640
R-squared 0.041 0.004 0.008 0.003 0.001
Number of time 13 13 13 13 13

Note: According to the results of the Hausman test, this paper adopts the panel model of
bidirectional fixed panel effect; some data are processed by logarithm.
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directional distance function and the Luenberger productivity
index. This study also analyzes the growth of urban GTFP and the
decomposition situation of overall GTFP in four cases, as well as
the factors that affect GTFP growth. The following conclusions
are drawn:

1) The overall growth trend of GTFP under four different situations
is basically consistent and can be divided into three stages. The
growth rate of GTFP during the years from 2004 to 2008 was in a
rising stage. From 2008 to 2012, the GTFP growth rate was in a
declining stage, and the GTFP growth rate in the years from 2012
to 2016 was in a further rising stage. From the decomposition of
GTFP growth, the main source of growth was the scale efficiency
(LSEC) growth of GTFP.Meanwhile, there were negative growth
effects in pure efficiency change (LPEC), pure technology change
(LPTP), and technology scale change (LTPSC). (2)The columnar
proportional graph of the three inefficiencies (IEx, IEy and IEb)
shows that the inefficiency level of good output (IEy) is low;
input inefficiency (IEx) and bad output inefficiency (IEb)
between them account for about 50% of the overall
inefficiency level. The decomposition status of inefficiency
levels in four cases (K/L; K/L/S; K/L/E; K/L/S/E) shows that
the inefficiency level of land resources is the highest amongmany
factors. Land factor is also the key factor in determining good
output efficiency. The overall levels of bad output inefficiency
(IEb) in different situations are relatively close. (3) Among the
factors that influence GTFP growth, the negative effect of land
resources supply structure is mainly reflected in pure technology
growth (LPTP) and scale efficiency growth (LSEC). The negative
effect of urban energy structure is also mainly reflected in LPTP
and LSEC but is not significant. In addition, investment in
scientific and technological innovation and foreign direct
investment have a significantly positive effect on GTFP
growth, as well as in improving urban population density and
road area per capita.

According to the above analysis, the policy recommendations
of this paper are as follows:

Firstly, from the perspectives of factor input and output, the
key to improving the growth of GTFP is to reduce “inefficient
factor input” and “ineffective bad output”. The realization path of
reducing “inefficient factor input” lies in reasonably optimizing
the proportion allocation structure of production factors,
realizing the best ratio of factors and maximizing marginal
production efficiency. The way to reduce the “inefficiency of
bad output” lies in changing the production processes and
industrial structure of enterprises, adopting advanced
production technology and manufacturing processes,
eliminating backward industrial forms and manufacturing
processes, and realizing clean, harmless and environmentally-
friendly production and manufacturing, as well as in maximizing
output and minimizing environmental external effects. Secondly,
from the source and decomposition process of GTFP growth, the
growth of scale efficiency (LSEC) is the main source of GTFP
growth. Therefore, more attention should be paid to the scale
effect of market and the agglomeration effect of manufacturing in
provincial capital cities, coastal open cities, and coastal industrial

parks. Efforts should also be made to maximize the scale effect of
market economic groups and to effectively improve the quality
and environmental efficiency of economic growth. At the same
time, technical factors are also at the core of limiting GTFP
growth. A need exists to focus on the research and development
of environmentally-friendly production technology and on the
transformation and optimization of production processes.
These steps should be taken to effectively improve the
growth potential of GTFP and eco-environmental efficiency
in production and manufacturing links. Thirdly, among the
factors that influence GTFP growth, more attention should be
paid to the production efficiency and allocation efficiency of
energy and land factors. The key to high-quality economic
growth lies in improving the growth elasticity of energy
factors, reducing the energy consumption ratio per unit
GDP, and reducing the consumption of non-renewable
energy, such as fossil and coal. In addition, the proportion of
clean energy, such as hydropower, solar energy, wind energy
and nuclear energy in the total energy consumption should be
increased, so as to improve environmental economic efficiency
from the pattern of resource consumption. At the same time, the
inefficient and low-efficient use of land resources is also a factor
limiting economic growth. Therefore, rationally adjusting the
market supply ratio of land resources, and fully guaranteeing the
sustainable and efficient use of land resources is important.
These steps could effectively improve the circulation efficiency
and use efficiency of limited land resources, and avoid the idle
and inefficient allocation of land resources.

Recommendations for future study is that we need to more focus
on the policy of clean energy, the policy of low carbon city
construction, as well as the environmental governance policy, etc.
To analysis the policy effect on environmentally-friendly production
and manufacturing, pollution discharge, and eco-economic
efficiency for high quality development in the future.
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