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This paper sets up an evaluation index system for total factor energy efficiency (TFEE), and
measures the 2000-2017 TFEEs of the 11 provinces (municipalities) in the Yangtze River
Economic Belt (YREB). After analysing the regional differences in YREB TFEE, the beta
convergence model (BCM) was introduced to empirically explore the convergence of the
YREB TFEE. The results show that: The YREB provinces (municipalities) differed greatly in
TFEE. Among them, Shanghai, Zhejiang and Yunnan achieved the optimal TFEEs in the
sample period; Jiangsu, Anhui, Hubei, Hunan, Chongging, and Sichuan realized relatively
good TFEEs; Jiangxi and Guizhou did not output desirable TFEES, leaving ample room for
improvement. There were significant TFEE differences between the upstream, midstream, and
downstream of the YREB. The three regions can be ranked as downstream, midstream, and
upstream in descending order of the TFEE. The YREB TFEE exhibited significant absolute
beta convergence. The midstream TFEE had the fastest absolute convergence speed, followed
in turn by the upstream TFEE and the downstream TFEE. The addition of control variables
improved the conditional convergence speeds of YREB TFEEs. Except energy structure
(ECS), the control variables, including economic level (PGDP), foreign trade (TRD),
environmental regulation (ERS), and urbanization rate (URB), exerted major impacts on the
YREB TFEE. The impacts varied from region to region. The research results provide a good

reference for energy saving and emission reduction in the YREB.

1. INTRODUCTION

The Yangtze River Economic Belt (YREB) covers 11
provinces (municipalities) in China, namely, Shanghai,
Jiangsu, Zhejiang, Anhui, Jiangxi, Hubei, Hunan, Chonggqing,
Sichuan, Yunnan, and Guizhou. Taking up 21% of China’s
territorial area, the YREB is home to 40% of the Chinese
population.

With a vast hinterland and development space, the YREB
has developed into one of the most dynamic economic belts in
China, thanks to strategic supports of the country. Over the
years, the YREB has successfully forged industrial clusters in
the fields of steel, petrochemicals, automobiles, and
electronics. In 2019, the GDP of the YREB accounted for 46%
of the national total.

Despite the rapid development, the YREB, whether
upstream, midstream, or downstream, is faced with an
increasingly severe energy shortage. From 2000 to 2017, the
resource consumption in the YREB swelled by 3.12 times
from 550,886,600 to 1,716,790,000 tons of standard coal.
Currently, the self-sufficiency rate of primary energy is merely
52% in the YREB. The energy gap of the YREB will further
widen, as the energy demand continuous to grow.

In the meantime, the pollutant emissions of the YREB have

been rising with the continuous growth of energy consumption.

For instance, the YREB emitted 34% of China’s total SO,
emissions in 2016. Against this background, the Chinese
government has repeatedly stressed that the YREB should
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optimize its energy structure, strictly limit energy
consumption, and pursue green eco-friendly development,
turning itself into a belt of green energy industry. Under the
joint constraints of energy and environment, the YREB must
further improve energy efficiency to curb excessive energy
consumption and realize green development.

Energy shortage is a bottleneck for the economic growth
and social progress around the world. As a result, energy
efficiency has become a hot topic in the academia. The
existing studies on energy efficiency mainly focus on the five
aspects below:

(1) Definition of energy efficiency

There are two kinds of definitions of energy efficiency:
single-factor definition and total-factor definition. The former
defines energy efficiency by a single factor, such as intensity,
eco-efficiency, productivity, and technology efficiency [1, 2];
the latter defines energy efficiency by total factor, including
capital, labor, energy, etc. [3].

(2) Evaluation index system of energy efficiency

Initially, only desirable output was included in the
evaluation index system [4, 5]. Later, the undesirable output
was added to the system to make the evaluation more
reasonable. For example, Seiford and Zhu [6] and Fire et al.
[7] have incorporated undesirable output into the evaluation
index system of energy efficiency.

(3) Evaluation method of energy efficiency

At present, energy efficiency is generally evaluated by data
envelopment analysis (DEA) or stochastic frontier analysis
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(SFA). For instance, Boyd and Pang [8] and Hu and Kao [9]
measured energy efficiency by the DEA, while Miao and Jin
[10] and Lin and Long [11] evaluated energy efficiency by the
SFA.

(4) Spatial scale of energy efficiency

In terms of spatial scale, relevant scholars have evaluated
the energy efficiency of a single country [12], and compared
that between different regions [13] or between different
countries [14].

(5) Influencing factors of energy efficiency

The previous studies have shown that energy efficiency is
greatly affected by various factors, including but not limited to
industrial structure [15], technical progress [16], energy audit
[17], national industrial policy [18], and financial development
[19].

To sum up, fruitful results have been achieved on energy
efficiency, especially in terms of definition, evaluation index
system, evaluation method, spatial scale, and influencing
factors. However, there is no report on the convergence of
energy efficiency, not to mention the convergence of the total
factor energy efficiency (TFEE) in the YREB.

To make up for the gap, this paper measures the YREB
TFEE with the directional distance function (DDF) model, and
discloses its evolution features and regional differences. On
this basis, the convergence model was adopted to explore the
convergence of the YREB TFEE. The research results provide
a good reference for energy saving and emission reduction in
the YREB.

2. METHODOLOGY
2.1 DDF

In this paper, the YREB TFEE is measured by the DEA, a
flexible tool of nonparametric analysis. Proposed by Charnes
et al. [20], the DEA is widely adopted in efficiency evaluation,
because it can handle problems with multiple inputs and
outputs, without needing the production function. The
working principles of the DEA are as follows:

Suppose a production system involves multiple decision-
making units (DMUs). During the production, each DMU
needs to generate the output based on the production factors
inputted to the system. The DMUs differ in the input-output
ratio. If a DMU falls on the optimal frontier, then it is an
optimal DMU with the efficiency of 1; otherwise, the DMU is
invalid with an efficiency smaller than 1. The efficiency
measured by the DEA is a relative value, rather than an
absolute value.

Since its proposal, the DEA has been constantly updated.
The early versions of DEAs, namely, Chames-Cooper-Rhodes
(CCR) model and Banker-Chames-Cooper (BCC) model, can
work effectively on evaluation index systems of multiple
inputs and multiple outputs. However, these models can only
process desirable output indices. If an output index is
undesirable, it must be converted into a desirable index before
being imported to these models.

To solve the problem, Chambers et al. [21] improved the
above models into the DDF model. Compared with traditional
models, the DDF model can deal with problems with
undesirable output, and improve the invalid DMUs into
effective ones by reducing inputs or increasing the outputs.
The workflow of the DDF model is explained as follows:
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Let there be a production system with n DMUs, each of
which can produce d units of desirable output and « units of
undesirable output from m units of input. For simplicity, the
DMU to be evaluated is denoted as DMU, = (xo, ¥y, ¥8)
while the input, desirable output, and undesirable output are
denoted as vectors X = (x;,%p,...,X%,) ERT" | Y =
1, Yz V) ERY™ | and b = (by, by ..., by) € RY™
respectively. Then, the production possibility set (PPS) of the
production system can be expressed as: Pf(x) =
{(x,¥):x can lead to y}. On this basis, the DDF model can
be expressed as:

Dy (X, ¥,b;9,,-9,) =

1
SL;p(H:(y—i-Hyy,b—gb)E P(x,y,b)} M

Formula (1) reflects two properties of the DDF model: the
model outputs include a desirable output y and an undesirable
output b, which are closely correlated with each other; the
undesirable output is weakly disposable, that is, any reduction
of the undesirable output will cause the proportional decline of
the desirable output. Based on these properties, the optimal
solution of the DDF model can be obtained by:
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where, x, y*, b, gi¥ and —gjf*are the input, desirable output,
undesirable output, increment of desirable output, and
decrement of undesirable output, respectively; 8 s the distance
between the desirable output y* and the undesirable output 5%,

In terms of efficiency, the 6 value reflects the proportional
relationship between the increment of desirable output and
decrement of undesirable output. The greater the 6 value, the
longer the distance between desirable and undesirable outputs,
and the less efficient the DMU. In this case, there is ample
room to improve the increment of desirable output and
decrement of undesirable output. The smaller the 8 value, the
more efficient the DMU, and the smaller. In this case, there is
little room to improve the said factors. Only if §=0, the DMU
falls on the optimal frontier of the production system and has
an efficiency of 1, leaving no room to improve the said factors.

2.2 Beta convergence model (BCM)

This paper attempts to answer the following question:
whether the TFEEs of YREB provinces (municipalities)
converge with the elapse of time? This question needs to be
solved by a scientific convergence method.

The convergence method was first used to judge whether
the income gap of residents in different countries or regional
will converge. The premise of this method is the law of
diminishing marginal returns, which means the income growth
rate varies with the economic levels. In general, the income



growth rate is relatively slow in developed areas, and
relatively fast in underdeveloped areas. As time goes by, the
income gap between developed and underdeveloped areas will
gradually narrow.

The convergence method has attracted great interest from
the academia. Apart from resident income, this method has
been extensively applied in such field as economic growth,
foreign trade, and ecological environment. Currently, the most
popular convergence method is the BCM, which can be further
divided into absolute BCM and conditional BCM.

Absolute BCM is relatively simple. Without considering
external factors, the TFEEs of YREB provinces
(municipalities) will converge. According to the convergence
model designed by Barro and Sala-i-Martin [22], the absolute
BCM for the YREB TFEE can be defined as:

oTFEE,, = o, + SLn(TFEE, ;) + 14, 3)

where, gTFEE;, is the TFEE growth rate of province
(municipality) i in year ¢t ( gTFEE;; = ALn(TFEE;;) =
In(TFEE;,) — Ln(TFEE;¢_1)); Ln(TFEE;,_1) is the natural
logarithm of TFEE of province (municipality) i in year t-1; y; ¢
is an random error. If the coefficient beta of Ln(TFEE;,_;) is
negative, then the TFEE growth has an obvious trend of
convergence.

Absolute BCM focuses purely on the convergence of the
provincial (municipal) TFEEs in the YREB. In the real world,
the TFEE is affected by multiple factors. Considering these
factors, conditional BCM can solve the TFEE convergence
more realistically.

Drawing on the results of Brookes [23], Murtishaw and
Chipper [24], Herrerias et al. (2013) [25] and Gollop and
Roberts [26], this paper summarizes the factors that affect the
TFEE and cause it to converge into five control variables:
economic level (PGDP), foreign trade (TRD), energy structure
(ECS), environmental regulation (ERS), and urbanization rate
(URB). On this basis, the conditional BCM for the YREB
TFEE can be established as:

gTFEE,, =, + B L n(TFEEi'[_l) +
B,PGDP, + ,TRD,  + B,ECS; 4
+BERS;  + BURB, | + 1,

where, gTFEE;, and Ln(TFEE;,_,) are the same as in
formula (3); PGDP is the economic level; TRD is foreign trade;
ECS is energy structure; ERS is environmental regulation;
URB is urbanization rate.

Specifically, PGDP, TRD, ECS, ERS, and URB are
respectively characterized by the natural logarithm of per-
capita gross domestic product (GDP), the total volume of
import and export as a proportion of GDP, the coal
consumption as a proportion of total energy consumption, the
investment on industrial pollution control as a proportion of
gross industrial output, and the urban permanent population as
a proportion of the total population in each province
(municipality) of the YREB.

2.3 Evaluation index system

Inspired by Hu and Wang [27], the TFEE was defined as the
set of possible outputs that can be achieved based on various
inputs, including labor, capital, and energy. If the inputs are
fixed, the TFEE reflects the maximum desirable output or the
minimum undesirable output; if the outputs are fixed, the
TFEE reflects the minimum inputs. The TFEE value falls
within [0, 1]. The greater the input-output ratio, the higher the
TFEE; the smaller the ratio, the lower the TFEE.

The evaluation index system is a necessary condition for
TFEE evaluation. Referring to Li and Hu [28] and Simsek [29],
this paper sets up an evaluation index system for the YREB
TFEE, which is scientific, complete, and operable. As shown
in Table 1, the proposed evaluation index system consists of
three input indices, one desirable output index, and two
undesirable output indices.

Table 1. Evaluation index system for the YREB TFEE

Type Name

Meaning

Labor The labor input refers to the year-end number of employees in each year of each province (municipality) in the YREB.

input

The capital input refers to the actual capital stock in each year of each province (municipality) in the YREB.
The relevant data are not available in statistical yearbooks. The nominal capital stock in each year of each province

Capital
Input input
indices

(municipality) was estimated by permanent inventory method: K; = I;; + (1 — 6)K; ¢4
where, K; ¢, I;+, and & =10.96% are the capital stock, fixed capital formation, and capital depreciation rate of province
(municipality) i in year t, respectively.

In addition, the nominal capital stock was converted into actual capital stock with 2000 as the base period.
The energy input refers to the energy consumption (unit: 10,000 TCE) in each year of each province (municipality) in

Energy

the YREB.

input The energy consumption stands for the total consumption of energies like coal, coke, crude oil, diesel, gasoline, and

natural gas.

The GDP refers to the actual GDP in each year of each province (municipality) in the YREB.

GDP The relevant data in statistical yearbooks are nominal GDP. To prevent the excessively large data size induced by

inflation, the nominal GDP was deflated into actual GDP with 2002 as the base period, using the GDP index.

The COz refers to the CO2 emissions in each year of each province (municipality) in the YREB.
The relevant data are not available in statistical yearbooks. According to the IPCC 2006 Guidelines for National
Output Greenhouse Gas Inventories, the CO2 emissions were estimated by:
indices CO, = Y1 Ei X NCV; X CEF; X COF; x (44/12) where, i is the type of fossil energy; E is the total energy
consumption (unit: 10,000 TCE); NCV is the net calorific value; CEF is the carbon emissions factor; COF is the carbon

CO2

oxidation factor.

Note that i=1, 2, ..., 14, which are coal, coke, coke oven gas, blast furnace gas, converter gas, other gas, crude oil,
gasoline, kerosene, diesel, fuel oil, liquefied petroleum gas, natural gas, and liquefied natural gas, respectively.
SO2 The SOz refers to the SO2 emissions in each year of each province (municipality) in the YREB.




The three input indices are labor input, capital input, and
energy input:

(1) Labor input

Labor force is an essential input for regional economy.
Labor force shortage hinders effective use of energy, and
hampers the normal operations of enterprises. Thus, labor
input is indispensable to our evaluation index system.

(2) Capital input

Capital is another essential input for economic growth.
Without capital support, it is impossible for enterprises to
purchase equipment or pay the wages of workers. As a result,
capital is also a necessary input in our evaluation index system.

(3) Energy input

Energy is the core input of the evaluation index system for
the TFEE. To promote economic growth, energy must be
combined with other factors like capital and labor.

The desirable output refers to the good output of energy
utilization. GDP reflects the outcome of the production
activities of all units in a region. It is the best indicator of
regional economy. Therefore, GDP was selected as the
desirable output index.

The undesirable outputs refer to the bad outputs of energy
utilization, that is, the pollutants released from energy
consumption. Here, carbon dioxide (CO,) and sulfur dioxide
(SO,) are taken as the undesirable output indices. The two
gases are closely related to energy utilization.

2.4 Data sources

Considering data completeness and availability, this paper
adopts the panel data of the 11 provinces (municipalities) in
the YREB in 2000-2017. The data on GDP, per-capita GDP,
GDP index, year-end number of employees, energy
consumption, coal consumption, fixed asset formation, SO,
total volume of import and export, investment on industrial
pollution control, and gross industrial output were extracted
from China Statistical Yearbooks, China Energy Statistical
Yearbooks, China Statistical Yearbooks on Environment,
China Industry Statistical Yearbooks, the statistical yearbooks
published by the YREB provinces (municipalities), and the
website of the National Bureau of Statistics of China.

3. RESULTS
3.1 Evaluation of the YREB TFEE

Th established evaluation index system for the TFEE and
input and output data were imported into maxDEA to measure
the TFEEs of the 11 YREB provinces (municipalities) in 2000-
2017. The results are recorded in Table 2.

As shown in Table 2, there are significant differences
between the YREB provinces (municipalities) in TFEE. Based
on the TFEE values, the 11 provinces (municipalities) were
divided into three levels.

The first level contains two provinces (Zhejiang and
Yunnan) and one municipality (Shanghai), whose TFEEs
remained at 1 throughout the sample period. The TFEEs of the
three provinces (municipalities) were optimized for the
following reasons: Shanghai and Zhejiang are located in the
economically developed eastern region of China. The
enterprises have advanced production technology, and can
make effective use of energy. Besides, the two regions have
attached importance to the green transform of economy, and
continuously optimized the industrial structure, thereby
enhancing the ability of enterprises to save energy and reduce
emissions. The high TFEEs of Yunnan come from the special
industrial structure: the agriculture is highly developed, and
the industrial landscape is dominated by light industry. That is
why Yunnan consumes relatively few energies and emit a
limited amount of pollutants.

The second level contains six provinces whose TFEEs fell
between 0.9 and 1, including Jiangsu, Anhui, Hubei, Hunan,
Chonggqing, and Sichuan. In some years, the TFEEs of these
provinces were not optimal, leaving a room for improvement.
The possible reasons are as follows: Despite developed
economy and advanced production technology, Jiangsu has an
industrial system dominated by heavy industry, resulting in
high energy consumption and heavy pollutant emissions. In
recent years, Anhui, Hubei, Hunan, Chongqing, and Sichuan
have achieved relatively fast economic growth in China.
Albeit creating economic wealth, the booming economy
pushes up the energy demand. Unfortunately, these provinces
have not improved the production technology of enterprises,
failing to effectively promote the ability to save energy and
reduce emissions.

Table 2. The TFEEs of YREB provinces (municipalities) in 2000-2017

Year Shanghai Jiangsu Zhejiang Anhui Jiangxi Hubei Hunan Chongqing Sichuan Guizhou Yunnan
2000 1.0000 1.0000 1.0000 0.7531  0.9209 0.8356  1.0000 0.7067 0.7370 0.4235 1.0000
2001 1.0000 1.0000 1.0000 1.0000  0.8786 0.9347  1.0000 0.7919 0.8497 0.4255 1.0000
2002 1.0000 1.0000 1.0000 1.0000  0.7475 0.9733  1.0000 0.9147 0.8891 0.4203 1.0000
2003 1.0000 1.0000 1.0000 1.0000  0.7322  0.9738  1.0000 0.9163 0.8733 0.4324 1.0000
2004 1.0000 1.0000 1.0000 1.0000  0.8009 0.9745 1.0000 0.9096 0.8767 0.4345 1.0000
2005 1.0000 0.9876 1.0000 1.0000 0.8552 1.0000 0.9257 0.9236 1.0000 0.4506 1.0000
2006 1.0000 0.9867 1.0000 1.0000  0.8490 0.9981 0.9028 0.9199 1.0000 0.4457 1.0000
2007 1.0000 0.9859 1.0000 1.0000 0.8417 1.0000 0.9157 0.9303 1.0000 0.4505 1.0000
2008 1.0000 0.9914 1.0000 1.0000  0.8503 1.0000 0.9061 0.9377 1.0000 0.4446 1.0000
2009 1.0000 1.0000 1.0000 1.0000  0.8381 1.0000 0.9257 0.9519 1.0000 0.4399 1.0000
2010 1.0000 1.0000 1.0000 1.0000  0.8524 1.0000 0.9303 0.9874 1.0000 0.5182 1.0000
2011 1.0000 1.0000 1.0000 1.0000  0.8232  1.0000 0.9023 0.9975 1.0000 0.5285 1.0000
2012 1.0000 1.0000 1.0000 1.0000  0.8188 1.0000 0.9046 1.0000 1.0000 0.5238 1.0000
2013 1.0000 1.0000 1.0000 1.0000  0.7997 1.0000 0.9250 1.0000 1.0000 0.5111 1.0000
2014 1.0000 1.0000 1.0000 1.0000 0.7640  1.0000 0.9300 1.0000 1.0000 0.4945 1.0000
2015 1.0000 1.0000 1.0000 1.0000 0.7610 1.0000 0.9123 1.0000 1.0000 0.4763 1.0000
2016 1.0000 1.0000 1.0000 1.0000 0.7668 1.0000 0.9075 1.0000 1.0000 0.4646 1.0000
2017 1.0000 1.0000 1.0000 1.0000  0.7680 1.0000 0.9237 1.0000 1.0000 0.4611 1.0000
Mean 1.0000 0.9973 1.0000 0.9863 0.8149 0.9828  0.9395 0.9382 0.9570 0.4636 1.0000
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The third level contains several provinces and one
municipality whose TFEEs were below 0.9. Among them, the
mean TFEEs of Jiangxi and Guizhou were only 0.8149 and
0.4636, respectively. The TFEEs of the two provinces were
undesirable, owing to the backward economy and the
neglection of improving production technology. What is worse,
both provinces are major coal producers. Coal accounts for a
large proportion of the energy structure. Therefore, Jiangxi
and Guizhou emit more pollutants than the other regions in the
YREB.

In summary, the YREB provinces (municipalities) differed
greatly in TFEE. During the sample period, only Shanghai,
Zhejiang and Yunnan optimized their TFEEs; the other
provinces (municipalities) had room for improving the TFEE.
In particular, Jiangxi and Guizhou faced ample room for TFEE
improvement. This means the YREB provinces
(municipalities) should take different policies on energy
saving and emission reduction, in order to build the YREB into
a pioneer and role model of ecological civilization.

The regional differences of the YREB TFEE were further
analyzed by dividing the YREB into three regions: upstream,
midstream, and downstream. Figure 1 shows the trends of
overall, downstream, midstream, and upstream TFEEs in the
YREB in 2000-2017. It can be seen that the downstream TFEE
basically remained at 1 in the sample period, and only fell
slightly below 1 in 2005, 2006 and 2007. The midstream TFEE
surged up in 2000-2001, and remained stable in the following
years. The upstream TFEE slowly rose throughout the sample
period.

The three regions had significant differences in the TFEE.
Among them, the downstream TFEE averaged at 0.9991,
much higher than the overall average of 0.9163; the midstream
TFEE averaged at 0.9309, close to the overall average; the
upstream TFEE was merely 0.8397, far below the overall
average. The three regions can be ranked as downstream,
midstream, and upstream in descending order of the TFEE.
Therefore, midstream and upstream should be the focus of
energy saving and emission reduction in the YREB.
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Figure 1. Overall, downstream, midstream, and upstream
TFEEs in the YREB

3.2 Convergence analysis

3.2.1 Results analysis of absolute BCM

The absolute BCM (3) for the YREB TFEE was regressed
on Stata 12. The regression results are displayed in Table 3.
To choose between fixed-effects model and random-effects
model, the F-statistic was used to test the panel data on the
overall, downstream, midstream, and upstream of the YREB.

As shown in Table 3, the F-statistics of the overall,
midstream, and upstream of the YREB were respectively
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17.96, 4.65 and 16.86, and all passed the significance test at
1%. Thus, individual fixed effects exist in the panel data on
the overall, midstream, and upstream of the YREB. It is better
to choose fixed-effects model for these data. By contrast, the
F-statistics of the downstream was merely 0.63, and did not
pass the significance test. This means individual fixed effects
do not exist in the panel data on the downstream. Random
effects model is more suitable for the data.

Table 3. Regression results of absolute BCM

Variable Overall DownstreamMidstream Upstream
-0.5446™" -0.2335™"  -0.7432™" -0.4101"""
In(TFEEt=1) ‘15 76)  (2.54)  (:9.66)  (-6.69)
AdjR? 0.4818 0.1163 0.5968 0.4153
F-statistic 17.96™* 0.63 4,65 16.86™"
obs 198 54 72 72

Note: The bracketed data in are T-statistics; *, **, and *** are significance
levels of 10%, 5% and 1%, respectively

It can also be seen from Table 3 that the Ln(TFEEt — 1)
coefficients of the overall, downstream, midstream, and
upstream of the YREB were respectively -0.5446, -0.2335, -
0.7432, and -0.4101, and all passed the significance test at 1%.
This fully demonstrates that the YREB TFEE exhibited
significant absolute beta convergence, and that the TFEE
growth rate of a province (municipality) is negatively
correlated with the initial TFEE of that province
(municipality). With the elapse of time, the TFEE gap between
backward and advanced provinces (municipalities) gradually
narrowed, an evidence of the catch-up effect.

The absolute convergence speed can be computed by the
convergence formula of the neoclassical economic growth
model:

|pl=1-¢" (5)

where, § = — % In(1 — |B]) is the convergence speed; T 'is the

number of years in the sample period.

By formula (5), the absolute convergence speeds of the
overall, midstream, and upstream of the YREB were obtained
as 4.37%, 1.48%, 7.55% and 2.93%, respectively. Hence, there
is a difference between different regions of the YREB in the
absolute convergence speed of the TFEE: the TFEE converged
fastest in the midstream, followed in turn by the upstream and
the downstream.

3.2.2 Results analysis of conditional BCM

The conditional BCM (4) for the YREB TFEE was also
regressed on Stata 12. The regression results are displayed in
Table 4. Similarly, to choose between fixed-effects model and
random-effects model, the F-statistic was used to test the panel
data on the overall, downstream, midstream, and upstream of
the YREB.

As shown in Table 4, the F-statistics of the overall,
midstream, and upstream of the YREB were respectively
16.33, 25.69 and11.30, and all passed the significance test at
1%. Thus, fixed-effects model should be selected for the panel
data on the overall, midstream, and upstream of the YREB. On
the contrary, the F-statistics of the downstream was merely
0.07, and did not pass the significance test. This means random
effects model is more suitable for the panel data on the
downstream.



Table 4. Regression results of conditional BCM

Variable  Overall DownstreamMidstreamUpstream
-0.5594™* -0.4152"" -0.7700™" -0.4561"*"
Ln(TFPt=1) (-11.86)  (-3.88) (-9.79)  (-4.92)
0.0221"  -0.0011 0.0481"  0.0245
PGDP 158y (101)  (1.60)  (0.70)
TRD 0.0089  -0.0043"* 0.0510  0.0701
(0.49) (-2.26) (0.28) (0.82)
ECS -0.0052  -0.0029 0.0235  0.0505
(-0.15) (-0.53) (0.26) (0.74)
ERS -2.3125%  -0.5610™  -1.0427 -3.9024™
(-1.89) (-1.91) (-0.37)  (-2.06)
URB -0.2376"  0.0123 -0.5888"  -0.2414
(-1.67) (1.16) (-1.64)  (-0.63)
AdjR? 0.4994 0.3322 0.6401  0.4697
F-statistic  16.33™ 0.07 25.69%*% 11.30""
obs 198 54 72 72

Note: The bracketed data in are T-statistics; *, **, and *** are significance
levels of 10%, 5% and 1%, respectively.

As shown in Table 4, the addition of control variables
improved the AdjR? values of the overall, midstream, and
upstream of the YREB from the levels in the absolute BCM,
indicating that the conditional BCM has better explanatory
power than the absolute BCM.

Besides, the Ln(TFEEt — 1) coefficients of the overall,
downstream, midstream, and upstream of the YREB were
respectively -0.5594, -0.4152, -0.7700, and -0.4561, and all
passed the significance test at 1%. This means the YREB
TFEE also have significant conditional beta convergence.

By formula (5), the conditional convergence speeds of the
overall, midstream, and upstream of the YREB were obtained
as 44.55%, 2.98%, 8.17% and 3.38%, respectively. The results
were much higher than the absolute convergence speeds.

Except ECS, the control variables, including PGDP, TRD,
ERS, and URB, exerted certain impacts on the YREB TFEE
from different angles.

The PGDP had a significant positive impact on the TFEE
convergence in the overall and midstream of the YREB at the
level of 10%, an insignificant positive impact on that in the
upstream, and an insignificant negative impact on that in the
downstream. The results reveal that: the continuous economic
growth across the YREB promotes the upgrading and
transform of the industrial structure, laying a solid basis for
improving the ability to save energy and reduce emissions.
Besides, the regional difference in economic level is still
obvious in the YREB: the economically developed
downstream has largely completed the shift of growth model;
the economy in the midstream is picking up speed and going
through paradigm shift; the economically underdeveloped
upstream is slow in economic transition. In this context, the
PGDP exerts different impacts on the TFEE convergence in
different regions of the YREB.

The TRD had insignificant positive impacts on the TFEE
convergence in the overall, midstream, and upstream, and
significant negative impact on that in the downstream at the
level of 5%. The possible reasons are as follows: The YREB

downstream has a relatively large volume of import and export.

In particular, heavy industrial products occupy a large portion
in the export of Jiangsu and Zhejiang. The production of heavy
industry consumes lots of energies, aggravating pollutant
emissions. Unlike the downstream, the YREB midstream and
upstream mainly import and export light industrial products
and agricultural products. Both light industry and agriculture
have a small energy demand and low pollutant emissions.
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The ECS had insignificant impacts on the TFEE
convergence in the overall, downstream, midstream, and
upstream of the YREB. This is attributable to the following
facts: Although coal is still the mostly consumed energy in the
YREB, the proportion of coal in the YREB energy structure is
on the decline, as China vigorously advocates the green energy
strategy. From 2000 to 2017, that proportion dropped by 15%
from 69% to 54%.

The ERS had negative impacts on the TFEE convergence in
the overall, downstream, midstream, and upstream of the
YREB. The impacts were significant except in the midstream.
The results show that: the ERS, as a double-edged sword, fails
to force the YREB enterprises to reduce emissions, but brings
about the green paradox [30]. This also reflects that most
provincial (municipal) governments in the YREB have not
developed desirable economic measures, such as investment
on industrial pollution control and pollution charge system.
The ERS should be further strengthened. Statistics show that
the investment on industrial pollution control only took up
0.05% in the gross industrial output of the YREB in 2017.
The URB had significant negative impacts on the TFEE
convergence in the overall and midstream of the YREB at the
level of 10%, an insignificant negative impact on that in the
upstream, and an insignificant positive impact on that in the
downstream. The negative impacts on the overall, midstream,
and upstream stem from the following facts: Overall, the
urbanization rate of the YREB is growing rapidly, especially
in the midstream and upstream. The urbanization will
inevitably increase the energy demand. But the energy
utilization in the upstream and midstream is extensive.
Meanwhile, the downstream is already highly urbanized, and
makes intensive use of energy. That is why the URB slightly
improves the TFEE convergence in the downstream.

4. CONCLUSION

This paper sets up an evaluation index system for the YREB
TFEE, and measures the 2000-2017 TFEEs in 11 YREB
provinces (municipalities), using the DDF model. Moreover,
the TEFF convergence in the YREB and its subregions was
examined by the BCM. The main conclusions are as follows:

(1) The YREB provinces (municipalities) differed greatly in
TFEE. Among them, Shanghai, Zhejiang, and Yunnan
achieved the optimal TFEEs in the sample period; Jiangsu,
Anhui, Hubei, Hunan, Chongqing, and Sichuan realized
relatively good TFEEs, which could be further improved;
Jiangxi and Guizhou did not output desirable TFEEs, leaving
ample room for improvement.

(2) There were significant TFEE differences between the
upstream, midstream, and downstream. The three regions can
be ranked as downstream, midstream, and upstream in
descending order of the TFEE. Therefore, midstream, and
upstream should be the focus of energy saving and emission
reduction in the YREB.

(3) The YREB TFEE exhibited significant absolute beta
convergence. The midstream TFEE had the fastest absolute
convergence speed, followed in turn by the upstream TFEE
and the downstream TFEE. The addition of control variables
improved the conditional convergence speeds of YREB
TFEEs.

(4) Except ECS, the control variables, including PGDP,
TRD, ERS, and URB, exerted major impacts on the YREB
TFEE. The impacts varied from region to region.



Based on the above conclusions, the YREB is advised to
further improve the TFEE and narrow the regional TFEE gap
from the following aspects:

(1) Following the national strategy of high-quality
economic growth, the YREB should transform the traditional
growth model of high input, high energy, and high emissions
into a new model of low input, low energy, and low emissions.

(2) To further optimize the import and export structure, the
YREB should phase out high-energy, high-emission
production equipment, promote the green transform of
enterprise production, and encourage the development of high-
tech industries, pushing up the proportion of high-tech
products in import and export.

(3) The YREB should further implement the green energy
strategy, establish clean energy production bases, and
gradually reduce the consumption of fossil energies by
harnessing clean energies like hydropower, wind power and
bioenergy.

(4) The YREB should step up environmental regulation, and
invest more on industrial pollution control. Besides, the
pollution charge system should be established, forcing
enterprises to save energy and reduce emissions.

(5) The YREB should replace the traditional extensive
model of urban development with a new urbanization model,
which is intensive, smart, green, and low-carbon. Under the
new model, the concept of ecological civilization is fully
integrated into the entire urbanization process.
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