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ABSTRACT

The integration of economies always attracts much attention from policymakers and researchers. 
This paper introduces a novel approach to evaluate potential economic and environmental gains from 
integrating economies. Based on aggregate production technology and directional distance functions, 
the authors regard all decision-making units as a whole, allowing free resource reallocation among 
units. The level of resource misallocation is identified by a structural measure, which is obtained by the 
difference between overall potential improvement and individual technical inefficiency. Taking China 
as an empirical example, possible economic output expansions are estimated at 43.2% and 10.1% under 
convex and nonconvex production technologies, respectively; potential pollution reductions are around 
28.4% and 5.1% under convex and nonconvex production technologies, respectively. A significant 
disparity of structural inefficiencies is detected, indicating a high level of resource misallocation in 
China. Economic cooperation is vital to promote potential green gains for all provinces in China.

Keywords
Aggregate Directional Distance Function, Aggregate Production Technology, Economic Integration, Structural 
Efficiency

1. INTRODUCTION

The development of the economy has always been the focus of all countries. The economy 
plays a vital role in human society, which can improve social welfare, promote democratic 
politics, enhance military strength, and increase international influence. There is no doubt that 
the economy is crucial and significant. Unfortunately, with the acceleration of industrialization 
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and urbanization, the whole world is also under severe environmental pressure, such as global 
warming, soil degradation, and desertification.

As the largest developing country in the world, China has made great progress in its economy 
and environment after the implementation of Reform and Opening Up, with an average growth 
rate of 14.76% in green GDP in the past 14 years (Xiang, 2021). On the other hand, with the rapid 
development, China is also confronted with a common dilemma of how to maintain rapid economic 
growth and simultaneously reduce the pollution that has accompanied growth (Greaney, Li and Tu, 
2017). Air pollution (Sun and Cheng, 2021), excessive emissions of industrial wastewater, waste gas, 
and solid waste (Cheng, Dai and Ye, 2016) are serious in China, and bring great damage to society, 
for example, air pollution may cause the loss of highly-educated talent (Lai et al., 2021). To address 
those problems, the Chinese government issued a series of policies. For increasing the utilization 
rate of sustainable resources, National Renewable Energy Long-Term Planning was passed in 2007. 
Over the next few years, the Airborne Pollution Action Plan was unveiled by the central government, 
aiming to reduce the air pollution in the northern region surrounding Beijing by 25%, and 20% in 
the Yangtze River Delta. The government proposed carbon peaks and carbon neutralization in 2020, 
which planned to achieve “zero-emission” and a “balance of payments” of carbon dioxide emissions.

Improving the quality of the environment is of great importance, while the growth of the 
economy cannot be ignored. How to achieve the advance of a sustainable economy has become a new 
topic to research. Ziolo et al. (2020) studied the relationship between energy efficiency, sustainable 
economic development, and greenhouse gas emission reduction in OECD countries. For analyzing the 
determining impact of green growth on economic development, Fernandes et al. (2021) was committed 
to examining the role of sustainable technical expertise and sustainable innovation in green growth. 
Wang et al. (2021) found that green industrial innovation and product innovation can effectively 
improve the economic performance of enterprises in China. Moreover, it is found that cooperation 
and integration can promote both economic and environmental progress. In the past few decades, due 
to the cross-regional flow of production factors and resource allocation, the degree of globalization 
has been dramatically deepened. With the exchange and integration of globalization, there have been 
various economic cooperation organizations, such as the EU, NAFTA, APEC, OECD, and ASEAN. 
Economic cooperation and integration can bring a lot of benefits to the participants. The regions 
that are involved in those organizations can gain profits from technological advances (Urban et al., 
2015), economic increases (Parrenas, 1998), and environmental improvements (Yoo and Kim, 2016).

It is concluded that economic integration can be a great solution to the dilemma that China 
is facing. To investigate the economic and environmental benefits brought by the cooperation and 
integration in China, this study invents a novel model to measure the potential green gains. 341 regions 
are included in the sample. It is noted that due to the relatively small economic aggregates in Hong 
Kong and Macau, the two special administrative regions are regarded as one unit, and the whole of 
China is regarded as one unit. The economic and environmental potential under the collaboration 
among the mainland of China, Hong Kong, and Macao will be estimated. Taiwan is also taken into 
consideration, measuring whether Taiwan would benefit from the future deeper cooperation and 
integration with the mainland of China.

The rest of the paper is organized as follows. Section 2 clarifies the literature review. Section 
3 explains the model presented in the paper. Section 4 analyzes the empirical data and results. The 
final section is the conclusion and policy implications.

2. LITERATURE REVIEW

There have been a lot of studies on regional cooperation, with different methods. One of the major 
methods is a parametric method, but it is found to be less accurate than the non-parametric method. 
Alborzi et al. (2008) suggested that there are often no significant parametric distributions, and the 
non-parametric model is more adaptable for specific projects. Tran and Kodera (2013) researched 
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the differences between the two methods and found that the non-parametric method can avoid 
inconsistency problems compared to the traditional parametric model. With the widespread use of 
the non-parametric method, Wang and Zhang (2017) analyzed the influencing factors of cooperation 
in China. Formanek and Husek (2018) evaluated the importance of cross-border cooperation by 
Getis-type economic framework.

Traditionally, most studies focus on the economic benefits brought by cooperation. Bobocka 
(1994) analyzed the influence of economic potential and effectiveness by examining the participation 
of the Czech Republic, the Polish Republic, and the Hungarian Republic in the process of integration 
in Europe. Laporte (1998) researched the economic cooperation in West Africa and found that practical 
regional cooperation is an essential factor in promoting trade between developing countries. Kim 
(2002) studied the relations between regional integration and the Korean peninsula, showing that 
they would benefit from their cooperation. Ahn and Cheong (2007) discussed the need for closer 
cooperation from the perspective of finance and trade. Zhai (2018) researched the macroeconomic 
impact on China’s BRI, which could bring considerable benefits to the world economy in terms of 
welfare and trade. Similarly, Mahmood and Mostafa (2018) measured the prospect of economic 
cooperation between BRICS countries and its possible impact on economic growth and development, 
suggesting that Kazakhstan should further develop its relationship with BRICS countries to promote 
financial needs. Campos, Coricelli and Moretti (2019) estimated that without European integration, 
the per capita income of countries joining the EU would decline by about 10% in the first ten years 
after joining the EU. Cui and Song (2019) also studied the impacts of BRI on the world economy 
and international trade, implying the significant economic potential for cooperation.

With the great concern of the development of the sustainable economy, some studies also 
concentrated on the green economic gain from regional cooperation. Ivanova and Angeles (2006) 
argued regional economic integration must be complemented by creating regional frameworks for 
ecological management, and they also advised trade and environmental policy could reinforce each 
other. Zhang (2008) found that Asia’s economic progress brought unprecedented environmental results, 
suggesting that Asia should implement the right policy, which includes national, local, and regional 
cooperation to increase its environmental quality. Pjerotić (2008) regarded trade liberalization as the 
most important factor of sustainable economic growth in the regional cooperation of SEE countries. 
Lubell, Hillis and Hoffman (2011) discussed the impact of collaboration on the resilience, and 
sustainability of many different social-ecological systems. Ruggiero et al. (2015) analyzed the level 
of collaboration between EU countries and EU policies in energy, which was based on sustainable 
development; they concluded that the EU should focus on energy cooperation. Gu, Renwick and Xue 
(2018) recognized that the cooperation within the BRICS group of countries could promote green 
economic growth in Africa. Paroussos et al. (2019) researched international climate collaboration. They 
found that critical benefits of the club structure are enhanced technological diffusion and the provision 
of low-cost climate finance, which can reduce the cost of developing countries’ energy transition. Khan 
et al. (2020) discussed the positive effect of green economic growth and environmental sustainability 
in SAARC member states. Li, Gong and Choi (2021) found that trade cooperation between Korea and 
China plays an essential role in their technological progress, which has a significant promotion effect 
on China’s green total factor productivity. Kalantaripor and Najafi (2021) found regional cooperation 
can improve green production, by using the spatial panel data econometric approach.

However, there are still some problems with regional cooperation. It is challenging to coordinate 
the interests of all regions. Comprehensive cooperation is hard to implement. Liberatore (1991) 
studied that due to the characteristic of the single European Market project, the EC environmental 
policies have been weak in formulation and implementation. Iredale (1999) discussed the problems 
occurring in regional cooperation, such as the “brain waste” or “wasted skills” occurring. Narine 
(1999) criticized the attempts of ASEAN at its institutional expansion because of the lack of political, 
economic, and military resources. Ulachovic (2004) checked the advantages and disadvantages of 
the cooperation between Belarus and the EU and found Belarus is unlikely to get any resources 
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spared from the EU, which is preoccupied with itself. Dent (2007) researched the idea submitted 
by APEC and recognized there are still a lot of obstacles to realizing an FTAAP, such as the fragile 
multilateral trading system. Cressati, Pascolini and Spizzo (2010) examined the European grouping 
of territorial cooperation and discussed the transformation of one of its communities with a loose 
structure created in a very different socio-economic context. Medrano (2012) summarized the main 
findings and analytical contributions of the EU and claimed that most states and their citizens in 
European Integration are reluctant to further transfers of competencies and sovereignty which makes 
the diversity of visions on European integration matter. Peritz (2018) showed that domestic politics 
obstructed the policy enforcement on deepening economic integration and highlighted the completion 
of the single market could be an obstacle. Hjaltadóttir, Makkonen and Mitze (2020) assessed the 
differences in the regions’ engagement in inter-regional innovation cooperation, and they pointed out 
that in terms of the intensity of innovation cooperation, border regions are usually at a disadvantage 
compared with non-border areas.

Yet, there are few studies focusing on the economic cooperation between Taiwan and the mainland 
of China. Kao (1993) discussed the problems of economic relations between Taiwan and the mainland 
of China and proposed the prospects for future development. It is found that with the development of 
non-governmental contacts and exchanges, the trade between Taiwan and the mainland is expected to 
grow faster. Guo et al. (2006) illustrated the features of tourism flow, politics, economics, and trade 
between the mainland of China and Taiwan. They found the relationships between the mainland of 
China and Taiwan are unbalanced, existing some obstacles to tourism cooperation between the two 
sides, including transportation, politics, and culture. Hong and Yang (2011) opposed the agreement 
that Taiwan signed with China from a political perspective, though Taiwan could benefit from 
cooperation. Pan and Huang (2020) examined the passenger-cargo relationship and its socio-economic 
performance between Taiwan and the mainland of China direct flights. They proposed the essential 
factors affecting the direct cross-strait transportation, which are the nominal GDP and the growth 
rate of Taiwan and the mainland of China. In conclusion, a non-parametric model can be used to 
estimate the economic and environmental benefits brought by the regional cooperation. However, 
there is little research which is estimated by non-parametric methods on the potential benefit of the 
deeper integration among Hong Kong, Macau, Taiwan, and the mainland of China.

Therefore, this paper will use two non-parametric methods, Data Envelopment Analysis (DEA) 
and Free Disposal Hull (FDH), to evaluate the potential gains under the integration of economies in 
China. DEA was proposed by Charnes and Cooper (1978) and is a common model to estimate the 
efficiency of production in many dimensions. Yunos and Hawdon (1997) proposed a DEA model to 
compare the performance of Malaysia’s National Electricity Board with those of other countries in 
a similar stage of development, as well as with that of the UK. Tan and Hooy (2007) examined the 
knowledge-based development of nine countries between developed and emerging economies and 
evaluated their performances by DEA. Ding, Zheng and Kang (2017) developed a three-stage DEA 
to improve the efficiency assessment of the ocean economy. In this paper, we apply a non-parametric 
model proposed by Baležentis et al. (2020), which ensures a link between the production and the 
pollution-generating sub-technologies. There are also some studies concerning FDH. Huang and 
Wang (2002) compared the differences in economic efficiency and economies of scale in Taiwanese 
commercial banks, using both the FDH model and parametric method. Balaguer-Coll, Prior and 
Tortosa-Ausina (2007) found the outcomes of using DEA and FDH are both robust when researching 
the efficiency of local governments in Spain. Besir and Aldea (2019) built the FDH model to reveal 
the effect of extreme values on efficiency estimates.

There are three main contributions of this paper: the first contribution is that this paper will rich 
and expand the early studies, choosing the 34 regions as the sample. The research on the benefits of 
integration will be furthered greatly. Another contribution is that we use two different technologies 
to measure their efficiency: DEA and FDH, which increase the confidence of our outcomes. Lastly, 
as far as we know, this paper is the first study to analyze the economic and environmental potential 
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of reallocating resources, under the condition that Taiwan establishes closer relationships with the 
Mainland of China. Based on the assumption of economic cooperation and integration (Boussemart, 
Leleu and Shen, 2015; Shen et al., 2018), a novel model of measuring potential economic and 
environmental gains is proposed under both DEA (convex technology) and FDH (nonconvex 
technology) models.

3. METHODOLOGY

3.1 Production Technology and Distance Functions
This paper proposes a novel approach to evaluate production gains under the integration or 
disintegration of economies. Taking China as an example, each province or municipality can be 
regarded as a decision-making unit (DMU). There has been a total of 34 DMUs contained. One can 
estimate the production gains if all or a part of DMUs are participating in the economic integration.

Following Koopmans (1951), Debreu (1951), and Shephard (1953), the production technology 
of China can be modeled by the production set. As suggested by Murty et al. (2012), the national 
production set includes inputs and outputs within a by-production approach. Leleu (2009) proposed 
a framework, which mixed DEA and FDH models together. Valadkhani, Roshdi and Smyth (2016) 
have used DEA to measure the performance of CO2 among different countries. This approach requires 
two types of inputs: clean and dirty inputs, namely, both can produce desirable outputs while 
undesirable outputs can be only generated by the latter one. Furthermore, this by-production technology 
can be separated into two sub-technologies: one is the traditional technology using all inputs to 
produce the desirable outputs (T

Eco
); another is to represent the pollution-generating process, where 

the undesirable output is generated with the dirty inputs (T
Env

). This production technology (T) can 
be defined as:

T T T K L E GDP CO R K L E can produce GDP E c
Eco Env
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where T
Eco

 represents the first sub-technology to measure economic efficiency, using capital stock 
(K ), labor force (L ), and energy consumption (E ) as inputs to produce the desirable output, GDP. 
T
Env

 denotes the second sub-technology to evaluate the environmental performance, the undesirable 
output, carbon emissions (CO

2
) can be only generated by the dirty input, energy consumption (E ). 

In addition, the free disposability is generally assumed in T
Eco

 for all inputs and good outputs, while 
the costly disposability is imposed on T

Env
 for the dirty input and bad output.

Besides, some general economic assumptions are introduced into the production technology, for 
instance, variable-return-to-scale (VRS), convexity, etc. We relax the convexity assumption. Both 
convex and nonconvex production technologies are applied in the empirical analysis.

The distance function is a representation of production technology, and it measures the efficiency 
gap between the convex or nonconvex frontier and evaluated DMUs. For instance, the output-oriented 
distance function allows measuring the possible expansion of good outputs and reduction of bad 
outputs simultaneously at a given level of inputs. Following Chambers et al. (1996), we apply an 
output-oriented directional distance function:
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are the direction vectors related to inputs and outputs. We adopt an output-oriented directional distance 
function and g g g

K L E
, ,( )  is defined as 0. Instead of using the output level of the evaluated plan as 

the direction vector, g
GDP

 and g
CO2

 are defined as the aggregate values of economic and environmental 
outputs among 34 DMUs including mainland provinces, Hong Kong, Macau, and Taiwan in China. 
Under such a setting, all scores are additive, and the efficiency scores can be compared and aggregated 
across DMUs. Meanwhile, δ  and θ  are inefficiency scores, suggesting the maximum potential for 
an increase in desirable outputs and decrease in undesirable outputs, respectively. Through the above 
setting, if δ  is 1%, the DMU could increase its good outputs economically by 1% compared with the 
aggregate good output comprising all the DMUs. Similarly, if θ  is 1%, the DMU could decrease its 
bad outputs environmentally by 1%, related to the aggregate bad output including all the DMUs.

3.2 Decomposition of the Aggregate Inefficiency
Suggested by Zhu et al.(2021), assume that 34 DMUs (31 mainland provinces, Hong Kong, Macau, 
and Taiwan) of China could be considered a whole economy, and a free resource reallocation is 
allowed across all DMUs. It should be noted that, unlike Shen et al. (2018), the constructed production 
technology and directional vectors of distance functions at the aggregate level are based on the 34 
DMUS, not on the 31 provinces in the East Midwest of China. The main purpose of this setting is to 
assume that Taiwan is willing to participate in cooperation and integration with other provinces in 
China and assess the potential benefit of the above integration for Hongkong, Macao, and Taiwan in 
China. The production technology of China (T

China
) is the summation of provincial technology (T

n
):

T T N T
China n

N

n n
= =

=∑ 1
* 	 (3)

where n is the index of the province. According to Li et al. (1995) and Zhu et al. (2021), the production 
technology is equal to N multiplied by individual production technology under VRS.

Firstly, if all DMUs in China can participate in this economic integration and allow to reallocate 
resources across provinces, the overall production gain can be measured by overall inefficiency (OI). 
OI is defined by:
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OI could be disaggregated with a positive or negative value. If OI is 1%, it suggests all DMUs 
can expand their overall output level by 1% possibly. And, if OI is negative, it means that all DMUs 
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present an efficiency beyond the constructed production frontier, accompanied by a lower probability. 
Then, OI can be further decomposed into technical inefficiency (TI) and structural inefficiency (SI).

To illustrate TI and SI clearly, we introduce two DMUs A and B under convex technology with 
input (x), good output (y), and undesirable output (z) shown in Figure 1. Based on the by-production 
approach, two sub-technologies are presented within producing good output (x-y space) or bad output 
(x-z space). TI is at the individual level and measures the distance between the individual frontier (T) 
and DMUs, which explains the possible efficiency improvement through using resources effectively. 
Then, we focus on SI, which is at the aggregate and individual levels. And, SI indicates the potential 
productivity gain through DMUs collaboration and reallocation of resources. Assume A and B are on 
the production frontier, which means their TI is 0, implying their TI is 0. One can observe in Figure 
1, SI is assumed to be positive at the aggregate frontier. Even A and B serve as the benchmarks at 
the individual level (frontier T), there is still a possible improvement at the aggregate level (frontier 
2T). This structural element indicates a potential desirable output expansion (or undesirable output 
reduction) through reallocating resources.

Similarly, under nonconvex production technology, SI appears at the aggregate production frontier 
(2T) when A and B are efficient at the individual frontier (T) in Figure 2. To put it another way, 
when TI is 0 but SI is not 0, it signifies that DMUs cannot enhance resource utilization efficiency 
via individual efforts, but can become a whole through collaboration among DMUs to accomplish 
resource redistribution and thus reach the aggregate production frontier and attain complete efficiency.

Figure 1. Illustration of structural inefficiency under convex technology

Figure 2. Illustration of structural inefficiency under nonconvex technology
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SI and TI can be computed as:
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The OI is an aggregate indicator that can indicate the performance of the whole of China. TI 
presents the possible improvement of output if the evaluated DMU has not achieved optimal utilization 
of resources for itself. In this case, we can employ TI as the indicator measuring the inefficiency 
level, regardless of whether the DMU participates in the economic integration. SI could represent the 
additional production gain if the DMU engages in economic integration. If a positive SI is detected, the 
evaluated DMU would benefit from economic cooperation. Alternatively, the DMU would contribute 
to the improvement of other units if SI is negative. Thus, the value and sign of SI provide us with 
key information when exploring whether there are potential gains from DMUs collaboration. A more 
detailed explanation of the economic interpretation is shown in Table 1.

After decomposing the total OI into TI and SI, this paper attempts to distinguish between 
environmental inefficiency and economic inefficiency. Therefore, this paper further strips the sub-
frontiers of environmental and economic dimensions and performs a second decomposition. OI is 
possibly decomposed as:

n
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3.3 Measuring Directional Distance Functions
In this paper, the output-oriented directional distance functions (DDF) are applied to estimate TI 
and OI. Notable interpretations are as follows. First, distance functions can be measured by either 
parametric or nonparametric ways, and we adopt the latter approach to avoid predefining the functional 

Table 1. Economic interpretation of indicators

Indicator Economic interpretation Example

OI
Overall production gain with 
economic growth and environmental 
protection

If OI is greater than 0, it suggests a possible gain can 
be achieved by reducing TI or SI.

TI The production gain can be obtained 
by efficiently using resources

If TI is greater than 0, it suggests a potential gain can 
be achieved by well using resources.

SI The production gain can be obtained 
by reasonably allocating resources

If SI is greater than 0, it implies the evaluated DMU 
can obtain a positive production gain within the 
integration of economies; If SI is less than 0, the 
evaluated DMU would contribute to the improvement 
for other DMUs.
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form of production technology. Second, we make the assumption of variable returns to scale, by adding 
constraints on the sum of activity variables. Third, we change the convexity assumption by setting 
constraints on the activity variables. When setting the convexity assumption, we restrict the value of 
the active variable to be greater than or equal to 0. The evaluated DMU can refer to a dummy DMU 
composed of linear combinations. While relaxing the convexity assumption, we restrict the value of 
the active variables to 0 or 1. The evaluated DMUs refer only to the actual DMUs that exist in reality, 
rather than the virtual DMUs constituted.

A non-parametric estimate model with linear program (LP) is used to assess an output-oriented 
directional distance function. Following Murty et al. (2012), equal weight is assigned to the economic 

inefficiency ( 1

2
δ ) and the environmental inefficiency ( 1

2
θ ) at the individual level. Considering 

convexity and non-convexity, TI is estimated by:
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where λ  and σ  are activity variables for T1 and T2, respectively. The positive values mean the 
observed production plan serves as the benchmark for evaluated DMU.

According to Eq. 3, the summation of activity variables equals N, which indicates the assumption 
of VRS. The convex technology is illustrated by σ

k
≥ 0 , whereas the non-convex technology is 

represented by σ
k
= { }0 1, . In addition, δ  and θ  are the economic sub-technology inefficiency for 

desirable output (GDP) and the environmental sub-technology inefficiency for undesirable output 
(CO2), respectively. 

Similarly, at the aggregate level, comparable weights are attributed to economic sub-technology 
and environmental sub-technology. Thus, a comprehensive OI is obtained by:
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The core distinction between the TI and OI estimate processes is the construction of production 

technology. 
n

N

n
T
=∑ 1

 is introduced to express the aggregate concept and evaluate the OI, while T
n

 
is used to calculate the TI at the individual level. Then, SI is derived by the difference between OI 
and TI, which is presented in 3.2.

4. DATA AND RESULTS

4.1 Data
There are 34 DMUs contained in this paper, 31 mainland areas, Hong Kong, Macau, and Taiwan. It is 
noted that due to the relatively small economic aggregates in Hong Kong and Macau, the two special 
administrative regions are regarded as one unit. Our non-parametric framework includes three inputs, 
one desirable output and one undesirable. Following Shen et al. (2021), Zhao et al. (2022) and Guo 
& Liu (2022), specifically, we select capital, labor force, and energy consumption as input indicators, 
while GDP and CO2 are chosen as desirable output and undesirable output, respectively. The capital 
stock is calculated using Goldsmith’s (1951) perpetual inventory approach, with purchasing power 
parities in 2017 US dollars. The labor input indicator considering labor quality is a better measure than 
labor quantity because it can distinguish skilled labor from unskilled labor, but its data are difficult to 
obtain. Therefore, the total number of employees is chosen as the indicator of representing the labor 
force. The unit to estimate the energy consumption of each region is 10,000 tons of standard coal. 
The real GDP is measured in purchasing power parities in 2017 US dollars. And CO2 is measured 
in million tons. The data were resourced from the Penn World Table provided by the University of 
Groningen (Freenstra, Inklaar and Timmer, 2015), International Energy Agency (CO2 Emissions 
from Fuel Combustion, 2020), China Statistical Yearbook (National Bureau of Statistics of China, 
1998-2020), Hong Kong Statistical Yearbook (Electrical and Mechanical Services Department, 1998-
2020), Macau Statistical Yearbook (The Statistics and Census Service, 1998-2020), Taiwan Energy 
Statistics Annual Report (Bureau of Energy, Ministry of Economic Affairs, 1998-2020).

Table 2 shows the descriptive statistics of input and output during the 1997-2019 period. There are 
significant differences among different regions of these variables. For example, the minimum capital 
stock is -15529.6 mil.2017US$, while the maximum one is 8499614.0 mil.2017US$. Moreover, the 
most energy consumption (41390.0) is approximately 6800 times than the least (6.2). It is apparent 
that these similar patterns can be found in labor force, GDP, and CO2.

4.2. Empirical Results and Discussions
All inefficiency scores throughout 1997-2019 are presented in Table 3. First, average economic OI, 
TI, and SI in China are 43.2%, 30.1%, and 13.2% under convex technology, respectively. Second, 
average environmental OI, TI, and SI are more minor: 28.4%, 24.4%, and 4%, respectively. Thus, 

Table 2. Descriptive statistics for inputs and outputs, 1997-2019

Indicator Unit Mean Std Min Max

Capital stock mil. 2017US$ 1530920.0 1486511.0 -15529.6 8499614.0

Labor force million persons 23.7 17.2 1.3 65.2

Energy consumption 104tons/standard coal 10247.1 7976.7 6.2 41390.0

GDP mil. 2017US$ 405875.7 384460.6 4833.6 2211589.0

CO2 million tons 205.1 168.3 0.2 834.7
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Table 3. Annual average inefficiency scores of China (%,1997-2019)

Model Convex technology Nonconvex technology

Type Economic Environment Economic Environment

Province OI TI SI OI TI SI OI TI SI OI TI SI

Beijing 1.2 0.6 0.6 -0.8 0.1 -0.9 0.2 0.0 0.2 -1.5 0.0 -1.5

Tianjin 2.9 0.9 2.0 -0.6 0.5 -1.1 1.9 0.0 1.9 -1.3 0.1 -1.5

Hebei 0.5 2.3 -1.8 5.3 1.9 3.3 -0.5 0.3 -0.8 4.6 1.0 3.5

Shanxi 2.6 1.1 1.5 2.7 1.6 1.1 1.6 0.2 1.4 2.0 0.8 1.2

Inner Mongolia 2.7 1.4 1.4 2.7 2.3 0.4 1.7 0.8 0.9 2.0 1.8 0.2

Liaoning 1.1 1.8 -0.7 3.0 1.2 1.8 0.1 0.5 -0.4 2.3 0.2 2.1

Jilin 3.0 1.3 1.6 0.2 1.0 -0.8 2.0 0.6 1.4 -0.5 0.5 -1.0

Heilongjiang 2.4 1.3 1.0 0.7 0.8 0.0 1.4 0.4 1.0 0.0 0.2 -0.2

Shanghai 0.4 0.0 0.4 0.4 0.5 -0.2 -0.6 0.0 -0.6 -0.3 0.1 -0.4

Jiangsu -4.2 0.7 -4.9 4.4 1.7 2.6 -5.2 0.1 -5.2 3.6 0.9 2.8

Zhejiang -1.4 1.1 -2.6 1.8 1.0 0.9 -2.4 0.0 -2.4 1.1 0.4 0.7

Anhui 1.4 0.7 0.7 1.1 1.5 -0.3 0.4 0.2 0.2 0.4 0.7 -0.3

Fujian 1.0 0.5 0.5 -0.1 0.5 -0.6 0.0 0.0 0.0 -0.8 0.1 -0.9

Jiangxi 2.4 0.3 2.0 -0.4 0.8 -1.1 1.3 0.0 1.3 -1.1 0.4 -1.5

Shandong -2.9 2.1 -5.0 5.8 0.4 5.4 -3.9 1.8 -5.7 5.1 0.2 4.9

Henan -0.4 2.1 -2.5 3.1 1.4 1.6 -1.4 0.3 -1.7 2.4 0.2 2.1

Hubei 0.9 1.5 -0.6 1.4 0.9 0.5 -0.1 0.1 -0.2 0.7 0.5 0.2

Hunan 1.0 1.3 -0.3 0.7 0.5 0.1 0.0 0.1 -0.1 -0.1 0.1 -0.2

Guangdong -5.5 0.0 -5.5 3.4 0.4 2.9 -6.5 0.0 -6.5 2.6 0.0 2.6

Guangxi 2.5 1.0 1.5 -0.3 0.6 -0.9 1.5 0.5 1.0 -1.0 0.2 -1.2

Hainan 3.9 0.3 3.6 -1.8 0.1 -2.0 2.9 0.0 2.9 -2.5 0.0 -2.5

Chongqing 2.5 0.8 1.7 -0.5 0.4 -1.0 1.5 0.1 1.5 -1.2 0.1 -1.4

Sichuan 0.6 1.4 -0.8 1.1 0.1 1.0 -0.4 0.0 -0.4 0.4 0.0 0.4

Guizhou 3.3 0.6 2.6 0.2 0.8 -0.6 2.2 0.0 2.2 -0.5 0.3 -0.7

Yunnan 2.5 1.4 1.1 -0.2 0.5 -0.7 1.5 0.7 0.8 -0.9 0.1 -1.0

Tibet 4.2 0.0 4.2 -2.2 0.0 -2.2 3.2 0.0 3.2 -2.9 0.0 -2.9

Shaanxi 2.3 1.5 0.8 0.1 0.8 -0.7 1.3 0.6 0.8 -0.6 0.3 -0.9

Gansu 3.5 0.5 2.9 -0.7 0.5 -1.1 2.5 0.0 2.5 -1.4 0.1 -1.5

Qinghai 4.1 0.2 3.9 -1.7 0.0 -1.8 3.1 0.0 3.1 -2.4 0.0 -2.5

Ningxia 4.0 0.2 3.9 -1.0 0.6 -1.6 3.0 0.0 3.0 -1.7 0.4 -2.1

Xinjiang 3.1 1.0 2.2 0.3 0.7 -0.4 2.1 0.0 2.1 -0.5 0.3 -0.8

Hong Kong&Macau 1.0 0.0 1.0 -1.4 0.0 -1.4 0.0 0.0 0.0 -2.1 0.0 -2.1

Taiwan -3.5 0.0 -3.5 1.8 0.1 1.7 -4.5 0.0 -4.5 1.1 0.0 1.1

China 43.2 30.1 13.2 28.4 24.4 4.0 10.1 7.4 2.7 5.1 10.0 -4.9
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economic inefficiency is higher than the environmental score. Moreover, the inefficiency scores 
under nonconvex technology are less than that of the convex cases.

Under convex technology, China has great potential to improve its economic and environmental 
development, with TI exceeding SI. Thus, TI contributes the most to OI. In regions, some of the 
China-developed provinces, such as mainland regions like Shanghai and Guangdong, and other areas 
like Hong Kong, Macau, and Taiwan all have 0% of economic TI, which means they serve as the 
benchmarks for all DMUs in economic dimension. Hebei, Shandong, and Henan have the highest 
economic TI implying these regions have the most considerable possible economic improvement. 
Environmental TI in Tibet, Hong Kong, and Macau are at a null level indicating these regions have 
the best environmental performance. However, Inner Mongolia, Hebei, and Jiangsu contributed most 
of the environmental inefficiency scores in China which show these provinces are the most polluted 
and have the most enormous possible environmental improvement.

One can notice both negative and positive OI among regions, and negative OI is mainly due to 
negative SI in decomposition. As discussed in the methodology part, a positive value of SI implies 
the evaluated DMU would benefit from the economic integration. In contrast, a negative value of SI 
suggests this province has sufficient resources with a possible contribution to the improvement of 
other units. For instance, Guangdong, Shandong, and Jiangsu are with negative economic SI among 
regions, indicating that the DMUs may have over-provisioning resources.

Figure 3 shows the economic and environmental inefficiencies under both convex and nonconvex 
technologies over time in a whole with Mainland provinces, Hong Kong and Macau, and Taiwan. 
Overall, it is apparent that all of the OI, TI, and SI have increased during 1997-2019. For economic 
improvement, OI and TI generally have the same trend compared to SI, and they both had a breakpoint 
in 2004, then increased, reaching the highest point in 2016. The SI is basically between 10% and 20%. 
Those imply the whole of China still has the considerable potential to improve its technology and 
structural efficiency in the economy. It is similar to the environmental development; TI dominates 
SI; however, the improvement space for China’s environment of both TI and SI is less than that of 
the economic aspect relatively. The nonconvex technology also indicates similar information but with 
negative SI and OI, which is not found in convex technology.

Figure 3. Average inefficiency scores in China (%,1997-2019)
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Figure 4 depicts the economic and environmental inefficiencies under the convex and nonconvex 
technologies in Hong Kong and Macau during 1997-2019. For economic inefficiency, though TI is 
always 0%, the SI and OI have an increasing trend no matter using convex or nonconvex technology. 
This implies that Hong Kong and Macau have utilized their resources ideally to gain economic 
productivity. However, the SI is no more at a null level after 2004 (2008 for nonconvex technology), 
which suggests that Hong Kong and Macau would benefit from resource reallocation and economic 
integration from that period. For environmental performance, OI and SI show a decreasing trend in 
Hong Kong and Macau, suggesting that Hong Kong and Macau are super-efficient in terms of the 
environment, and this tendency becomes more prominent over time.

In Figure 5, economic SI is negative while environmental SI is positive in Taiwan. This indicates 
that resource reallocation would improve environmental evaluation instead of economic structural 
performance if Taiwan is willing to participate in economic integration and cooperation with other 
provinces in China. One should notice that economic SI in both convex and nonconvex technologies 
exhibit a similar trend: approaching zero. This suggests the advantages of the overallocation of 
resources are gradually diminishing in Taiwan. In other words, Taiwan would benefit from integrating 
with other provinces in China in the coming future. For environmental performance, OI is decreasing 
mainly due to the reduction of SI in Taiwan.

5. CONCLUSION AND POLICY IMPLICATIONS

With the deepening of reform and opening-up policy, China’s comprehensive national strength and 
international influence are consistently increasing. Moreover, there also has been great potential to 
improve its economy and environment. To calculate the economic and environmental benefits from 
economic integration and cooperation, we proposed a novel model to measure the potential gains 
between the mainland provinces, Hong Kong, Macau, and Taiwan in China, using the data of 34 
regions from 1997 to 2019.

Figure 4. Average inefficiency scores in Hong Kong and Macau (%,1997-2019)
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The results show 34 DMUs in total. OI indicates overall production gain with economic growth 
and environmental improvement, TI means the production benefit can be obtained by efficiently using 
resources, and SI implies the production gain can be obtained by reasonably allocating resources.

Under the assumption that Taiwan is willing to participate in cooperation and integration with 
other provinces in China, the economic SI of Taiwan presented in this paper shows a trend close to 
zero, suggesting that Taiwan would realize economic benefits after reallocation of resources with the 
mainland of China in the coming future. The environmental SI of Taiwan is positive, meaning that 
Taiwan could gain green benefits through resource reallocation. Meanwhile, the economic OI and SI 
of Hong Kong and Macau are positive. Thus, Hong Kong and Macao could increase their economic 
efficiency by reallocating resources. For the mainland, there is still large potential to for provinces 
use and reallocate resources reasonably.

With the rapid development of economic globalization, there have been more urgent appeals 
for better cooperation and integration of the two sides of the Strait. If Taiwan desires to establish 
a closer relationship with other provinces in China, better green gain through reallocation and 
misallocation from the mainland of China will be achieved. Therefore, we should adhere to 
the one-China principle and promote the deeper cooperation and integration of the two sides 
of the Strait, which can benefit both Taiwan and the mainland of China. Policy implications 
can be derived through these findings.

First of all, it is suggested that Taiwan has obtained green gains from the cooperation and 
integration of the mainland of China. The two sides of the Strait should continue to maintain 
high-quality economic development, and strengthen their cooperation. Taiwan and the mainland 
of China should integrate the green concept into cross-strait construction together, focusing on the 
development of clean energy. To better improve the environment of the two sides of the Strait, the 
mainland of China can share the experience of environmental governance with Taiwan. The Chinese 
government can allow Taiwan-funded enterprises to learn from the recycling economy projects of the 
mainland’s harmless disposal and recycling of urban sludge, thereby promoting Taiwan’s efficiency 
of environmental governance. Moreover, under the circumstance that environmental problems are 

Figure 5. Average inefficiency scores in Taiwan (%,1997-2019)
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prominent, the two sides of the Strait should concentrate more on the demand side, adjust factor input 
structure, and optimize their reallocation.

It can also be inferred that Taiwan will get economic benefits from the collaboration in the 
future. Therefore, the two sides of the Strait should cooperate to promote technological innovation, 
develop and utilize new energy. They need to accelerate technological progress, improve the 
renewable energy priority power generation system, use cross-regional transmission channels 
to expand the scope of renewable energy allocation, and carry out special renewable energy 
power transactions. It is of great significance for both of them to increase investment in clean 
energy research, which can not only advance their economies but also their protection of the 
environment. It is also recommended that Taiwan could share its advanced technology with the 
mainland of China. There are many high-tech industries in Taiwan, and its semiconductor industry 
has attracted worldwide attention, such as Taiwan Semiconductor Manufacturing Company, 
MediaTek, Advanced Semiconductor Engineering, United Microelectronics Corporation, and 
other semiconductor giants. With the circumstance of increasingly fierce competition in the whole 
world, the two sides of the Strait should increase engagement between each other, research and 
develop new technology, and improve the quality of the economy.

More importantly, from the perspective of political economy, it is necessary to strengthen 
political mutual trust between Taiwan and the mainland of China. The two sides of the Strait 
have maintained various mutual interactions for a long time, and the mainland of China is an 
important business partner for Taiwan. Thus, it is necessary to deepen the cooperation and 
integration between the two sides based on the original scale. The mainland of China should 
continue to strengthen trade exchanges with Taiwan, and explore the establishment of a cross-
strait economic cooperation mechanism, thereby weakening political differences. The Chinese 
government also needs to effectively implement the plan of the cross-strait economic cooperation 
framework agreement. Meanwhile, the government should promote follow-up negotiations of 
the framework agreement, and strive to make the framework agreement more beneficial to small 
and medium-sized firms and people, especially in Taiwan. Simultaneously, the mainland of 
China can also increase trade investment in Taiwan, and organize various cross-strait economic 
cooperation forms through non-governmental economic organizations on both sides of the Strait. 
The government should create more information and opportunities for cross-strait business 
cooperation, implement the same treatment for Taiwan-funded enterprises as those on the 
mainland, and respect market mechanisms. Correspondingly, Taiwanese businesspeople also need 
to play their role as an important bridge to promote cross-strait economic cooperation. Taiwanese 
businessmen have rich knowledge of cross-strait economic development, policies, and business 
opportunities compared to the other people in Taiwan. Because Taiwanese businessmen have 
great connections, and close business relationships across the Straits with their organizational 
solid, they can coordinate and facilitate cross-strait relations.

The key limitations that may give insights for future study should be emphasized. First, we are 
still unable to distinguish the workforce by proficiency or education for appropriate measurement of 
labor inputs due to the difficulty in collecting accurate data on labor quality. The labor quality can be 
considered as the labor indicator in the future paper. In addition, we used the nonparametric model 
to evaluate the OI and TI to measure the potential benefits between the mainland provinces, Hong 
Kong, Macau, and Taiwan in China. Future research can examine the possible gain after cooperation 
with parametric models, such as stochastic frontier analysis.
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1 	 China has 34 provincial-level administrative units: 23 provinces (including Taiwan), 4 municipalities 
(Beijing, Tianjin, Shanghai, Chongqing), 5 autonomous regions (Guangxi, Inner Mongolia, Tibet, Ningxia, 
Xinjiang) and 2 special administrative regions (Hong Kong, Macau).
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APPENDIX

Table 4. Abbreviation table

Abbreviation Full Name

APEC Asia-Pacific Economic Cooperation

ASEAN Association of South Asian Nations

BRI the Belt and Road Initiatives

BRICS Brazil, Russia, India, China, and South Africa.

DEA Data Envelopment Analysis

DMU Decision-making Unit

E Energy Consumption

EU The European Union

FDH Free Disposal Hull

FTAAP Free Trade Area of the Asia-Pacific

K Capital Stock

L Labor Force

LP Linear Program

NAFTA North American Free Trade Agreement

OECD Organization for Economic Co-operation and Development

OI Overall Inefficiency

OI-Eco Economic Overall Inefficiency

OI-Env Environmental Overall Inefficiency

SAARC Secretariat, South Asian Association for Regional Cooperation

SEE Southeast Europe

SI Structural Inefficiency

SI-Eco Economic Structural Inefficiency

SI-Env Environmental Structural Inefficiency

TI Technical Inefficiency

TI-Eco Economic Technical Inefficiency

TI-Env Environmental Technical Inefficiency

VRS Variable-return-to-scale


