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Abstract
Under the guidance of carbon peak and carbon neutral targets, the industrial structure transformation is vital for carbon emis-
sions reduction in China. However, there is a rebound effect of carbon emissions during the industrial structure transforma-
tion. Resource dependence and technological progress have significant impacts on industrial structure transformation and its 
carbon reduction effect. This paper explores how industrial structure transformation under resource dependence causes the 
rebound effect from a technological progress perspective. The key results indicate that (1) resource dependence distorts the 
carbon emissions reduction effect of industrial structure transformation; (2) with the development of technology, the indus-
trial structure upgrading under resource dependence could cause an increase on carbon emissions at the beginning, but the 
increase would be weakened subsequently, displaying a two-stage feature; (3) the industrial structure rationalization under 
resource dependence reduces carbon emissions at first, but the reduction would be weakened as the technology develops, 
then industrial structure’s rationalization shows an insignificant impact on carbon emissions, and finally reduces carbon 
emissions again, presenting a four-stage characteristic; (4) environmental protection technology can correct the distortion 
effect of resource dependence on the industrial structure rationalization and amplify the industrial structure rationalization’s 
reduction effects on carbon emissions; (5) with the development of energy-saving technology, industrial structure ration-
alization has a paradoxical impact on carbon emissions, the industrial structure rationalization first reduces, then increases, 
and finally reduces carbon emissions, indicating an inverted “N” relationship. Finally, policy recommendations for carbon 
emissions reduction are proposed from the perspective of industrial structure transformation and technological progress.

Keywords  Industrial structure transformation · Resources dependence · Carbon emissions · Technological progress · 
Rebound effect · Threshold regression

Introduction

Relying on extensive economic growth in the past, China has 
become the second-largest economy in the world. And China 
has also been the world’s largest emitter of CO2; the emis-
sions levels continue to increase (Ma et al. 2019; Sun et al. 
2020). Due to the excessive CO2 emissions, global warming, 
glaciers retreating, and sea levels rising, a series of natu-
ral environmental problems have emerged, posing a severe 
threat to human survival and the sustainable development 
of society and the economy (Aljerf and Choukaife 2016). 
Facing increasing pressure from the international commu-
nity, since September 2020, General Secretary Xi Jinping 
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has made seven solemn promises to the world that China will 
achieve a “Carbon peak” by 2030 and “Carbon neutral” by 
2060. Under the guidance of carbon peak and carbon neutral 
targets, reducing CO2 emissions and realizing a low-carbon 
economy become critical measures for China to cope with 
the challenges of global climate change (Wang et al. 2012; 
Xu and Lin 2016; Shi et al. 2021a, b).

Industrial structure transformation is the main path to 
reducing carbon emissions (Huang et al. 2021; Chuai and 
Feng 2019; Liu et al. 2020; Dong et al. 2021). With the 
industrial structure transformation, the proportion and 
relationship of different industrial sectors are optimized, 
improving resource utilization efficiency, and thus reduc-
ing carbon emissions (Zhang and Deng, 2010; Zhou et al. 
2013a, 2013b; Shao et al. 2016a, b; Li and Lin 2017). Trans-
formation of the industrial structure can be characterized as 
the industrial structure upgrading and industrial structure 
rationalization (Kuang and Tang 2015; Cheng et al. 2018).

Industrial structure upgrading (ISU) refers to the tran-
sition from the low-value-added, low-efficiency indus-
tries to the high-value-added, high-efficiency, and low-
consumption industries (Pipkin and Fuentes 2017; Zhu 
et al. 2019). The primary and secondary industries have 
consumed large amounts of energy and produced consid-
erable amounts of pollutants for a long time (Yu and Liu 
2020), and the tertiary industry represented by the mod-
ern service industry has high input–output performance 
with less environmental pollution and energy consump-
tion, which plays an important role in emissions reduction 
and improvement in carbon emissions efficiency (Wang 
et al. 2019b), so the proportion of the tertiary industry’s 
added value and the secondary industry’s added value 
is used to measure the upgrading of industrial structure; 
the higher the value, the higher level of industrial struc-
ture upgrading. Rationalization of the industrial structure 
(ISR) reflects the collaborative development capabilities 
of different industries and the allocation efficiency of 
production factors among different industries; the higher 
the degree of industrial structure rationalization, the 
higher the structural transformation ability, the higher the 
efficiency of resources utilization (Sun and Ye, 2012), 
with the carbon emissions efficiency improved (Zhang 
and Deng 2010; Li et al. 2015; Shao et al. 2016a, b; Li 
et al. 2017a, b; Yuan and Zhu 2018; Wang et al. 2019b). 
Following the study of Gan et al. (2011) and   Zhu et al. 
(2019), the reciprocal of the Theil index is used to meas-
ure the industrial structure rationalization in this paper.

However, there is a contradiction between industrial 
structure transformation (upgrading and rationalization) 
and carbon emissions reduction (Zhao et al. 2022). Figure 1 
shows the transformation of the industrial structure and the 
trend of CO2 emissions. From 2010 to 2017, it is evident 
that with the transformation of the industrial structure, CO2 

emissions first decreased and then increased, showing a 
rebound phenomenon. Therefore, optimizing the industrial 
structure may not always favor carbon emissions reduction. 
The rebound effect of carbon emissions in the process of 
industrial structure transformation may directly affect the 
result of CO2 emissions reduction (Li 2021).

The effect of industrial structure transformation on 
CO2 emissions has been discussed in much research. The 
factors that affect CO2 emissions have been decomposed 
in many studies, showing that the industrial structure is 
an essential factor affecting CO2 emissions (Obas and 
Anthony 2006; Wei et al. 2009; Adom et al. 2012; Guo 
et al. 2012). Subsequently, some scholars began to explore 
the relationship between industrial structure changes and 
CO2 emissions, where linear and nonlinear assumptions 
are still the focus of debate. The linear assumption states 
that the optimizing industrial structure can significantly 
reduce CO2 emissions (Chebbi and Boujelbene 2008; 
Zhang et al. 2011; Zhang et al. 2014; Li et al. 2017a, 
b). The nonlinear assumption considers phased effect 
characteristics of industrial structure transformation on 
CO2 emissions. Li et al. (2019) used a threshold model 
to analyze the relationship between CO2 and the indus-
trial structure in China, and they found that the indus-
trial structure would have different reduction effects on 
CO2 emissions in different economic development stages. 
Song et al. (2018) studied China’s provincial sample from 
2005 to 2015 and found an inverted U-shaped relation-
ship between industrial structure rationalization and 
CO2 emissions. Wei and Zhang (2020) employed a panel 
smooth transition regression (PSTR) model to investi-
gate the effects of the industrial structure upgrading on 
China’s CO2 emissions from 1997 to 2015, and there is 
a nonlinear relationship between industrial structure and 
CO2 emission. Therefore, an analysis of the impacts of 

Fig. 1   The trend of CO2 emissions and industrial structure transfor-
mation (ISU: industrial structure upgrading; ISR: industrial structure 
rationalization)
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industrial structure transformation is critical to reducing 
carbon emissions, and phase characteristics of industrial 
structure transformation on CO2 emissions should be con-
sidered (Wei 2020).

The reduction effect of industrial structure transforma-
tion on carbon emissions is largely affected by resource 
dependence (Sun and Ye 2012; Chen et al. 2019a, b; Li 
et al. 2019). Resource dependence is an important factor 
determining the initial regional industry structure; regions 
with abundant natural resources tend to give priority to 
the development of resource-based industries (Shao and 
Yang, 2014; Li et al. 2019; Wang et al. 2019b). And the 
resource-dependent industries attracted more physical and 
human capital investment, which further has a squeez-
ing effect on other industries (Gylfason and Zoega 2006), 
showing “crowding-out effects” on industries with low 
energy consumption and “lock-in effects” on industries 
with high energy consumption (Sun and Ye 2012). There-
fore, resource dependence can hinder the diversification 
of industries and affect the reduction effect of industrial 
structure transformation on carbon emission (Li et al. 
2019; Wu et al. 2021). The over-reliance on the resource 
is the source of “resource cures”1; for the regions with 
high-level resource dependence, it is very difficult to 
develop alternative low-carbon industries and change the 
industrial structure to reduce carbon emissions (Li et al. 
2019).

But some empirical findings suggest that the “resource 
curse” is not a universal law; some resource-abundant 
countries such as Australia and Norway show that 
resource-based regions can also develop in green low-
carbon ways. It is because the direction and speed of 
industrial restructuring under resource dependence are 
different in different stages of technological develop-
ment (Baldwin et al. 2005; Chang 2015). Along with 
technological development, the leading industry tends 
to gradually transform from labor- to capital-intensive, 
then technology-intensive; the demand structure and 
the supply structure are stimulated to change (Teece 
1996; Simpson, 1999; Chen and Lee 2020), which leads 
to improvement in the region’s energy efficiency and 
energy structure (Liu 2009; Sharma 2011; Li et al. 2017a, 
b), indirectly (Cheng et al. 2018), thus reducing carbon 
emission. However, some research has also proved that 
technological progress might cause more fossil energy 
to replace labor and capital investment in production 
activities (Yang et al. 2017; Sun et al. 2017; Cheng et al. 

2018), easing the reduction of industrial structure trans-
formation on carbon emissions (Sharma 2011; Liu and 
Xie, 2013). All of these indicate that the direction and 
the speed of the “structural emissions reduction” effect 
are changed under the influence of resource dependence, 
and the extent of change depends on the extent of tech-
nological progress; that is, technological progress may 
have a nonlinear threshold effect on industrial structure 
transformation’s carbon reduction effect under resource 
dependence.

The above reviews suggest that most existing research 
on carbon emission and industrial structure transforma-
tion is concentrated in two areas. One is the finding that 
industrial structure is an essential factor affecting car-
bon emissions. The other is the study of the relationship 
between industrial structure and carbon emissions, and 
the conclusions can be divided into nonlinear and linear 
relationship assumptions. Few scholars have explored the 
influencing factors of the phased changes of the industrial 
structure on carbon emissions and further explored the 
mechanism behind how industrial structure transforma-
tion caused carbon emissions to rebound in the specific 
stage.

Exploring the mechanism and causes of carbon 
emissions rebound due to industrial structure transfor-
mation helps decision-makers formulate more effec-
tive and accurate industrial structure transformation 
policies to reach China’s carbon emissions reduction 
targets. Furthermore, the industrial structure is inex-
tricably linked to resource dependence, and the degree 
of dependence affects the emissions reduction effect 
of structural transformation. Moreover, technological 
innovation may have different biasing effects on the 
industrial structure, thereby affecting the emissions 
reduction effect of the industrial structure (Shi et al. 
2021a, b). Therefore, it is necessary to identify the 
stage characteristics of the industrial structure’s effect 
on carbon emissions and analyze the impact mechanism 
of technological progress on the industrial structure’s 
carbon emissions reduction effect while considering 
the impact of resource dependence on the industrial 
structure. The contribution of this research is as fol-
lows: (1) exploring the distortion effect of resource 
dependence on the CO2 emissions reduction effect of 
industrial structure transformation; (2) analyzing how 
technological progress affects the industrial struc-
ture’s carbon emissions reduction effect under resource 
dependence; and (3) examining the paradox CO2 emis-
sions effects of the industrial structure transformation 
under resource dependence due to the heterogeneous 
technological progress (Fig. 2).

The following Sect. 2 presents the variables description 
and model specification. Section 3 provides the research 

1  The resource curse, also known as the paradox of plenty, refers to 
the paradox that countries with an abundance of natural resources 
(like fossil fuels and certain minerals), tend to have less economic 
growth, and worse development outcomes than countries with fewer 
natural resources (Auty and Warhurst, 1993).
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results. Section 4 draws research conclusions and provides 
policy recommendations.

Model construction and variable selection

Model construction

Ehrlich (1971) and Holdren (1974) proposed the IPAT 
model. This model is widely used to evaluate the impact of 
population, economy, and technology on the environment. 
Subsequently, Dietz and Rosa (1994) extended the model 
and established a stochastic STIRPAT model to account 
for the shortage that the environmental pressure changes in 
equal proportion to each influencing factor. The equation is 
expressed as follows:

where I, P, A, and T respectively represent environmental 
impact, population size, affluence, and technological pro-
gress; a, b, c, and d are the parameters to be estimated; e is 
a random perturbation term. By using natural logarithm, the 
above equation becomes as follows:

Most previous studies have improved (3) to conduct 
empirical research (Poumanivong and Kaneko 2010; 
Liddle 2013). In these empirical studies, I  is meas-
ured by CO2 emissions, denoted by CO2, P represents 
the total population, denoted by Pop, and A is meas-
ured by GDP per capita, denoted by GDPpc. About 

(1)I = aPbAcTde

(2)lnI = lna + blnP + clnA + dlnT + lne

T, Bongaarts (1992) believes that different economic 
structures can show different levels of technology; in 
previous studies, some scholars used industrial struc-
ture upgrading as an agent variable of technology T 
(Zhang et al. 2012). Industrial structure transformation 
can be expressed as industrial structure upgrading and 
industrial structure rationalization (Han et al. 2021; 
Yuan and Zhu 2018). In this paper, industrial structure 
rationalization (ISR) and industrial structure upgrading 
(ISU) are used as technology proxy variables T respec-
tively to study the carbon emissions reduction effect 
of industrial structure transformation. The benchmark 
model based on panel data can be derived as follows:

Since resource dependence (R) is an important factor that 
affects the carbon emissions reduction effect of industrial 
structure transformation, it is introduced as a cross term in the 
benchmark model:

The emissions reduction effect of industrial structure trans-
formation under resource dependence varies in the different 
stages of technological development; we use INV to express 
the level of technological development and use Hansen’s 
(1999) panel threshold model to expand models (6) and (7). 

(3)
ln CO

2it = a
0
+ a

1
ln Popit + a

2
ln GDPit + a

3
ln ISUit + eit

(4)
ln CO

2it = b
0
+ b

1
ln Popit + b

2
ln GDPit + b

3
ln ISRit + vit

(5)ln CO
2it = c

0
+ c

1
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2
ln GDPit + c

3
ln ISOit + c

4
R × ln ISOit + eit

(6)
ln CO

2it = d
0
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Fig. 2   Impact mechanism of carbon emissions reduction effect of industrial structure transformation under resource dependence
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The threshold model only estimates the intrinsic parameters of 
each group, improving the accuracy of estimation. Its specific 
model is as follows:

where I(•) is an indicator function, showing the relationship 
between the threshold variable INV and the threshold values 
r and r; when the threshold condition in parentheses is satis-
fied, the value is 1; otherwise, it is 0. Models (8) and (9) can 
respectively measure the impact of industrial structure trans-
formation in the different stages of technological develop-
ment on carbon emissions reduction effects under resource 
dependence. The above model only assumes a threshold; 
that is, the influence of variables on carbon emissions will 
be divided into two different mechanisms. However, it is 
also possible to have multiple thresholds. Assuming that the 
thresholds are r1 < r2, r1' < r2' in the case of double thresh-
olds, that is, there are three kinds of influence mechanisms, 
the model can be modified as follows:

To further explore the impact of technological develop-
ment on the industrial structure transformation’s carbon 
emissions effect, threshold models are constructed with 
energy-saving technology (ES) and environmental protec-
tion technology (EP) as threshold variables, respectively. 
The specific mechanism of carbon emissions rebound 
effect caused by industrial structure transformation under 
resource dependence is analyzed from the perspective 
of technological progress. A single threshold model is 
given here, and a multi-threshold model is similar (IS in 
the model indicates ISR or ISU, r3′ and r3′ are threshold 
values):

(7)
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Variable selection

According to the data’s availability and validity, this paper 
selected panel data covering 30 provinces in China (exclud-
ing Tibet, Hong Kong, Macao, and Taiwan) from 2004 to 
2019. All the original data came from the China Statistical 
Yearbook, China Industrial Statistical Yearbook, and the 
China Economic Information Center (CEIC) database. And 
the carbon emission data is from China Emission Accounts 
Datasets (CEADs).

Transformation of industrial structure

The upgrading of industrial structures refers to the pro-
cess in which the focus of the industrial structure gradually 
shifts from agriculture to industry and then to the service 
industry, which is reflected in the changes in the proportion 
of national income, employment, and output value among 
various industrial sectors (Aljerf 2018a, b). Previous studies 
have mostly measured the degree of industrial upgrading 
from two perspectives. Some scholars use the added value 
of the service industry as a proportion of GDP to indicate 
the upgrading of the industrial structure (Zhong et al. 2019). 
Others believe that in the information age, with the relatively 
low proportion of agriculture and stable growth rate, the 
growth rate of the service industry output value is faster than 
that of the industrial output value, which is an essential man-
ifestation of industrial structure upgrading (Gan et al. 2011; 
Han et al. 2021; Cheng et al. 2018). Therefore, this paper 
uses the proportion of the tertiary industry’s added value 
and that of the secondary industry to measure the industrial 
structure upgrading (ISU).

Rationalization of the industrial structure reflects the 
reasonable allocation of production factors among different 
industries, which can measure the structural transformation 
ability and effectively utilize resources among industries to 
a certain extent (Zhao et al. 2017). The higher the indus-
trial structure rationalization, the higher the efficiency of 
resource utilization and the fewer carbon emissions (Zhang 
and Deng 2010; Li et al. 2015; Shao et al. 2016a, b; Li et al. 
2017a, b; Yuan and Zhu 2018). Industrial structure ration-
alization is usually measured by the reciprocal of the Theil 
index (Gan et al. 2011; Zhou et al. 2013a, b; Cheng et al. 
2018):

(12)
lnCO2it = k0 + k1lnPopit + k2lnGDPit + k3lnISOit + k4lnISRit
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where Y represents the total output value, L represents the 
total number of employed people, Yi represents the out-
put value of industry i, and Li represents the number of 
employed people in industry i. When Yi/Y and Li/L are the 
same, it means that the marginal output of the labor force 
in each industrial sector is the same, which means that the 
resources in each industrial sector have been optimally allo-
cated. Currently, the industrial structure is balanced, and the 
industrial structure is the most reasonable. However, under 
normal circumstances, especially in developing countries, 
the industrial structure usually cannot reach an equilibrium; 
when 1/ISR is equal to 0, the industrial structure is the ideal 
state, and the larger the 1/ISR, the more unreasonable the 
industrial structure is. For the consistency of description, 
we use the reciprocal of the index to measure the industrial 
structure rationalization; that is, the greater the ISR value, 
the more reasonable the industrial structure.

Resource dependence

The transformation of the industrial structure is restricted 
by regional dependence on resources (Li et al. 2019; Wang 
et al. 2019b), which reflects the resource constraints in 
the choice of industrial structure in different regions and 
demonstrates the principle of comparative advantage in 
economic development. It is believed that the extractive 
industry’s investment level depends entirely on the avail-
ability of natural resources; thus, the level of investment 
in the mining industry should be used to measure resource 
dependence (Xu and Wang 2006a, b). We argue that in addi-
tion to mining, agriculture, forestry, animal husbandry, and 
fishery also need natural resources for their production. 
Therefore, we selected the total fixed-asset investment of 
agriculture, forestry, animal husbandry, and fishery and 
extractive industries as the proportion of the total fixed-
asset investment of the whole society to accurately reflect 
the degree of resource dependence in each region to the 
greatest extent as Yuan and Xie (2014).

Technological progress

According to the previous literature, the ratio between the 
internal expenditures on technological research and GDP in 
the unit is selected as the technological progress variable 
(Lutz et al. 2005; Wang et al. 2019a). To further explore 
the impact of technological progress on the carbon emis-
sions reduction effect of industrial structure transformation, 
this study divides technological progress into energy-saving 
and environmental protection technological progress (Wang 
et al. 2019b).

Environmental protection technology mainly includes 
renewable and new energy technologies and other low-
carbon technologies (He et  al. 2018). The efficacy of 

environmental protection technology refers to the technical 
level and processing efficiency of dealing with the carbon 
emissions that have been generated with the economy devel-
oping (O’Reilly 2000). In this paper, carbon emissions per 
GDP unit in each region represent the efficacy of environ-
mental protection technologies (EP) (Zhang and Li 2015; 
Wang et al. 2019b). The larger the value, the lower the 
efficacy of environmental technology; on the contrary, the 
smaller the value, the higher the efficacy of environmental 
technology.

Energy-saving technological progress can improve energy 
efficiency; that is, technological progress can bring about 
more output with the same or less energy input (Weizsäcker 
et al. 1998; Cheng et al. 2021); in this paper, energy con-
sumption per GDP is used to measure the efficacy of energy-
saving technology (ES) (Zhang and Li 2015; Wang et al. 
2019b; Yi et al. 2020). However, efficient energy technolo-
gies can enable consumers to obtain the same amount of 
energy at a lower cost; thus, consumers may consume more 
energy while reducing their financial pressure, increasing 
carbon emissions (Brookes 1992; He et al. 2018).

Results and discussion

Impact of resource dependence on the carbon 
emissions reduction effect of industrial structure 
transformation

Before conducting empirical analysis, the collinearity test 
should be performed on the panel data to ensure the models’ 
accuracy. The specific results are presented in Table 1.

Table 1 shows that the explanatory variable variance 
inflation factor (VIF) value is in the range of (0,10) and is 
much lower than 10, indicating that there is no multicollin-
earity between the variables, and the measurement model 
can be accurately constructed.

According to (4), (5), (6), (7), basic panel models 1–4 
were constructed to study the impact of industrial structure 
transformation on carbon emissions. Through the Hausman 
test, we found that the fixed effect model should be used. The 
estimated results are displayed in Table 2.

The results of models 1 and 2 show that the ration-
alization and upgrading of the industrial structure have a 

Table 1   The VIF results Variable VIF 1/VIF

lnISR 2.03 0.492
lnISU 1.52 0.658
lnGDP 1.76 0.570
lnPOP 1.10 0.913
Mean VIF 1.60
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noticeable promotion effect on carbon emissions reduction; 
population and economic development have a noticeable 
promotion effect on carbon emissions. The resource depend-
ence is introduced into models 3 and 4 as the cross-term, 
and the coefficients of cross-terms are 4.8624 (significant) 
and − 0.2604 (insignificant), respectively. Thus, resource 
dependence distorts the carbon emissions reduction effect 
of industrial structure upgrading and rationalization (Li 
et al. 2019). Under the influence of resource dependence, 
the carbon emissions reduction effect of the industrial struc-
ture upgrading is transformed into the increasing effect, and 
the carbon emissions reduction effect of industrial structure 
rationalization turned insignificant under this condition. The 
higher the dependence of resources, the higher the priority 
development of resource-based industries; human and mate-
rial capital is locked in the resource industry, which causes 
a “crowding out” effect on other industries and results in 
the “resource curse.” Thus, in areas dominated by industries 
that strongly depend on natural resources, resource depend-
ence can weaken industrial structure rationalization’s car-
bon emissions reduction effect, as well as lead to the carbon 
emissions increasing effect of industrial structure upgrading.

Impact of technological progress on the carbon 
emissions reduction effect of industrial structure 
transformation under resource dependence

The above analysis shows that resource dependence has a 
certain distorting impact on the emissions reduction effect 
of industrial structure transformation. To explore whether 
technological progress can reduce the distortion effect of 
resource dependence, this section uses the panel threshold 
model to study the impacts of technological progress on the 
carbon emissions reduction effect of industrial structure 
transformation under resource dependence.

Panel threshold regression of industrial structure 
upgrading

Before the threshold model is established, likelihood 
ratio (LR) statistics are used to test the significance of the 

threshold effect, that is, whether technological progress will 
bring heterogeneity of industrial structure effect on carbon 
emissions reduction (Li and Zhou 2021). If there is such a 
nonlinear threshold effect, the number of thresholds should 
be further determined according to whether the model has 
double or triple thresholds.

The test results of the threshold panel model for upgrad-
ing the industrial structure are shown in Table 3. When 
industrial structure upgrading is the critical variable, the 
single threshold’s p value is 0.003; thus, the null hypoth-
esis is rejected at the 5% level, and there is a single thresh-
old effect. However, there is not enough evidence to prove 
the existence of the second threshold. Therefore, we build 
a single-threshold model with technological innovation as 
the threshold variable and resource-dependent industrial 
structure advancement as the core explanatory variable. We 
further estimate the parameters in the model.

According to the results in Table 4, the single threshold 
value in the model for upgrading industrial structure under 
resource dependence is 1.1313, which means technological 

Table 2   Regression results for the basic panel model

Standard errors are shown in parentheses; *** denotes p < 0.01

Explanatory variables Model 1 Model 2 Model 3 Model 4

ln Popit 0.0265 (0.0974) 0.3104*** (0.0744) 0.2639*** (0.0747) 0.3177*** (0.0739)
ln GDPit 0.5382*** (0.0187) 0.5549*** (0.0211) 0.5382*** (0.0177) 0.5508*** (0.0216)
ln ISUit  − 0.1873*** (0.0432)  − 0.5937*** (0.0622)
ln ISRit  − 0.2510*** (0.0434)  − 0.2386*** (0.0466)
R × ln ISUit 4.8624*** (0.6095)
R × ln ISRit  − 0.2604 (0.2857)

Table 3   The threshold effect test results of industrial structure 
upgrading

(1) The critical value is based on the bootstrap method, in which the 
number of  iterations  is 1000; (2) the p values are shown in  square 
brackets, and the critical values of 1%, 5%, and 10% are shown in 
parentheses; (3) ** denotes p < 0.05

Hypothesis F statistics

H0: No threshold; H1: Single threshold 7.78*** [0.003] 
(6.9474, 4.3246, 
2.7891)

H0: Single threshold; H1: Double thresholds No convergence

Table 4   The threshold estimation result of industrial structure 
upgrading

** denotes p < 0.05

Threshold variable Values 95% confidence interval

r1 1.1313** (0.8326, 1.2593)
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innovation expenditure accounts for 1.1313% of the GDP. 
Table 5 provides the estimation results, showing that the 
upgrading of the industrial structure under resource depend-
ence has different effects on carbon emissions at different 
technological development stages. With the development of 
technology, the carbon emissions coefficient of industrial 
structure transformation under resource dependence changed 
from 4.5819 (significant) to 1.9845 (significant).

When technological innovation expenditures account for 
less than 1.1313% of the GDP, technological innovation can-
not offset the distorting effect of resource dependence on the 
carbon emissions reduction effect of the industrial struc-
ture upgrading, making the industrial structure’s upgrading 
present the increasing effect of carbon emissions; for every 
1% increase in the degree of industrial structure upgrading, 
carbon emissions increase by 4.5819%; that is, the industrial 
structure upgrading leads to increased carbon emissions. 
However, when technological innovation exceeds the thresh-
old (technological innovation expenditures account for more 
than 1.1313% of the GDP), for every 1% increase in the 
degree of industrial structure upgrading, carbon emissions 
increase by 1.9845%, and the increasing effect of industrial 
structure upgrading on carbon emissions has been weak-
ened. The technological progress offsets the distorting effect 
of resource dependence on the carbon emissions reduction 
effect brought by the industrial structure’s upgrading.

Technological progress can increase the carbon emissions 
reduction effect of industrial structure upgrading and offset 
the distortion effect of resource dependence on industrial 
structure upgrading, which verifies that technological pro-
gress can reduce the dependence of human production activ-
ities on natural resources (Liu et al. 2021). Simultaneously, 
technological progress promotes the transition of industrial 

structure from labor-intensive to capital- and technology-
intensive industrial structures. Changes in the supply struc-
ture promote upgrading the industrial structure (Dosi 1990), 
thereby enhancing the industrial structure upgrading’s car-
bon emissions reduction effects.

Panel threshold regression of industrial structure 
rationalization

The panel threshold model’s test results for the rationaliza-
tion of the industrial structure are shown in Table 6, which 
proves that the panel threshold regression model is suitable. 
The p values of the first and second thresholds are 0.000, 
respectively, indicating that there exist triple thresholds.

According to the threshold values given in Table 7, the 
technology innovation threshold values of the threshold 
model for the rationalization of the industrial structure under 
the influence of technological progress on the emissions 
reduction effect are 0.6566, 0.9569, and 1.2524. Table 8 
gives the estimation results. It can be observed that with the 
development of technology, the carbon emissions reduction 
effect of industrial structure rationalization under resource 

Table 5   The phased regression 
estimation results of the carbon 
emissions reduction effect of 
industrial structure upgrading

Standard errors are shown in parentheses; * and *** denote p < 0.1 and p < 0.01, respectively

Explanatory 
variable

Coefficient Explanatory variable Coefficient

��Popit 0.0668 (0.0900)
(

R × lnISOit

)

∙ I(INV ≤ 1.1313%) 4.5819*** (0.5942)
��Gdpit 0.5698*** (0.0195)

(

R × lnISOit

)

∙ I(INV > 1.1313%) 1.9845* (1.1263)
��ISOit  − 0.3883*** (0.0747)
��ISRit  − 0.1597*** (0.0471)

Table 6   The threshold effect 
test results of industrial 
structure rationalization

(1) The critical value is based on the bootstrap method, in which the number of iterations is 1000; (2) the p 
values are shown in square brackets, and the critical values of 1%, 5%, and 10% are shown in parentheses; 
(3) *** denotes p < 0.01

Hypothesis F statistics

H0: No threshold; H1: Single threshold 52.84*** [0.000] (6.5492, 3.7785, 2.8385)
H0: Single thresholds; H1: Double thresholds 21.16*** [0.000] (6.3582, 3.4841, 2.3977)
H0: Double thresholds; H1: Triple thresholds 17.37*** [0.000] (7.1678, 3.6544, 2.8937)

Table 7   The threshold estimation result of industrial structure ration-
alization

*** denotes p < 0.01

Threshold variable Values 95% confidence interval

r1′ 0.6566*** (0.6565, 0.6663)
r2′ 0.9569*** (0.9472, 0.9617)
r3′ 1.2524*** (1.2475, 1.3928)
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dependence changes from − 2.0056 to − 1.0965, and 0.7765 
(insignificant), then to − 0.7026.

When technological innovation is in the first stage (the 
ratio of technological innovation expenditure to GDP is less 
than 0.6566%), the effect coefficient of industrial structure 
rationalization on the carbon emissions under resource 
dependence is − 2.0056; each 1% increase of the industrial 
structure rationalization decreases carbon emissions by 
2.0056%. When the development of technology is in the sec-
ond stage (the ratio of technological innovation expenditure 
to GDP is more than 0.6566% and less than 0.9569%), the 
effect coefficient of industrial structure rationalization on the 
carbon emissions under resource dependence is − 1.0965; 
each 1% increase of the industrial structure rationalization 
decreases carbon emissions by 1.0965%. In the third stage 
(the ratio of technological innovation expenditure to GDP 
is more than 0.9569 and less than 1.2524), the effect coef-
ficient of industrial structure rationalization on the carbon 
emissions under resource dependence is insignificant. In the 
fourth stage (the ratio of technological innovation expendi-
ture to GDP is more than 1.2524), the effect coefficient of 
industrial structure rationalization on the carbon emissions 
under resource dependence is − 0.7026; each 1% increase 
of the industrial structure rationalization decreases carbon 
emissions by 0.7026%.

During the early stages of technological development, 
technological innovation can reduce the distortion effect 
caused by resource dependence, the supply and demand 
structure changes, and the industrial structure’s rationaliza-
tion is promoted (Zhou et al. 2020); the effect of industrial 
structure rationalization under resource dependence on car-
bon emissions under resource dependence shows negative. 
With the further development of technology, the reduction 
effect of industrial structure rationalization under resource 
dependence on carbon emissions weakens, and then the 
effect of industrial structure rationalization under resource 
dependence on carbon emissions shows insignificantly posi-
tive. When technology develops into the last level, the effect 
of industrial structure rationalization under resource depend-
ence shows negative again.

Technological progress can promote the rationalization 
of the industrial structure, optimize the rational allocation 

of production factors, enable the coordinated development 
of various industries, and reduce carbon emissions (Li and 
Wu 1994). Additionally, some researchers believe that tech-
nological progress may not only promote energy efficiency, 
but it can also promote economic growth, leading to a new 
demand for energy (Solow 1957; Krugman 1994; Liu et al. 
2018; Akadiri et al. 2019). Thus, technological progress may 
increase the energy demand in the process of rationalizing 
the industrial structure, and it may also lead to an increase in 
carbon emissions under the combined effect of the distortion 
effect of resource dependence.

In the first stage of technological development, techno-
logical innovation optimizes the rational allocation of pro-
duction factor, offsetting the distortion effect of resource 
dependence; the rationalization of the industrial structure 
shows a significant reduction effect on carbon emissions. 
When technological innovation develops to the second 
stage and the third stage, the economy expands to a stage 
with more significant energy needs, the carbon emission 
reduction effect of the industrial structure rationalization 
is weakened at first, and then the increasing effect of the 
industrial structure rationalization on carbon emissions 
appears, resulting in a rebound effect of carbon emissions 
(Yang et al. 2017). When technological innovation further 
develops to the fourth stage, energy efficiency improves with 
the increasing marginal productivity of production factors; 
offsetting the carbon emissions increases the effect of indus-
trial structure rationalization and the distortion of resource 
dependence, and the carbon reduction effect of the industrial 
structure rationalization is significant again.

Carbon emissions rebound effect of industrial 
structure rationalization

Based on the above findings, it can be observed that when 
technology develops to a certain stage, industrial structure 
rationalization leads to an increase in carbon emissions. To 
further analyze this problem, we used energy-saving technol-
ogy (ES) and environmental protection technology (EP) to 
replace technological progress (INV) respectively in model 
(13), while the industrial structure index (IS) in model 
(13) was represented by industrial structure rationalization 

Table 8   The phased regression 
estimation results of the 
carbon emissions reduction 
effect of industrial structure 
rationalization

Standard errors are shown in parentheses; *** denotes p < 0.01

Explana-
tory vari-
able

Coefficient Explanatory variable Coefficient

lnPopit  − 0.0215 (0.0914)
(

R × lnISRit

)

∙ I(INV ≤ 0.6566%)  − 2.0056*** (0.4016)
lnGdpit 0.5194*** (0.0206)

(

R × lnISRit

)

∙ I(0.6566% < INV ≤ 0.9569%)  − 1.0965*** (0.4018)
lnISOit  − 0.2117*** (0.0471)

(

R × lnISRit

)

∙ I(0.9569% < INV ≤ 1.2524%) 0.7765 (0.4910)
lnISRit  − 0.0046 (0.0530)

(

R × lnISRit

)

∙ I(INV > 1.2524%)  − 0.7026* (0.3696)
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(ISR), two threshold models are constructed. Tables 9 and 
10 reveal the threshold test results with energy-saving and 
environmental protection technologies as threshold vari-
ables, respectively.

As depicted in Table 9, the energy-saving technology 
was taken as the threshold variable. The rationalization of 
the industrial structure under resource dependence was the 
core explanatory variable. When the threshold effect test 
is carried out, and the double threshold P of the energy-
saving technology is 0.033, there exist double thresholds, 
and threshold values are 1.03E − 04 and 1.56E − 04.

In Table 10, the threshold variable was the environmental 
protection technology. The rationalization of the industrial 
structure under resource dependence was taken as the core 
explanatory variable. We found that the double threshold 
P of environmental protection technology was 0.000; thus, 
there exist double thresholds with values 0.0018 and 0.0091.

Based on the above test results, we have established 
two threshold regression models to analyze the impact of 
industrial structure rationalization on carbon emissions 
with heterogeneous technological progress. Energy-saving 
and environmental protection technologies are the threshold 
variables, carbon emissions are explained variables, and the 
industrial structure’s rationalization under resource depend-
ence is the dependent variable. The estimated results are 
presented in Table 11.

Taking environmental protection technology as the 
threshold variable, the industrial structure’s rationalization 
under resource dependence presents a three-stage mecha-
nism for carbon dioxide emissions (Aljerf 2016). When the 
environmental protection technology is in the first stage 

(CO2 emissions per unit of GDP is more than 0.0091), the 
impact coefficient of the industrial structure rationalization 
under resource dependence on carbon emissions is 1.7620; 
for every 1% increase in the industrial structure’s ration-
alization under resource dependence, carbon emissions will 
increase by 1.7620%. When the environmental protection 
technology is in the second stage (CO2 emissions per unit of 
GDP is less than 0.0091 and more than 0.0018), the impact 
coefficient of the industrial structure rationalization under 
resource dependence on carbon emissions is − 0.8186; for 
every 1% increase in the industrial structure’s rationalization 
under resource dependence, carbon emissions will decrease 
by 0.8186%. In the third stage (CO2 emissions per unit of 
GDP is less than 0.0091), the impact coefficient of the indus-
trial structure rationalization under resource dependence on 

Table 9   The test results of 
threshold effect of energy-
saving technology

(1) The critical value is based on the bootstrap method, in which the number of iterations is 1000; (2) the p 
values are shown in square brackets, and the critical values of 1%, 5%, and 10% are shown in parentheses; 
(3) *** denotes p < 0.01

Hypothesis F statistics Threshold values

H0: No threshold; H1: Single threshold 54.20***[0.010] (53.6383, 
41.5172, 31.3843)

1.03E − 04 1.56E − 04

H0: Single threshold; H1: Double thresholds 32.90**[0.033] (41.5231, 
30.8437, 23.2887)

H0: Double threshold; H1: Triple thresholds No convergence

Table 10   The test results 
of threshold effect of 
environmental protecting 
technology

(1) The critical value is based on the bootstrap method, in which the number of iterations is 1000; (2) the p 
values are shown in square brackets, and the critical values of 1%, 5%, and 10% are shown in parentheses; 
(3) *** denotes p < 0.01

Hypothesis F statistics Threshold values

H0: No threshold; H1: Single threshold 92.92***[0.017] (7.7268, 
3.3377, 2.5152)

0.0018 0.0091

H0: Single threshold; H1: Double thresholds 47.75***[0.000] (6.8971, 
3.6272, 2.6063)

H0: Double threshold; H1: Triple thresholds No convergence

Table 11   Regression results of threshold for energy saving and envi-
ronmental protection technologies

(1) The p values are shown in square brackets, and the critical values 
of 1%, 5%, and 10% are shown in parentheses; (3) *, **, *** denote 
p < 0.1, p < 0.05, and p < 0.01, respectively

Explanatory variable Threshold variable Explanatory 
variable 
coefficient

R × lnISRit ES > 1.03E − 04  − 1.3454***

1.03E − 04 ≤ ES < 1.56E − 04 0.5434*

ES < 1.03E − 04  − 0.7586**

R × lnISRit EP > 0.0091 1.7620***

0.0018 ≤ EP < 0.0091  − 0.8186***

EP < 0.0018  − 2.2943***
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carbon emissions is − 2.2943; for every 1% increase in the 
industrial structure’s rationalization under resource depend-
ence, carbon emissions will decrease by 2.2943%.

It can be observed that when the environmental protec-
tion technology develops from the first to the second stage, 
the distortion effect of resource dependence on the indus-
trial structure rationalization was corrected, and it began to 
have reduction effects on carbon emissions. Subsequently, 
with its further development (into the third stage), the car-
bon emissions reduction effect of the industrial structure 
rationalization under resource dependence is enhanced. The 
development of environmental protection technology reflects 
the concept of low carbon in economic development (Li and 
Xu 2013; Wu 2017). With the progress of environmental 
protection technology, the flow of resources to the environ-
mental protection industry is promoted, and the resource 
allocation efficiency of industrial structure rationalization 
is improved, which further promotes the carbon reduction 
effect (Zhao et al. 2021).

Taking energy-saving technology as the threshold vari-
able, the industrial structure’s rationalization under resource 
dependence also presents a three-stage mechanism for car-
bon emissions. When it is in the first stage (the energy con-
sumption per unit of GDP is more than 1.03E − 04), the 
impact coefficient of the industrial structure rationalization 
under resource dependence on carbon emissions is − 1.3454; 
for every 1% increase in the industrial structure’s rationaliza-
tion under resource dependence, carbon emissions decrease 
by 1.3454%. When the energy-saving technology is in the 
second stage (the energy consumption per unit of GDP is 
less than 1.56E − 04 and more than 1.03E − 04), the impact 
coefficient of the industrial structure rationalization under 
resource dependence on carbon emissions is 0.5434; for 
every 1% increase in the industrial structure rationalization 
under resource dependence, carbon emissions increase by 
0.5434%. When the energy-saving technology develops into 
the third stage (the energy consumption per unit of GDP is 
more than 1.56E − 04), the impact coefficient of the indus-
trial structure rationalization under resource dependence on 
carbon emissions is − 0.7586; for every 1% increase in the 
industrial structure rationalization under resource depend-
ence, carbon emissions decrease by 0.7586%.

It can be found that when the energy-saving technology 
is in the first stage, the distortion effect of resource depend-
ence on industrial structure rationalization is corrected; the 
industrial structure rationalization under resource depend-
ence shows a reduction effect on carbon emissions. However, 
when the energy-saving technology develops from the first 
to the second stage, under the combined impact of resource 
dependence, the reduction effect of the industrial structure 
rationalization on carbon emissions turns into the increasing 
effect. The rebound effect of industrial structure rationaliza-
tion on carbon emissions emerges. With the energy-saving 

technologies developing into the last stage, the increasing 
effect turns the reduction effect. With the development of 
energy-saving technology, under the combined impact of 
resource dependence, the industrial structure’s rationaliza-
tion first reduces carbon emissions, then increases and finally 
reduces carbon emissions, displaying an inverted “N” shape.

This phenomenon may be related to the cost of energy 
consumption (Meng et  al. 2019). When energy-saving 
technologies are relatively underdeveloped, with its devel-
opment, the resource utilization efficiency improves, and 
increased rationalization of the industrial structure can 
significantly reduce carbon emissions, and with the further 
development of such technology, energy consumption costs 
are further reduced, alternative production factors appear, 
energy consumption may increase (Dong et al. 2017b; Kim 
et al. 2018), which can lead to the appearance of carbon 
emissions rebound effects caused by industrial structure 
rationalization. When energy-saving technologies are further 
developed, energy efficiency further improves, the degree of 
coordination and cooperation between industries is further 
enhanced, thereby suppressing carbon emissions again.

Therefore, combining Tables 8 and 11, we can infer that 
in the initial two stages of technological progress, energy-
saving technology and environmental protection technolo-
gies are in the first stage; under the combined effect of the 
distortion effect of resource dependence, the carbon emis-
sions effect of the industrial structure rationalization shows 
negative, and the effect is reduced with the development of 
technology. Moreover, when the technological innovation 
develops into the later stage, the energy-saving technology 
develops to the second stage, and the environmental pro-
tection technology may still be in the first stage; thus, the 
rationalization of the industrial structure increases carbon 
emissions. And when the technological innovation develops 
into the last stage, the energy-saving technology develops to 
the third stage, and the environmental protection technology 
may be in the second or third stage; the carbon emissions 
effect of the industrial structure rationalization shows nega-
tive again.

Conclusion and policy implications

Based on the panel data of 30 provinces and cities in China 
from 2004 to 2019, this paper uses the STIRPAT model and 
panel threshold model to analyze the specific mechanism of 
carbon emissions rebound effect caused by industrial struc-
ture transformation under resource dependence from the 
perspective of technological progress. This paper’s notable 
conclusions can be listed as follows: (1) Without consider-
ing other influencing factors, industrial structure upgrad-
ing and industrial structure rationalization can effectively 
reduce CO2 emissions. (2) Resource dependence distorts 
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the carbon emissions reduction effect of industrial structure 
upgrading and rationalization. In this case, the industrial 
structure upgrading may increase carbon emissions instead. 
(3) With the development of technology, the carbon emis-
sions’ increasing effect of industrial structure upgrading 
under resource dependence reduces, showing a two-stage 
feature. (4) The industrial structure’s rationalization under 
resource dependence shows a four-stage characteristic with 
the development of technology. It shows a significant reduc-
tion impact on carbon emissions at first; with technology 
developing into the second stage, the reduction effect of 
industrial structure’s rationalization on carbon emissions 
weakens. With the further development of technology, the 
industrial structure’s rationalization increases carbon emis-
sions, leading to carbon emissions’ rebound effect. And 
in the last stage of technology development, the industrial 
structure’s rationalization shows a reduction effect on carbon 
emissions again. (5) The environmental protection technol-
ogy can correct the distortion effect of resource depend-
ence on the industrial structure rationalization and further 
amplify the industrial structure rationalization’s reduction 
effects on carbon emissions. (6) With the development of 
energy-saving technology, industrial structure rationaliza-
tion has a paradoxical impact on carbon emissions, exhib-
iting an inverted “N” relationship. The early development 
of energy-saving technology can enhance the carbon emis-
sions reduction effect of the industrial structure rationaliza-
tion. With energy-saving technology developing furtherly, 
the increasing effect of industrial structure rationalization 
under resource dependence on carbon emissions appears, 
which causes the carbon rebound in the process of indus-
trial structure rationalization. With energy-saving technol-
ogy progressing to the last stage, the increasing effect of the 
industrial structure rationalization on carbon emissions turns 
into the reduction effect again.

The following policy recommendations are based on the 
above conclusions.

To reduce carbon emissions and realize a low-carbon 
economy, resource-dependent regions must regard the 
upgrading of the industrial structure as an essential devel-
opment strategy in the medium and long term. In the short 
term, industrial structure’s rational development should also 
be promoted, avoiding the rebound effect of carbon emis-
sions caused by the transformation of industrial structure, 
phasing out backward industries, and transforming resource-
intensive industries, and upgrading into a technology-inten-
sive industry.

Technological progress should be used to promote 
the upgrading of industrial structure and to phase out 
the current coal-based energy dependence. The govern-
ment should promote research and production, vigor-
ously develop cutting-edge, innovative technologies and 

high-tech industries, and help enterprises transform, 
upgrade, and update their equipment and technologies. 
The government should encourage developing environ-
mental protection technologies, such as developing new 
energy and renewable energy; strengthening the explora-
tion, development, and utilization of natural gas, coal bed 
methane, and shale gas; and increasing the proportion of 
renewable energy and new energy types in the manufactur-
ing industry.

To reduce the rebound effect of emissions caused by 
energy-saving technology in the process of rationalization 
of industrial structure, the government should introduce 
corresponding measures. It should formulate and improve 
tax policies, such as energy, resource, and environmental 
taxes, and internalize the environmental cost of energy. 
The government should also improve the energy price 
policy and reform the existing energy price mechanism. 
By controlling the relative changes in energy prices, the 
substitution effect over input factors can be directed to 
release the pressure brought by more energy consump-
tion. Adjusting energy prices and energy consumption can 
effectively limit and control the carbon emissions’ rebound 
effect. The government can also encourage enterprises to 
introduce foreign technologies to realize re-innovation.

In addition, it is worth noting that there are many other 
factors that can effectively promote the rationalization 
and upgrading of the industrial structure, such as finan-
cial development, natural resource utilization efficiency, 
environmental regulations, technological progress sources, 
education investment, etc. Such research is of great signifi-
cance to the industrial structure adjustment; further study 
can explore the impact of other factors on the carbon emis-
sion reduction effect of industrial structure transformation.
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