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Abstract: The successful implementation of the national carbon emissions reduction work necessitates
the collaboration of various regions. Carbon emission reduction strategies need to be adjusted
according to local circumstances due to the differences in regional development levels. From 2005 to
2020, carbon emissions were measured in Guizhou Province, and the contribution degree and action
direction of various influencing factors were analyzed using the LMDI model. Using an SD model, we
performed dynamic simulations of carbon emission trends under eight scenarios and calculated the
Tapio decoupling relationship between economic growth and CO, emissions. According to the study,
carbon emissions in Guizhou Province increased from 2005 to 2020, emphasizing the high pressure for
carbon emission reduction. The industry sector ranked first in contribution, contributing 62.71% in
2020. Furthermore, this study found a weak decoupling relationship between economic growth and
carbon emissions. The economic scale was the key driver driving the increase in carbon emissions,
whereas the industrial fossil energy intensity was the main factor inhibiting the growth of carbon
emissions. Additionally, it was predicted that carbon emissions would only peak at 277.71 million
tons before 2030 if all three measures were implemented simultaneously, and a strong decoupling
relationship with economic growth could be achieved as early as possible. These findings provided
Guizhou Province with an effective path for reducing carbon emissions.

Keywords: LMDI; system dynamics; scenario simulation; tapio decoupling analysis; the carbon
emission reduction path

1. Introduction

The greenhouse gas emissions have exacerbated the global greenhouse effect, primarily
CO,, and the resulting climate change issues severely threaten the economy, society, and
ecosystem. Reducing carbon emissions has developed into a mutual issue confronting the
global community. China, which has the most significant total carbon emissions globally,
is still seeing a rise in its carbon emissions, resulting in increased pressure to decrease it.
China proposed “dual carbon” goals in September 2020. That is, carbon dioxide emissions
aim to peak by 2030, and strive to achieve carbon neutrality by 2060, known as the carbon
peak, carbon neutrality ‘3060” goal. How to implement effective carbon emission reduction
measures is an urgent challenge for China today. Due to the variation in the driving
mechanisms and peak times of different provinces of CO; [1], each region should adopt
corresponding emission reduction measures according to its conditions. Thus, exploring
the provincial carbon emission reduction path is significant.

To explore the scientific approach to lowering carbon emissions, scholars have con-
tinuously proposed new perspectives. Some researchers have investigated from a spatial
perspective, such as a regional perspective [2-4] and an industry perspective [5-7], which
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provides a scientific foundation for formulating effective carbon emission reduction strate-
gies. Some researchers have studied from the perspective of carbon emission responsibility
allocation [8,9] and quota allocation [10,11]. Through these studies, governments and policy-
makers can consider different regions and industries” actual situations and responsibilities
more scientifically and comprehensively when formulating carbon emission reduction
strategies. Among these, the discussion of carbon emission impact mechanism and peak
time is particularly intense in the research of regional carbon emissions. For example, to
drive China to achieve its “dual carbon” goals, Guo et al. took the Yangtze River Delta
region as an example. They found that the key influencing factors for carbon emissions
differ among provinces [12]. Huang et al. analyzed the factors influencing terminal energy
consumption in typical urban clusters. The research found that energy intensity and energy
consumption structure significantly impact carbon reduction [13]. Yue et al. anticipated
China’s carbon emission trends from 2020 to 2035 by combining scenario analysis with
predictive algorithms, which assisted China in meeting its target for carbon peaks [14].

Several methods are commonly used to study the factors influencing carbon emissions,
including the structural decomposition approach (SDA) [15], the logarithmic mean Divisia
index (LMDI) model [16,17], the grey relational analysis [18], as well as Stochastic Impacts
by Regression on Population, Affluence, and Technology STIRPAT model [19-21]. For its
ability to handle zero values with ease and provide an independent analysis path, the LMDI
model is frequently employed by academics [22]. For example, using the LMDI model, Xu
et al. successfully decomposed the contributing factors of carbon emission. They elucidated
the influences of energy intensity, energy structure, industrial structure, and economic
growth [23]. Yang et al. found that carbon emissions were predominantly influenced by
the significant effects of economic growth and energy intensity [24]. In addition, carbon
emission trend prediction is also one of the critical concerns in the academic sphere. In order
to investigate the possibility of achieving carbon emission peaks and predict the timing
for their occurrence, scholars have used various methods, including the long-term energy
alternative planning (LEAP) model [4,25], artificial neural network model [26], STIRPAT
model [27,28], system dynamics (SD) model [29,30] and Kuznets curve (EKC) [7] to predict
and simulate the future carbon emission scenarios. Among them, system dynamics, as a
theory and method to explore the overall system structure, has been widely used in recent
years to solve carbon emission reduction problems. Additionally, the model is utilized to
explore ways of emission reduction of carbon in both the industrial [31] and residential
sectors [32]. For example, a multi-level SD model was developed by Yang et al. to predict
China’s future carbon emissions levels while also providing suggestions to promote energy
low-carbon transformation [33]. Similarly, Du et al. employed a combination of system
dynamics modeling and scenario analysis to simulate the trend of carbon emissions [34].

Despite the insightful contributions the LMDI model can offer, it has limitations in
directly observing the effectiveness of corresponding measures in reducing emissions.
System dynamics modeling proves highly beneficial in dealing with complex issues, but
most studies are more subjective in constructing models. Therefore, to avoid the limitations
of a single model, some scholars have tried to combine these two models to analyze the
interrelationships among various relevant factors and predict carbon emission trends under
different scenarios. For example, some scholars combined LMDI models with system
dynamics models to explore the crucial factors behind alterations in carbon emissions [35]
or predict future carbon emission trends [36]. In summary, national and city levels of carbon
emission reduction research are the main subjects of the literature that is now available.
However, more attention should be paid to reducing carbon emissions in underdevel-
oped provinces. Moreover, few studies have simultaneously considered the decoupling
relationship between economic growth and carbon emissions across various scenarios.
Considering this, this paper introduces the Tapio decoupling index based on previous
studies, combines the characteristics of LMDI and SD models, takes Guizhou province
as an example, subdivides emission sectors, and explores its carbon emission reduction
problem from a more comprehensive perspective.
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Guizhou Province possesses the most significant amount of coal resources among the
regions in southern China. Over the past decade, its economic growth rate has continuously
ranked among the highest in the country. However, as an underdeveloped area in China,
Guizhou Province commenced its industrial development comparatively late. Currently,
the secondary sector still dominates, and its industrial development highly relies on coal,
making it challenging to achieve a carbon emission peak. Nevertheless, existing literature
lacks attention to carbon emissions reduction in such regions. Therefore, we chose Guizhou
Province as an example in the hope of conducting a more thorough analysis of the carbon
emission reduction path at the provincial level.

The paper makes several key contributions. Firstly, the carbon emissions in Guizhou
Province are calculated, and the LMDI model is employed to examine the contribution
degree and action direction of different influencing factors, thereby identifying crucial
driving factors that influence carbon emissions. Secondly, based on the analysis results
from the LMDI model, an SD model is constructed to dynamically simulate future carbon
emission trends and examine the direct impact of corresponding measures on carbon
emissions. Thirdly, by calculating the Tapio decoupling indeX, this research observes the
changing trends in the decoupling relationship between economic growth and carbon
emissions under different scenarios. The study’s findings provide insights for Guizhou
Province in developing strategies to reduce carbon emissions and hold crucial practical
significance for achieving national carbon emission reduction goals.

The rest of this paper is structured as follows. The Section 2 is the methodology and
data source. The Section 3 presents the results. The Section 4 includes the discussion and
policy recommendations. The Section 5 is the conclusions.

2. Methodology and Data Source
2.1. Study Area

Guizhou Province is located in the southeast of southwestern China, between 103°36/
to 109°35’ east longitude and 24°37’ to 29°13' north latitude. In 2020, the province’s gross
domestic product (GDP) increased by 4.34 % year-on-year. The primary, secondary, and
tertiary industries accounted for 8.70%, 44.16%, and 47.14% of the total output value,
respectively. As of 2020, the province’s population stood at 35.85 million, with an urban
population accounting for 53.16%, an increase of 1.75 percentage points compared to 2019.
The total energy consumption amounted to 114.14 million tons of standard coal, indicating
an annual decrease of 2.05%. Cement production reached 108.21 million tons, with an
annual decrease of 2.17%. Moreover, coal remains the primary energy source in the current
energy structure.

2.2. IPCC Carbon Emission Calculation Method

According to data from the International Energy Agency (IEA), carbon emissions from
coal in China accounted for 79.61% of the total carbon emissions in 2019. At the same time,
global cement production contributes to over 7% of the total carbon emissions annually [37].
Both coal and cement production are core components of economic activities in Guizhou
Province, making significant contributions to carbon emissions. Furthermore, Guizhou
Province has an annual coal production exceeding 100 million tons and has the richest coal
resources in southern China. Currently, it is in a phase of rapid economic growth, with
the secondary industry as the dominant sector, heavily reliant on coal for its development.
Therefore, considering the scale of carbon emission contributions, regional characteristics,
and development conditions of Guizhou Province, as well as the data availability, this study
primarily focuses on carbon emissions from energy consumption and cement production.

Carbon emissions from fossil energy consumption were calculated using the Inter-
governmental Panel on Climate Change (IPCC) emission factor methodology [38]. Since
the carbon emission factors provided in the Guidelines for Provincial Greenhouse Gas
Inventory better suit China’s national conditions, the carbon content and carbon oxidation
rate figures provided by these guidelines were adopted. At the same time, the calorific
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value was determined using the average low-level heat generation data from the China
Energy Statistical Yearbook. The calculation method is shown in Equation (1).

44

CQ—ZEkXNCVkXCCkXOkXE (1)

where C, was the energy consumption CO, emissions, the subscript k was the subdivided

energy type, Ex was the fossil energy consumption, NCVy was the average low-level

heating value of energy source k, CCy was the carbon content of energy k, Oy was the

carbon oxidation rate of energy k, and 44/12 was the conversion coefficient of CO; and C.

The carbon emission produced by the cement production process can be calculated using
Equation (2).

C.= AD x EF 2)

where C. was the carbon dioxide emissions resulting from cement production, AD was
the volume of cement production, and EF was the carbon emission factor associated with
cement production, referring to the 0.2906 provided by Shan et al. [39].

2.3. Logarithmic Mean Divisia Index (LMDI)

The logarithmic mean Divisia index decomposition is commonly used to study energy,
resources, and the environment [22]. In this paper, we extended the Kaya identity [40]
by introducing economic scale, industrial structure, energy intensity, and population
structure to analyze the contributions and directions of different influencing factors to CO,
emissions. We utilized the LMDI-I additive [41] decomposition analysis to decompose
carbon emissions from energy consumption and cement production.

We used ES (=1, 2, .. ., 8) to represent the eight major emission sectors, including the
primary sector, such as agriculture, forestry, animal husbandry, and fishery, abbreviated
as AFAHEF; the secondary industry, such as industry and construction; the tertiary sector
such as transport, storage, and post, abbreviated as TSP, wholesale, retail trade, hotel,
and restaurants, abbreviated as WRTHR, as well as other service industries, abbreviated
as OS], in addition to the above, it also included urban and rural sectors. J (=1, 2, 3)
represented coal, petroleum, and natural gas. Equation (3) demonstrates the total CO,
emissions, Equations (4) and (5) respectively show the carbon emissions from the industrial
and residential sectors, and Equation (6) displays the emissions from cement production,
while Table 1 defines the variables.

8

6 3 3
czce+ccz(cl+c2)+ccz<z Y Crsj + ), ECES,]->+CC 3)
ES=1j=1 ES=7j=1

6 3 Cpe: Epsi E 6 3
Cl = ES) X ES] —ES X % xXG= Z ZbESrj X dES,j X fES X hES x G (4)
ES—1ES—1 LESj Eps  Ggs G ES=1j=1
3 Cesj Egsj E R P 8 3
/j Sj ES ES ES
X X === x === x —= xP= YY) bggj X dgsj X qg X TEs X Sgs X P 5)
ES=7j=1 Epsj Egs Rgs  DPgs P ES=7j=1
C. AD G

“=ap G ‘7 ¥ ©



Sustainability 2023, 15, 13215

50f 20

Table 1. The definition of variables in the equation.

Variable Meaning Variable Meaning
Carbon emissions from the . . ..
. . . Consumption of fossil energy j in
CEsj consumption of fossil energy j in Egs:
’ sector ES ’ sector S
E The fossil energy consumption of G The gross domestic product of
ES sector ES ES sector ES
. Household consumption
G Gross Domestic Product (GDP) Rgs . .
expenditure in department ES
Pgg The number of people in sector ES P Total population of the region
Carb issi fficient of .
bgsj = Cgs;/EEs,j arseocrtloinlélsssfloc:;iic;ielr;?/r; © dgs; = Egsj/Egs Fossil energy structure of sector ES
The fossil intensity of .
fes = Eps/Ges ¢ Oisrsi:lj;ifaglys:;tzrrm yo hgps = Ggs/G Industrial structure
The fossil energy intensity of . .
qes = Ees/Res reside nti?]sector Y rgs = Rgs/Prs Per capita consumption level
_ Urban and rural population _ Carbon emission coefficient of
sgs = Ps/P structure m =Ce/AD cement
n=AD/G, Cement production intensity u=Gy/P Industrial Sed?;ﬁl eer capita output

We assumed that Ct and Ct~! denoted the CO, emissions for the year tand t — 1,
respectively, and AC denoted the year-to-year change influence of carbon emissions.
Equation (7) illustrates the calculation method.

AC =C'—C"! = (Ab + Ad + Af + Ah + AG) + (Ab + Ad + Aq + Ar + As + AP) + (Am + An+ Au + AP)  (7)

where Ab was the fossil energy carbon emission coefficient influence, Ad was the fossil
energy structure influence, Af was the industrial energy intensity influence, Ah was the
industrial structure influence, AG was the economic scale influence, Aq was the residential
energy intensity influence, Ar was the per capita consumption level influence, As was the
population structure influence, Am was the cement carbon emission coefficient influence,
An was the cement production intensity influence, Au was the industrial sector per capita
output value influence, and AP was the population scale influence. Since the cement
emission factor is constant, the contribution of Am is zero. The carbon emission influence
of each variable can be calculated by Equation (8).

Chg; X Chg: ¢
AC =Y BiT ln<:(_1> ®)
£5In(Chs; ) — In(Cls}) X

where x was any of the 11 influences, we introduced the relative contribution degree 5 to
represent the proportion of the influence of a specific impact factor at a certain stage in
the total influence of all impact factors at that stage. The calculation method is shown in
Equation (9).

o ACX
| ACK|
where, if § > 0, the factor had a positive impact on carbon emissions; otherwise, if 5 <0,

the factor had an adverse effect, with the absolute value of 6 reflecting the degree of
contribution.

5 ©)

2.4. Construction of Carbon Emission System Dynamics Model
2.4.1. System Boundary and Research Hypothesis

System dynamics (SD) possesses inherent advantages in addressing complex nonlinear
problems. Combining system dynamics and scenario analysis methods can dynamically
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simulate future trends. The study took the administrative boundary of Guizhou province
as the spatial boundary of the system, and we used the overall interaction of the influenc-
ing factors obtained through the LMDI model decomposition as the system’s behavioral
boundary. The time span of analysis was set as 2005-2040, with forecast years ranging from
2021 to 2040, and the model was run using a time step of 1 year for the simulation.

2.4.2. Subsystem Division and System Model Establishment

Based on the decomposition results of the LMDI model, the carbon emission system
in Guizhou Province was divided into four subsystems: population, economy, energy,
and environment. By analyzing the interaction between variables, we have successfully
established a CO; emission system for Guizhou province using the Vensim PLE software.
Figure 1 displays the stock-flow diagram.

AFAHF
fossil energy
AFAHF consumption 7
AFAHF fossil gy /iﬁustry fossil Times Proportion of
energy ) <Time> energy intensi <me
mtens1ty emissions '/ 8Y ty T~ non-fossil !
N
i Inclustryemi‘rgy
Rural fossil Proportion of catbon
energy ATFAHEF output emissions
<Time> consumption . value Industry fossil / Coal
o . ener, consumptio:
<Urbraant.‘|az>atmn consumption consum%)};ion Production <Tim£: PHOT Coal Ener
i
Unit conversion Tate> Prop orh on of of cement 44— consumption ‘ consumgp):ion
“Total ( Construction ratio \
carbon Fural carbon Om-put Va ue e;&;g};ﬁ;s <~ Construction
Sinicsionss. ‘ermssmns oufp{.ﬁgu . > fo‘ssil energy
_ population Rural <Tune> <Time> intensity  <(Coal
The rate of Per capita consumption Constricti consumption
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energy hange ’/ 1 value TSP fossil ener; \
Urban consumption WRTHR output ©Igy
population GDP 0sl olutput value consumption <Urg)an
Urban fossil growth vaue . <Time> WRTHR fossil enfizrsigr?ﬁ
<Time> Cnergy rate Proportion of Provortion of energy
T intensity ‘;VR:{HI} TSP output consumption
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<Coal consumption OSI output OSlfossil energy oy o TRon energy fossil energy
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fossil energy

intensity <Urban fossil
OSI carbon <Time> Science and energy <Fossil energy
emissions : technology . consumption> consumption>
: ~ Osl fOSSII energy impact factor e <Coal consumption
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| 3 t ) <Urbanization
Carbon <Time> <Total regional rate>
emission GDP>
intensi Carbon emission Carbon
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. - =
difference intensity

Figure 1. Stock-flow diagram of the carbon emission system.

The population subsystem primarily influenced the other three subsystems through
the total population, household consumption expenditure, and urbanization. As urbaniza-
tion levels increased, residential consumption expenditure and carbon emissions tended
to change. The intensity of fossil energy, residential consumption expenditure, and popu-
lation size determined the amount of residential energy consumption, affecting the total
carbon emissions. The economic subsystem mainly influenced the other three through
total regional GDP and industrial structure. Changes in GDP played a significant role
in influencing consumption expenditure levels, while GDP growth was closely linked to
the development and use of fossil energy. Industrial structure changes directly affected
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fossil energy utilization across different industrial sectors, influencing the environmental
subsystem. The energy subsystem is the core system that influences carbon emissions,
and most carbon emissions from human activities come from fossil fuel combustion [42].
By improving technology, decreasing the intensity of fossil fuel usage and increasing the
percentage of non-fossil energy sources could lead to lowered fossil fuel consumption
and optimized energy consumption structure, ultimately affecting carbon emissions in
Guizhou Province. The environmental subsystem included carbon emissions from energy
consumption and cement production, influencing carbon emission intensity and the total
regional GDP.

The relationship functions among the variables were constructed by employing the
direct assignment method, regression analysis method, mean value method, ratio analysis
method, and table function method. Table 2 lists the relationship equations between some
critical variables.

Table 2. The specific relationship equations between variables.

Variables

Equation

Total carbon emissions

AFAHF carbon emissions

TSP carbon emissions + OSI carbon emissions + Rural carbon emissions + AFAHF carbon
emissions + Urban carbon emissions + Industry carbon emissions + Construction carbon
emissions + WRTHR carbon emissions
EXP (LN (Coal consumption ratio x 100) x (—0.365647) + LN (AFAHF fossil energy
intensity) x 0.955531 + LN (AFAHF output value) x 0.50745 + LN (Proportion of AFAHF
output value) x (—0.174425) + 5.15538)

EXP (LN (Coal consumption ratio x 100) x 0.502325 + LN (Construction fossil energy

Construction carbon emissions intensity) x 1.11191 + LN (Construction output value) x 0.59081 + LN (Proportion of

Industry carbon emissions

OSI carbon emissions

Rural carbon emissions

TSP carbon emissions

Urban carbon emissions

WRTHR carbon emissions

Construction output value) x 0.33328 + LN (Urbanization rate x 100) x 1.08194 — 1.82582)
EXP (LN (Industry fossil energy intensity) x 0.0237222 + 0.0136943 x LN (Industry output
value) +0.0552457 x LN (Production of cement) +0.00684715 x LN (Industry output value
x Industry output value) + 0.894751 x LN (Industry fossil energy consumption) + 1.25979)
EXP (LN (Coal consumption ratio x 100) x 0.649347 + LN (OSI fossil energy intensity) x
1.02937 + LN (OSI output value) x 1.02964 + LN (Proportion of OSI output value) x
0.262082 — 1.76103)

EXP (LN (Coal consumption ratio x 100) x 0.234948 + 1.01362 x LN (Rural fossil energy
intensity x 100) +LN (Rural consumption expenditure) x 1.10321 + 0.292281 x LN ((1 —
Urbanization rate) x 100) + LN (Rural population) x 0.77769—14.1891)

EXP (LN (Coal consumption ratio x 100) x 0.154314 + LN (TSP fossil energy intensity) x
1.02946 + LN (TSP output value) x 1.12309 + LN (Proportion of TSP output value) x
(—0.279472) + LN (Urbanization rate x 100) x (—0.212805) — 0.633044)

EXP (LN (Urban consumption expenditure) x 0.844486 + LN (Urbanization rate x 100) X
0.470785 + LN (Urban population) x 0.22218 + LN (Urban fossil energy intensity) x 1.01239
— 3.05799)

EXP (LN (Coal consumption ratio x 100) x (0.497733) + LN (WRTHR fossil energy
intensity) x 1.06022 + LN (WRTHR output value) x 0.410425 + LN (WRTHR output value
x WRTHR output value) x 0.205212 + LN (Proportion of WRTHR output value) x 0.553747
+ (Urbanization rate x 100) x 0.0119902 + 0.690354)

Rural consumption expenditure EXP (—0.692313 x LN (Urbanization rate) + LN (Total regional GDP) x 0.543471 + 2.24237)

Urban consumption expendit
Production of cement

ure EXP (—0.29377 x LN (Urbanization rate) + 0.372021 x LN (Total regional GDP) + 5.43239)
1.024/(1 + 19.531 x EXP (—9.754 x Construction output value/866.365)) x 10820.9
IF THEN ELSE (Time < 2021, —8 x 10~¢ x (Time-2004) x (Time-2004) x (Time-2004) x
(Time-2004) + 0.0003 x (Time-2004) x (Time-2004) x (Time-2004) — 0.0035 x (Time-2004) X

Proportion of non-fossil energy ;1\ 5004) 10,0187 x (Time-2004) + 0.0861, 0.0002 x (Time-2004) x (Time-2004) + 0.0007

x (Time-2004) + 0.1125)

2.4.3. Validity Test of SD Model

Historical data testing and sensitivity analysis are essential evaluation methods to
validate the SD model. Generally, a model has good prediction accuracy and can be
used for simulation and model tuning when the simulation results compared with the
historical data have an error of no more than 15%. The model test years were from 2005
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to 2020. Following persistent debugging of the model, the relative discrepancy between
the simulation outcomes and historical data did not exceed 9%, so the model passed the
historical data test and can accurately simulate the future carbon emission trend of Guizhou
province.

Sensitivity analysis examines the impact of important parameters on system output
results by varying the magnitude of their values [43]. In general, the greater the system’s
sensitivity to the parameter, the more likely the parameter is the critical factor influencing
the system. The study selected six parameters: urbanization rate, GDP growth rate, energy
intensity, non-fossil energy proportion, industrial structure, and coal consumption, to test
the sensitivity of the system variables. The absolute values of the sensitivity of the model
parameters range from 0% to 13.51%, indicating that the model was robust and sensitive.
At the same time, there was no over-sensitivity observed. Therefore, the model passed the
sensitivity test.

2.5. Scenario Settings

By setting different scenarios, using a system dynamics model can further test the
influence of relevant factors” changes on carbon emission reduction. This paper combined
LMDI decomposition results and SD model sensitivity analysis while also considering the
structural characteristics of the system dynamics model to select the regulatory variables
for scenario analysis. These variables were the average annual GDP growth rate, the
proportion of tertiary industry output value, and the cumulative decline in fossil energy
intensity.

2.5.1. Variable Assumptions

We assumed two scenarios for three variables. Table 3 displays the assumptions made
for specific variables. The first variable was the average annual GDP growth rate. We
assumed that under the baseline scenario, the average annual GDP growth rate was set at
7% during 2021-2025 with reference to the Guizhou Province’s 14th Five-Year Plan. Then
the average annual growth rate gradually slowed down over time, which was consistent
with the actual economic development of Guizhou Province, and the variable was at a high
level of development in this scenario. Under the scenario of emission reduction measures,
we assumed that Guizhou Province focused on high-quality economic development and
avoided the crude economic development model, and the economic growth rate slowed
down. From 2021 to 2025, the average annual GDP growth rate maintained the growth rate
of the last five years, which was set at 5.69%, then decreased year by year, and the variable
under this scenario was at a medium level of development.

The second variable was the proportion of tertiary industry output value. In the
baseline scenario, we assumed that Guizhou Province gradually increased the importance
of the tertiary sector’s development in accelerating economic restructuring. Still, this trans-
formation took time, so the proportion of tertiary industry output value was expected to
increase slowly. At that time, according to the curve-fitting prediction, it was set that the
proportion of tertiary industry output value reached 48.37%, 48.84%, 49.23%, and 49.56%
in 2025, 2030, 2035, and 2040, respectively, and the variable was at a medium level of
development under this scenario. Under the scenario of emission reduction measures,
Guizhou Province accelerated the development of the tertiary sector, especially the develop-
ment of the service industry and the enhancement of technological innovation capacity, to
promote the optimization, transformation, and upgrading of the economic structure. It was
promoting emission reduction measures provided good opportunities for the development
of the tertiary sector, which was expected to increase its share of output value gradually.
The proportion of tertiary industry output value in 2025, 2030, 2035, and 2040 was set
to be 49.02%, 51.35%, 54.51%, and 57.86%, respectively, and the variable was at a high
development level in this scenario.

The third variable was the cumulative decline in fossil energy intensity. Under the
baseline scenario, with reference to the Guizhou “14th Five-Year Plan” Comprehensive
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Work Program for Energy Conservation and Emission Reduction, the cumulative decline
in fossil energy intensity was set to be 13% from 2021 to 2025, and considering the gradual
improvement of environmental protection requirements, it increased year by year. The
variable under this scenario was at a medium development level. Under the emission
reduction measures scenario, to cope with climate change and environmental pollution, we
assumed that Guizhou Province would accelerate the reduction of fossil energy intensity
and improve the efficiency of energy utilization, and the reduction rate of fossil energy
intensity was expected to increase year by year under the impetus of emission reduction
measures. The cumulative decline in fossil energy intensity from 2020 to 2040 was set to be
15%, 17%, 19%, and 21%, respectively, and the variables in this scenario were at a high level
of development.

Table 3. Variables assumptions.

Regulatory Average Annual  The Proportion of Cumulative
Variables Years GDP Growth Tertiary Industry Decline in Fossil
Rate Output Value Energy Intensity
2021-2025 7.00% 49.02% 15%
High 20262030 6.00% 51.35% 17%
2031-2035 5.00% 54.51% 19%
2036-2040 4.50% 57.86% 21%
2021-2025 5.69% 48.37% 13%
. 2026-2030 5.29% 48.84% 15%
Medium 2031-2035 4.49% 49.23% 17%
20362040 3.99% 49.56% 19%

2.5.2. Scenario Assumptions

Three variables, with six states, were set to the following eight scenarios. Table 4
displays the simulation assumptions.

1.  Baseline Scenario (Scenario I) assumed a continuation of the current development
trend without implementing additional mitigation measures. The average annual
GDP growth rate was set at a high level of development. The proportion of tertiary
industry output value and the cumulative decline in fossil energy intensity was set
at a medium level of development, which provided a reference for setting the other
scenarios.

2. High-quality Economic Development Scenario (Scenario II) assumed that economic
development was able to avoid “high consumption” and “high emissions” and focus
on high-quality economic development and that the average annual GDP growth rate
slowed down to a medium development level. Other indicators were consistent with
the baseline scenario.

3. Industrial Structure Optimization Scenario (Scenario III) assumed that Guizhou
Province would accelerate the transformation from a “2-3-1” industrial structure,
where the secondary sector dominated, to a “3-2-1” structure, where the tertiary sector
took the lead, aiming to achieve a reduction in carbon emissions by adjusting the ratio
of outputs in Guizhou Province. The proportion of tertiary industry output value was
set to be at a high level of development, and other indicators were consistent with the
baseline scenario.

4.  Fossil Energy Intensity Adjustment Scenario (Scenario IV) assumed that Guizhou
Province accelerated the formation of an energy-efficient society and consumed the
same amount of fossil energy to generate more GDP than in the baseline scenario.
This scenario aimed to reduce carbon emissions by adjusting the cumulative decline
in fossil energy intensity in eight sectors, setting it at a high level of development
while keeping the other indicators consistent with the baseline scenario.

5. Take Any Two Measures Combination Scenario (Scenarios V, VI, and VII) assumed
that the average annual GDP growth rate slowed down under Scenario V while
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accelerating the increase in the proportion of tertiary industry output value. Under
Scenario VI, the average annual GDP growth rate slowed while the cumulative decline
in fossil energy intensity increased. Under Scenario VII, the increase in the proportion
of tertiary industry output value accelerated while increasing the cumulative decline
in fossil energy intensity.

6. The Combined Scenario (Scenario VIII) assumed that the government took three
measures simultaneously to achieve carbon emission reductions. Specifically, this
included maintaining the current GDP growth rate while emphasizing high-quality
economic development, accelerating the development of the tertiary sector, optimizing
the industrial structure, reducing fossil energy intensity, and improving energy use
efficiency. The average annual GDP growth rate was set at a medium development
level, and the proportion of tertiary industry output value and cumulative decline in
fossil energy intensity was set to be at a high development level.

Table 4. Scenario assumptions.

Average Annual The Proportion of C . e
. . umulative Decline in
Scenario GDP Growth Tertiary Industry Fossil Enerev Intensi
Rate Output Value 8y ty
Scenario I High Medium Medium
Scenario IT Medium Medium Medium
Scenario III High High Medium
Scenario IV High Medium High
Scenario V Medium High Medium
Scenario VI Medium Medium High
Scenario VII High High High
Scenario VIII Medium High High

2.6. Tapio Decoupling Index

The Tapio decoupling model is an extension of the model proposed by the Orga-
nization for Economic Cooperation and Development (OECD). The decoupling index
constructed by Tapio can describe the status of the association between economic growth
and carbon emissions. The calculation method is shown in Equation (10).

(AC/Cp)
€=t 10
(AG/Go) i
where AC/Cy was the carbon emission growth rate, AG/Gg was the GDP growth rate.
The & was the decoupling index and the decoupling index status classification criterion is
shown in Figure 2 [44].
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AC/Co Expansionary negative decoupling

AC/Co>0 Expansive coupling
AG/Go>0 0.8<e<1.2
AC/Co>0 e1.2
AG/Go<0 AC/Co>0
£<0 AG/Go>0
0<e<0.8

Strong negative decoupling Weak decoupling

Weak negative decoupling ' oG
0<e<0.8 Strong decoupling
AG/Go<0Q PO
(0]
0.8<e<1.2
<
e>1.2 e<0
: . AC/Co<0
Recessive coupling
AG/Go<0

Recessive decoupling
Figure 2. Decoupling index status classification and evaluation criterion.

2.7. Data Source

Considering the data’s reliability and accessibility, the study selected 2005-2020 as
the study interval and 2021-2040 as the forecast interval. To conduct price deflation on the
price-related data using constant prices based on the year 2004 to eliminate the impact of
inflation. The energy consumption and standard coal coefficients for the industrial and
residential sectors were determined by consulting the China Energy Statistical Yearbook.
Cement production, regional GDP, per capita consumption level, consumer price index,
regional GDP index, and population numbers were obtained from the annual data of
Guizhou Province from China’s National Bureau of Statistics.

3. Results
3.1. Analysis of Carbon Emission Trend and Historical Decoupling Status
3.1.1. Carbon Emissions Trend Analysis

The carbon emission status of Guizhou Province from 2005 to 2020 is shown in Figure 3.
Generally, carbon emissions in Guizhou province have been rising since 2005, with a faster
growth rate from 2005 to 2012 and a slower growth rate after that, but still no downward
trend. At that time, carbon dioxide was mainly emitted through coal consumption, but the
proportion of carbon emissions from petroleum and natural gas gradually increased. This
indicated that the energy consumption structure of Guizhou Province had been gradually
improving.

In terms of carbon emission sectors, the industrial structure of Guizhou province
was dominated by the secondary sector from 2005 to 2020. The industry has consistently
ranked first in carbon emissions since 2005, accounting for 78.68% of 2007 and 62.71%
in 2020. Therefore, this industry is crucial for Guizhou Province to achieve low carbon
transformation. Over the study period, it became clear that CO, emissions from various
tertiary industry sectors, including transportation, storage and post, wholesale, retail trade,
hotel, restaurants, and other service industries, rapidly increased due to the rising share
of tertiary industry output value. In addition, despite the continuous improvement in
urbanization and living standards in Guizhou province, the carbon emission proportion of
urban residents’ lifestyles remained low and unchanged due to the ongoing reduction in
energy intensity, resulting in limited room for carbon reduction. Furthermore, the rural
sector’s carbon emissions have also been on a downward trend due to the decreasing
population, improving energy structure, and decreasing energy intensity.
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Even though the fossil energy intensity in Guizhou Province was declining, most
sectors still heavily relied on coal, resulting in a continuous increase in carbon emissions.
Economic growth accompanied by massive CO, emissions makes it challenging to achieve
decarbonization, and the current carbon emission situation is far from optimistic. Therefore,
it is imperative to promptly explore effective carbon emission reduction strategies to
advance the national “dual carbon” goal and enable Guizhou Province to achieve a carbon
emission peak as soon as possible.
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Figure 3. Carbon emission status of Guizhou province from 2005 to 2020: (a) Carbon emissions
in various sectors; (b) Carbon emission proportion and energy intensity, illustrating the relative
contributions of carbon emissions from coal, petroleum, natural gas, and cement production.

3.1.2. Historical Decoupling Status Analysis

The decoupling status of various sectors in Guizhou Province from 2005 to 2020 is
shown in Table 5. Overall, the decoupling index of economic growth and carbon emissions
was getting smaller and smaller. This phenomenon indicated that the green development
model is gradually gaining importance as society develops. However, a strong decoupling
of these two variables was not achieved during the study period. This illustrated the
continued dependence of economic growth on fossil energy consumption. In terms of
sectoral classification, the decoupling index gradually decreased in all sectors except
agriculture, forestry, animal husbandry, and fishery, as well as industry. Especially in the
wholesale, retail trade, hotel, restaurants, and other service industries, they achieved strong
decoupling during the study period. Since the industrial sector plays a critical role in
reducing carbon emissions, it should strive to achieve decoupling of economic growth and
carbon emissions at the earliest.

Table 5. Decoupling of historical relationships.

2005-2010 2010-2015 2015-2020
Sector e Decoupling e Decoupling e Decoupling
State State State
Total carbon 045 WD 0.19 WD 0.07 WD
emissions
AFAHF —2.14 SD 0.70 WD 0.72 WD

Industry 0.51 WD -0.02 SD 0.17 WD
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Table 5. Cont.
2005-2010 2010-2015 2015-2020
Sector e Decoupling e Decoupling B Decoupling
State State State
Construction 2.09 END 0.37 WD 0.25 WD
TSP 1.18 EC 0.64 WD 0.25 WD
WRTHR 1.90 END 1.61 END —-0.29 SD
OSI 1.07 EC 1.31 END —0.08 SD

Note: The WD was the weak decoupling, the SD was the strong decoupling, the END was the expansionary
negative decoupling, and the EC was the expansive coupling.

3.2. LMDI Factor Decomposition Results Analysis

The LMDI decomposition findings are illustrated in Figure 4. The research indicated
two key factors contribute to the growth of carbon emissions in Guizhou Province: eco-
nomic scale and fossil energy intensity in industrial sectors. The dominant factor that
curbed carbon emissions growth was the intensity of fossil energy usage, while the chief
driver behind their growth was the economic scale. They were also pivotal in designing
carbon emission reduction paths. Therefore, in formulating policies to reduce carbon emis-
sions, it is crucial to focus on promoting clean energy, optimizing industrial production
processes, and improving energy efficiency. These measures aim to achieve an effective
reduction in carbon emissions. In addition, the per capita output value of the industrial
sector promoted the growth of carbon emissions in Guizhou Province. In contrast, ce-
ment production intensity, fossil energy structure, energy carbon emission coefficients, and
industrial structure inhibited carbon emissions.

: , 8 e
[ ] Industr¥al sector per .caplta output value = 1
B Per capita consumption level 8 =
S
B Cement production intensity B T —
M Residential fossil energy intensity 8 r
. o
B Population structure >* !
Population scale E ‘_
M Fossil energy structure = N l
Fossil energy carbon emission coefficient § 1
B Economic scale I'?:) |
Industrial fossil energy intensity IS
Industrial structure 100 50 0.0 Unit: 104t 5.0 10.0
]
osl -
' Cement
WRTHR =
TSP - oo sec iz
i Rural e sz
Construction == -
Industry I_— ——
T Urban
-10.0 -5.0 0.0 5.0 10.0 -15 -1.0 -0.5 0.0 0.5 1.0 15
Unit: 104 t Unit: 104 t

Figure 4. The contribution of influencing factors.

Looking at it from an industrial sector perspective, the economic scale and the fossil
energy intensity of the industrial sector were the most significant influencing factors.
Different industrial sectors were affected differently by the industrial structure. It promoted
carbon emissions in other sectors except for the primary industrial output value. This
is because the share of the output value of the primary industry in Guizhou province



Sustainability 2023, 15, 13215

14 of 20

continues to decline while secondary and tertiary industries flourish. In terms of residential
sectors, the three main factors influencing carbon emissions were per capita consumption
level, the fossil energy intensity of residential sectors, and population structure. Per
capita consumption level led to increased carbon emissions, whereas residential sectors’
energy intensity helped reduce them. In addition, the population structure was also a
critical contributing factor, which promoted carbon emissions from urban residents and
suppressed carbon emissions from rural residents, a phenomenon consistent with the
characteristics of urban-rural population mobility in Guizhou Province.

3.3. Simulation Analysis

Eight scenarios were simulated separately using the debugged model. The simulation
results are shown in Figure 5.
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Figure 5. Trend prediction of carbon emission scenarios under eight scenarios.

3.3.1. Baseline Scenario

In this scenario, it was predicted that Guizhou Province would attain its highest level
of carbon emissions among all eight scenarios, reaching a peak of 311.48 million tons in 2035.
From the perspective of emission sectors, the industry remained the main contributor to
carbon emissions. Industry, transport, storage, and post peaked in 2038, with 226.89 million
tons and 23.66 million tons, respectively. Construction reached its peak of 2.16 million
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tons in 2031. Projections indicated that most sectors would not reach their peak emissions
before 2030. Overall, under the scenario, this was disadvantageous to attaining Guizhou
Province’s carbon emission reduction goals, and carbon emission pressure was expected to
continue increasing.

3.3.2. High-Quality Economic Development Scenario

The scenario reached a peak of 283.94 million tons in 2033. Compared with the baseline
scenario, the peak was achieved two years in advance and reduced by 8.84 %. In terms of
emission sectors, apart from the construction sector, the rest of the sectors had a significant
influence in reducing carbon emissions, particularly the transport, storage, and post and
industry sectors, which saw reductions of 8.25% and 7.74%, respectively, compared to the
base scenario, and both reached their peaks in 2035. The peak for other service industries
occurred in 2027, reaching 24.30 million tons, two years earlier than the baseline scenario.
This indicated that carbon emissions in most sectors were more sensitive to adjusting the
economic growth rate. Therefore, increased economic growth would result in higher carbon
emissions, aligning with the LMDI model’s decomposition analysis findings. Therefore,
promoting high-quality economic development without sacrificing the environment was
conducive to reducing carbon emissions.

3.3.3. Industrial Structure Optimization Scenario

Under this scenario, it was predicted that the peak carbon emissions of 30.88 million
tons would be reached in 2032, years ahead of the baseline scenario, but with just a 0.85%
reduction from the peak value. After reaching its peak, the rapid decrease in carbon
emissions in Guizhou Province suggests that efforts to optimize the industrial structure
could have helped the province achieve its carbon emission peak earlier. However, it
is important to note that the initial decrease in emissions was relatively small. In terms
of emission sectors, the industry was expected to peak in 2030, eight years ahead of the
baseline scenario. In contrast, this measure led to an increase in carbon emissions from the
tertiary sector, making it challenging for the industry to reach its peak by 2040. However,
due to the relatively small contribution of the tertiary sector to carbon emissions, the general
reduction in carbon emissions during the later period was more significant than that of
the baseline scenario. Therefore, on the whole, industrial structure optimization helped
achieve long-term carbon emission reduction goals.

3.3.4. Fossil Energy Intensity Adjustment Scenario

Under this scenario, it was predicted that carbon emissions would peak at 298.93 mil-
lion tons in 2033, two years earlier than the baseline scenario, resulting in a reduction of
4.03% compared to the peak value. When examining the emissions sector, the decline in
fossil energy intensity had an inhibitory influence on carbon emissions across all sectors,
consistent with the conclusions drawn from the decomposition analysis of the LMDI model.
Among them, the reductions in agriculture, forestry, animal husbandry, and fishery and
urban residents showed more significant decreases, with an average decline of 4.28% and
3.07% during the forecast period compared to the baseline scenario. The industry and the
transport, storage, and post peaked in 2035 at 215.05 million tons and 22.47 million tons,
respectively. On the other hand, the wholesale, retail trade, hotel, and restaurants peaked
in 2017 at 24.60 million tons, and other service industries peaked at 24.89 million tons in
2028.

3.3.5. Take Any Two Measures Scenario

Under Scenario V, Scenario VI, and Scenario VII, carbon emissions were projected to
peak in 2030 at 286.23 million tons, 276.10 million tons, and 301.07 million tons, respectively.
The respective reductions compared to the baseline scenario were 8.11%, 11.36%, and
3.34%, which indicated that the combined effect of two measures on emission reduction
was more significant than that of a single measure. Among them, adjustments to the
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GDP growth rate and the intensity of fossil energy had demonstrated a more significant
influence on emission reduction. In terms of emission sectors, except for the tertiary sector,
the impact of carbon emission reduction in other sectors was more significant than in single
measures. In the combined scenario of industrial structure optimization and any other
single measure, carbon emissions in the tertiary sector were projected to increase faster than
in the baseline scenario but slower than in the industrial structure optimization scenario.
This indicated that any other measure could offset the negative influence of industrial
structure optimization on tertiary sector carbon emissions. Furthermore, it emphasizes the
significance of implementing overlapping measures to achieve carbon emission reduction
goals.

3.3.6. The Combined Scenarios

Under this scenario, carbon emissions were predicted to peak at 277.71 million tons
in 2029, six years ahead of the baseline scenario, resulting in a 10.84% reduction in peak
emissions. From the carbon emission sector perspective, all other sectors exhibited the
lowest emission levels except for the tertiary sector. Furthermore, except for transport,
storage, and post and other service industries, all other sectors were projected to reach
their carbon emission peaks before 2030. Among them, the industry sector with the highest
carbon emission contribution peaked in 2027, 11 years earlier than the baseline scenario,
resulting in 195.45 million tons of carbon emissions and a reduction of 13.86%. In the
combined scenario, although the carbon emissions of the tertiary sector were not at the
lowest level, the overall decline rate of carbon emissions was still faster than in other
scenarios due to the significant proportion of industrial carbon emissions, surpassing the
tertiary sector. Therefore, overall, the combined scenario had the most notable impact on
reducing carbon emissions, facilitating Guizhou Province to reach its peak emissions as
soon as possible.

3.4. Analysis of Decoupling States under Eight Scenarios

The primary driver of carbon emissions in Guizhou Province is economic growth. A
strong decoupling relationship between economic growth and carbon emissions has yet to
be established. Therefore, early conversion to achieving strong decoupling becomes pivotal
in attaining coordinated development between the economy and low-carbon. Consequently,
conducting a comprehensive examination of the decoupling status between economic
growth and carbon emissions under different scenarios can test measures to achieve strong
decoupling as soon as possible.

The decoupling index results under eight scenarios are shown in Figure 6. When the
GDP change is positive, if 0 < ¢ < 0.8, it shows a weak decoupling state; if it is less than
0, it shows a strong decoupling state [44]. In the baseline scenario, a shift from weak to
strong decoupling between economic growth and carbon emissions was projected to occur
during 2036-2038, and the decoupling index would slowly decrease. In taking a single
measure, the strong decoupling between economic growth and carbon emissions would be
achieved between 2032 and 2034, indicating that any single measure could promote the
early achievement of strong decoupling. Notably, industrial structure optimization exerted
the most significant influence. In scenarios combining any two measures, three scenarios
would achieve strong decoupling between 2030 and 2032, which was more evident than
any single measure. Furthermore, implementing three emissions reduction measures led to
a shift from weak to strong decoupling between 2028 and 2030, demonstrating the earliest
achievement of strong decoupling and the fastest decline in the decoupling index. This
indicated that the time required for strong decoupling between the variables progressively
reduced with each additional emission reduction measure introduced.
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Figure 6. Prediction decoupling between economic growth and carbon emission.

When the above evidence is combined, it is discovered that each emission reduction
measure can effectively reduce carbon emissions in Guizhou Province compared to the
baseline scenario. Moreover, combining any two measures was more effective than a single
measure. Nevertheless, it was difficult to achieve the peak before 2030, and the strong
decoupling could only be achieved after 2030, which was not conducive to China’s “3060”
dual carbon goal. However, only in the combined scenario, where all three emission reduc-
tion measures were taken simultaneously, could Guizhou Province achieve the emission
peak by 2030. A strong decoupling between economic growth and carbon emissions would
be realized during the period spanning from 2028 to 2030. This scenario’s carbon emission
intensity and fossil energy consumption were all at low levels. In conclusion, the combina-
tion scenario with multiple emission reduction measures emerged as the most influential
approach for curbing carbon emissions in Guizhou Province, providing an effective path
towards achieving significant reduction.

4. Discussion and Policy Recommendations
4.1. Policy Recommendations

Based on the research, Guizhou Province can effectively achieve its carbon reduction
goals by simultaneously implementing measures of high-quality economic development,
industrial structure optimization, and energy intensity reduction. First, under the high-
quality economic development scenario, carbon emissions peaked two years earlier than
the baseline scenario, with a peak decline of 8.84%. Therefore, abandoning the unsustain-
able traditional growth model, transforming the economic growth model, and promoting
high-quality economic development are crucial measures to curb carbon emissions in
Guizhou Province. Second, under the industrial structure optimization scenario, carbon
emissions peaked three years earlier than the baseline scenario. This indicates that substan-
tial reductions in carbon emissions can be achieved by promoting industrial upgrading.
Finally, accelerating the decline of fossil energy intensity had an emission reduction influ-
ence on all sectors. Consequently, enhancing the efficiency of fossil energy consumption,
reducing the intensity of fossil energy, fostering the development of high-tech industries,
and accelerating efforts to build an energy-saving society will aid in the earlier attainment
of the carbon emission reduction goal.
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4.2. Limitations

The following three aspects can be used to widen the scope of the study: First, the
study only considers two emission sources. However, more emission sources, such as
agriculture and waste disposal, can be considered when data is available. At the same
time, carbon emission absorption can also be considered. Second, the model construction
is constructed primarily on assumptions. Because of the different boundary settings, the
prediction results will vary. As a result, it is difficult to compute an accurate value; more is
to test the influence of carbon emission reduction measures. In the future, with more time,
we can increase the model variables and expand the model boundaries to simulate reality
more accurately and assist policymakers in making more reliable policy recommendations.
Third, this research only constructs the model using provincial regions as the research
object. In the future, the model has the potential to be applied to other areas of carbon
emission reduction research.

5. Conclusions

This study takes Guizhou province, a less developed region in southwest China, as a
representative case study to conduct a more comprehensive analysis of the carbon emission
reduction path at the provincial level. The goal is to tackle the provincial carbon emission
reduction challenge by merging three models of the LMDI, SD, and Tapio decoupling model.
The LMDI model assists policymakers in understanding the key factors influencing carbon
emissions. Based on this, a system dynamics model is constructed, and different scenarios
are set to assess the future carbon emission trends under various emission reduction
measures. Additionally, the Tapio decoupling index tests which scenario can achieve a
strong decoupling relationship between economic growth and carbon emissions as early as
possible to support policymakers in making decisions. The findings demonstrate that, firstly,
carbon emissions in Guizhou province increased from 2005 to 2020, with the industrial
sector contributing the most carbon emissions. Although the decoupling index is declining,
it is still in a weak decoupling state. Secondly, economic scale and industrial fossil energy
intensity are the primary driving and hindering factors in Guizhou Province’s carbon
emissions, respectively. Finally, only a combination of three measures simultaneously can
Guizhou Province reach the peak carbon emission of 277.71 million tons in 2029, and a
strong decoupling of economic growth and carbon emissions can be achieved early. This
research framework also applies to studying other regions’ carbon reduction issues.
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