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Abstract

Gansu Province, as a core region for the development of renewables in China, has significant
research value in the synergistic pathway of its power supply–demand structure and
pollution and carbon emission reduction goals. This study focuses on the pollution and
carbon reduction challenges faced by Gansu Province and the current situation of power
supply and demand. Based on scenario-setting methods, it couples the GCAM-China model
with the DPEC model to construct a pathway for pollution reduction and carbon emission
reduction in Gansu’s power system and predicts the future change in pollution and carbon
emission reduction. It provides important support for the sustainable development of
Gansu Province. Research indicates that by significantly increasing the share of renewable
energy in the short term (2025–2040)—with installed capacity growing by 1–2 times and
electricity generation reaching 148.6 billion kWh—the power sector can achieve carbon
neutrality and near-zero pollution emissions by 2060. And the provincial carbon emissions
will be 92.8% lower than in 2020, SO2 emissions will be 93.9% lower, and NOx emissions will
be 92.3% lower, thus the synergistic benefits of pollution reduction and carbon reduction
will be significantly enhanced. Additionally, the lower costs of production, energy dispatch,
and renewable energy storage will increase industrial electrification rates by about 40%
between 2020 and 2040. Gansu Province should vigorously promote the transformation
of its energy structure while improving the flexibility of the power system to facilitate the
integration and absorption of renewable energy. Promoting the development of clean and
low-carbon technologies from both supply and demand sides, facilitating the substitution
of traditional fossil fuels, and providing clean, reliable, and economical power assurance
for the sustainable development of Gansu Province.

Keywords: power supply and demand; air pollutants; carbon emissions; emission reduction
pathway; Gansu Province

1. Introduction
In the context of the global response to climate change, the realization of the “dual

carbon” goal requires a deep transformation of the energy system. As an important
renewable energy base in Northwest China, Gansu Province has become the forefront of
low-carbon transformation of the power system due to its unique geographical location
and resource endowment, and it is a benchmark province for the transformation of the
national energy structure. As of December 2024, the cumulative installed capacity of
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renewables in Gansu Province have reached 64.1 million kW, accounting for 64.1% of
the total installed capacity. The proportion of installed capacity of renewables and the
proportion of power generation of renewables rank second in China, showing the strong
development momentum of Gansu Province in the field of renewables [1]. However, there
are still multiple challenges to coordinate the power supply and demand structure with the
goal of reducing pollution and carbon emissions. Studies have shown that direct carbon
emissions from the electricity production stage account for the largest share (45.42%) of
carbon emissions throughout the power life cycle [2]. The carbon emission intensity of
the electricity production stage in Gansu Province in 2020 was 0.57 kg CO2/kWh [3]. In
2022, the intensity was reduced to 0.42 kg CO2/kWh [4], reflecting the contribution of the
expansion of renewables installations to carbon emission reduction [5,6]. However, every
1% increase in the share of clean energy will only reduce emissions by 0.26%, and the effect
is limited [3]. And according to the calculation of this study, the direct carbon emissions
of the power system will still account for 46.1% of the total emissions of the province
in 2023. On the other hand, the bottleneck of renewable absorption technology and the
immaturity of dispatching technology affect the timely access of renewables to the power
grid and efficient absorption [7]. About 20% of the power generation is wasted due to
insufficient transmission capacity of the grid [8]. As a result, rising electricity consumption
and inter-provincial electricity trade will drive up carbon emissions [2]. In this context, it
is of great theoretical and practical significance to explore the synergistic path of power
supply and demand optimization, pollution reduction, and carbon reduction to achieve the
“dual carbon” goal.

Scholars at home and abroad have made remarkable progress in the field of low-carbon
transformation of the power system. First, the optimization of the power structure is the
key to achieving a low-carbon transition. Ma et al. [9] used the Model Predictive Control
(MPC) framework to optimize China’s power supply structure, and found that increasing
the proportion of wind power and photovoltaic installed capacity to 50% can lead to a peak
of carbon emissions in the power sector ahead of schedule. Low-carbon power systems
can also further drive carbon reductions in transport, industry, and buildings through
electrification [10–12]. Increasing the share of non-fossil energy consumption is the most
important way for Gansu Province to achieve its carbon neutrality goal [13]. Moreover,
the synergistic effect of power structure optimization on pollution reduction and carbon
reduction is significant. Jiang, P. et al. have shown that structural measures can achieve
overall co-benefits, and technical measures are effective in reducing air pollution, but the
operation of air pollution control devices requires additional electricity and increases CO2

emissions [14–16]. A case study in Jiangsu Province shows that accelerating the phase-
out of coal power and increasing the proportion of renewable energy can synergistically
reduce CO2 and pollutant emissions, with SO2 emissions reduced by up to 30% in the
low-emission scenario [17]. The improvement of energy efficiency and the optimization
of energy structure are important ways to achieve synergies in pollution reduction and
carbon reduction [18]. In the pilot regions, CO2 emissions and PM2.5 concentrations
decreased by 13.3% and 3.1%, respectively, raising the overall pollution reduction and
carbon reduction level by 0.237 units. These research findings provide valuable insights
for studying pollution and carbon emission reduction pathways based on the low-carbon
transformation of the power system in Gansu Province.

Regarding research methodologies, scenario analysis methods and dynamic program-
ming (DP) show high efficiency in power system optimization [19]. The Problem-Driven
Scenario Reduction (PDSR) framework proposed by Zhuang et al. significantly improves
the decision-making adaptability of the stochastic economic scheduling model [20]. The
proactive countermeasures in the scenario analysis are helpful to promote the peak time of
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carbon emissions and reduce the peak carbon emissions, and attention should be paid to
formulating differentiated carbon emission reduction policies according to regional charac-
teristics [21]. However, most of the existing studies focus on the economically developed
areas in the east, and there is still a gap in the regional path design for the renewables-
rich areas in Northwest China. In particular, the multi-energy complementarity and
inter-provincial consumption mechanism is complex and requires model simulation [22].
Model-based methods for forecasting energy and emissions changes are gaining traction
across various sectors [23]. The Global Change Assessment Model (GCAM) has advan-
tages in the coupled simulation of regional energy–economy–environment; Peng et al.
quantified the contribution of the global power transition to the Sustainable Development
Goals (SDGs) through this model, confirming its effectiveness in multi-system interaction
analysis [24]. Research on pollution and carbon emission reduction pathways for provincial
power system transformation can utilize the China-specific nested version of the GCAM,
GCAM-China, to analyze Gansu Province’s socio-economic development, energy supply–
demand dynamics, and emission trajectories under climate change scenarios. The power
sector within GCAM-China achieves annual supply–demand equilibrium by iteratively
determining supply prices that align with evolving demand from the building, industrial,
and transportation sectors [25]. Subsequently, the scenario projections from GCAM-China
are input into the DPEC (Dynamic Projection model for Emissions in China), which gener-
ates high-resolution future emission characteristics for Gansu Province. This approach will
fill the research gap in energy allocation strategies and carbon emission reduction policies
for renewable energy-rich regions in Northwest China, exemplified by Gansu Province.

Therefore, this study establishes an analytical and predictive framework for pollution
reduction and carbon mitigation in Gansu’s power system by coupling GCAM-China and
DPEC based on scenario-setting methodologies. Based on the energy characteristics and
current emission status of Gansu Province, this study sets the high-emission scenario as the
baseline scenario, the medium-emission scenario as the enhanced policy scenario, and the
low-emission scenario as the acceleration transition scenario, focusing on the development
space of supply-side structural optimization, demand-side power management (including
renewable energy absorption capacity management), and the corresponding potential for
pollution reduction and carbon reduction. It provides a theoretical basis for formulating
scientific and feasible emission reduction strategies.

2. Materials and Methods
2.1. Preparation of Gansu Province Emission Inventory

This study compiled an integrated emissions inventory for Gansu Province in ac-
cordance with the Technical Guidelines for the Compilation of Integrated Emissions In-
ventories of Air Pollutants and Greenhouse Gases (Trial Version) [26] issued by the Of-
fice of the Ministry of Ecology and Environment. The inventory includes five major air
pollutants—SO2, NOx, PM2.5, VOCs, and NH3—as well as CO2. It was used to analyze
the overall emission trends from 2013 to 2023. The inventory uses 2013 as the base year.
The study scope covers 14 prefecture-level administrative units in Gansu Province. An-
thropogenic sources include heating, non-road mobile sources, steel, petrochemical and
chemical, livestock farming, coking, power, storage and transportation, gasoline vehicles,
cement, residential biomass burning, residential coal, residential chemical use, diesel ve-
hicles, architectural coatings, industrial boilers, industrial coatings, printing and dyeing,
fertilizer application, other residential sources, motorcycles, and other industrial sources,
totaling 22 subsectors. Data on industrial source activity levels were derived from the
environmental statistical data of Gansu Province. Activity levels of mobile sources (such as
vehicle emissions) were referenced from monitoring and management data of the Ministry



Processes 2025, 13, 3521 4 of 25

of Transport. Activity level data on diffuse sources (such as construction dust) were sourced
from relevant research findings of the Ministry of Housing and Urban-Rural Development.

2.2. Power Data Collection and Analysis

The power generation data, installed power generation capacity data, power con-
sumption data, and inter-provincial power output data from 2013 to 2024, used for power
supply and demand status analysis, were sourced from the Statistical Yearbook of the
Gansu Provincial Bureau of Statistics and the National Bureau of Statistics. Some missing
data were supplemented by searching for publicly available data online.

Thermal power generation depends directly on the amount of coal/gas, and fossil
fuel combustion is the main source of CO2 and atmospheric pollutants (SO2, NOx). There
is a natural correlation between the change in thermal power generation and the trend of
air pollutants and carbon emission in the power industry. In the process of analysis, the
change trend of thermal power data in Gansu Province shall be paid attention to.

2.3. Future Energy and Emission Projections

In this study, the GCAM-China and DPEC scenario setting methods are used to
construct the pollutant and carbon emissions reduction pathway of the power system and
predict future air pollutants and greenhouse gas emissions. The methodology framework
for future energy and emissions forecasting is shown in Figure 1.

Figure 1. Methodology framework for future energy and emissions forecasting.

GCAM-China is a Chinese nested version of the GCAM developed by Pacific North-
west National Laboratory (PNNL) in collaboration with a Chinese team. The Global Change
Analysis Model (GCAM) is a comprehensive assessment framework covering 32 global
regions, capable of providing detailed descriptions of various technologies. GCAM de-
scribes the behavior and complex relationships between five systems (the socio-economic
system, energy system, water resource system, agricultural and land use system, and
climate system) and is widely used in global and regional scale climate reduction scenario
analysis, which can generate complex system transformation pathways under various
scenario assumptions.

As a dynamic recursive model, GCAM reads external scenario settings of key driv-
ing factors, such as population growth, economic activities, technological innovations,
and policy adjustments, and solves the supply and demand relationships of energy and
resources that satisfy market equilibrium. Specifically, the regional energy sectors are
the representative entities in GCAM, which make resource allocation decisions based on
price signals and other relevant information, clearly indicating their expected supply and
demand quantities in the market, while GCAM iteratively solves for optimal prices to
ultimately achieve supply and demand balance. GCAM-China has the ability to analyze
socio-economic, energy supply and demand, and emission pathways in the context of
climate change at the provincial scale in China [27]. GCAM-China decomposes the energy
economy system of China into thirty-one provincial sub-regions and six power grid regions,
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Gansu Province can predict energy supply, energy consumption, product output, and
technology evolution under different socio-economic pathways and climate targets, so as
to construct future energy supply and demand and emission pathways. This study uses
the open-source release version of GCAM-China-v6.

DPEC (Dynamic Projection model for Emissions in China) is a dynamic assessment
model for future emissions of China developed by Tsinghua University. Its methodology
is shown in Figure 2. The core function of the model is to dynamically simulate future
emission changes based on technology succession. DPEC seamlessly connects the nested
version of China’s global integrated assessment model, GCAM-China, mapping the future
energy demand and supply scenarios constructed by GCAM-China and the technological
succession of various pollution sources one by one, to realize fine simulation of future
atmospheric emission changes under different socio-economic scenarios and climate targets.
The process of GCAM-China output input to DPEC needs to be realized through systematic
data interface and downscaling mapping, and the specific steps are as follows:

Figure 2. Dynamic Projection model for Emission in China (DPEC).

Step 1: GCAM-China output preparation and reference calibration. GCAM-China,
as a nested version of the integrated assessment model for China provinces, needs to be
calibrated for base-year parameters first to correct regional deviations in global energy
scenarios. After calibration, the model output covers four types of core data: energy
production data, i.e., the supply of primary energy; energy conversion data, i.e., the output
of secondary energy sectors such as electricity, heat, and oil refining; terminal energy
consumption data, i.e., the provincial energy consumption and industrial product output
of industrial, construction, and transportation sectors; and socio-economic parameters,
i.e., population, GDP, urbanization rate, and other driving factors. These outputs are
generated based on different climate targets (e.g., carbon peaking and carbon neutralization
constraints) and socio-economic scenarios (SSP) and provide the basis for subsequent
dynamic projections. Step 2: Data interface development and dynamic mapping. The
outputs of GCAM-China are mapped to the activity level prediction module of DPEC item
by item by constructing a model data interface. Step 3: Department level matching and
downscaling. The DPEC model contains 227 basic emission sources, and the coarse-grained
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output of GCAM-China needs to be downscaled to match. Step 4: Fine disassembly of
fuel types. GCAM-China’s fuel classification needs to be further disassembled to match
DPEC’s 1701 refined emission sources. Step 5: Dynamic integration of emission prediction
modules. Upon completion of the activity level inputs, the emission projection module
of the DPEC is processed through two types of sub-models. One type is a technology
succession model, aiming at point sources such as coal-fired power plants and cement
plants, taking the activity level provided by GCAM-China (such as power generation) as
input, combining the service time of equipment and retirement policy, and dynamically
predicting technology renewal and emission change. The other category is technology
prediction models, which predict technology distribution and emissions under phase-out
policy constraints based on provincial-scale activity level inputs for missing sectors (e.g.,
power generation from other fuels).

The core interaction between GCAM-China and DPEC lies in sector mapping and
fuel decomposition. Sector mapping ensures energy flows are accurately directed from
GCAM-China’s macro sectors (e.g., industrial final consumption) to DPEC’s micro emission
sources (e.g., cement kilns). Fuel decomposition converts coarse-grained energy data into
detailed emission sources through baseline year proportions. This process enables DPEC
to generate high-resolution emission profiles based on GCAM-China’s macro scenarios,
supporting research on synergistic pollution and carbon reduction governance.

The reference data used for future emission predictions of atmospheric pollutants and
CO2 from 2020 to 2060 are from the DPEC v1.2 database [28–30]. Combined with emission
inventory data from Gansu Province for 2020 (baseline year) to 2023 and future energy
forecast results, the DPEC v1.2 data for Gansu Province were corrected and applied.

In this study, the GCAM was calibrated using renewable energy generation and CO2

emissions. Based on the emissions and power generation structure of Gansu Province in
2020, the future low-carbon power transition path was deduced (the last table of the paper).

3. Results and Discussion
3.1. Analysis of Overall Emission Trends

SO2 and NOx are the two pollutants with the highest contribution synergy with
CO2 emission, so SO2 and NOx are taken as representatives to analyze the change trend
of anthropogenic emissions in Gansu Province. As shown in Figure 3, the study takes
2013 as the baseline, demonstrating the relative changes in atmospheric pollutant and
CO2 emissions across the province over the subsequent decade. From 2013 to 2022, the
emissions of SO2 and NOx in Gansu Province continuously decreased, with reductions of
69.9% and 40.9%, respectively, and they are also the two types of air pollutants with the
largest declines. However, the decline rate has been slow since 2020, with even a slight
rebound in 2023, where SO2 and NOx rebounded by 0.6% and 2.5%, respectively. CO2

emissions have been continuously increasing since 2017. The highest increase was 22.0% in
2023. The total CO2 emission of Gansu Province reached 202.7 million tons in that year.

Gansu Province has a substantial carbon emissions volume, urgently requiring a
reversal of the upward trend in carbon emissions; simultaneously, the task of synergistic
carbon and pollutant emission reduction is arduous.

This study analyzed the changes in carbon emissions of sub-sectors in Gansu Province
from 2013 to 2023 (Figure 4). The analysis results revealed that electric power, industrial
boilers, cement, heating, and residential coal combustion are the five sectors with the
highest carbon emissions. Among them, electricity carbon emissions contribute the most,
which is consistent with the trend of carbon emissions in the province. Figure 5 further
analyzes the changes in CO2, NOx, and SO2 emissions across the five sectors from 2013 to
2023. The power industry and industrial boilers have the largest overall pollutant emission
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reduction. However, as the sector with the largest increase in overall carbon emissions, the
power industry has seen pollutant emissions not decrease but rather increase after 2020. In
2023, the carbon emission of the power industry reached 93.5 million tons, accounting for
46.1% of the carbon emission of the whole province. The changes in air pollutants and CO2

emissions in the power sector dominate the overall emission trend of Gansu Province.
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Figure 3. Changes in anthropogenic emissions in Gansu Province from 2013 to 2023.
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Figure 4. CO2 emissions in Gansu Province by sector from 2013 to 2023.



Processes 2025, 13, 3521 8 of 25

 

0 

50 

100 

150 

200 

2013 2014 2015 2016 2017 2018 2019 2020 2021 2022 2023

E
m

is
si

o
n

s/
M

il
li

o
n

 T
o
n

s

CO2

Heating Power Cement Residential Coal Industr ial boiler s

0 

50 

100 

150 

200 

250 

300 

2013 2014 2015 2016 2017 2018 2019 2020 2021 2022 2023

E
m

is
si

o
n

s/
T

h
o
u

sa
n

d
 T

o
n

s

NOx

0 

50 

100 

150 

200 

250 

2013 2014 2015 2016 2017 2018 2019 2020 2021 2022 2023

E
m

is
si

o
n

s/
T

h
o
u

sa
n

d
 T

o
n

s

SO2

Figure 5. Air pollutants and CO2 emissions from major emission sectors in Gansu Province from
2013 to 2023.



Processes 2025, 13, 3521 9 of 25

The cross-elasticity analysis method evaluates the synergistic effect of reducing green-
house gas and atmospheric pollutant emission rates through the ratio of their reduction
rates [31–33].

Elsg/p =
ECg/Eg

ECp/Ep
(1)

ECg = Eg − E′
g (2)

ECp = Ep − E′
p (3)

where Elsg/p is the cross-elasticity value of the co-control, which reflects the degree of
synergy in controlling the air pollutant p while reducing the greenhouse gas g emissions;

ECg/Eg is the rate of change in greenhouse gas g emissions;
ECp/Ep is the rate of change in emissions of air pollutants p;
Ep′ is the emission of air pollutants after the implementation of a pollution reduction

pathway/measure (t);
Ep is the emission of air pollutants before the implementation of a pathway/measure (t);
ECp is the change (t) of air pollutant emissions before and after the implementation of

a path/measure;
Eg′ is the greenhouse gas emissions (t) after the implementation of a pathway/measure;
Eg is the greenhouse gas emissions (t) before the implementation of a path-

way/measure;
ECg is the change (t) in greenhouse gas emissions before and after the implementation

of a pathway/measure.
When using Elsg/p to assess the level of synergistic emission reduction across in-

dustries/sources, a negative calculation result indicates a “non-synergy” phenomenon
in the industry’s changes in greenhouse gas and air pollutant emissions, where one in-
creases while the other decreases. Both ECp and ECg being greater than zero indicates
a “negative synergy” phenomenon, where both greenhouse gases and air pollutants in-
crease. Through cross-elasticity analysis, the changes in the cross-elasticity values for
the synergistic reduction in pollution and carbon emissions in Gansu Province’s power,
industrial boiler, and cement sectors from 2014 to 2023, using 2013 as the base year, are
shown in Table 1. Compared to other sectors, the “non-synergy” effect between CO2 and
NOx is most pronounced in the power sector, and its positive synergistic benefits have
been deteriorating over the past decade. The synergistic emission reduction effect between
CO2 and SO2 is also the poorest in the power sector. Furthermore, as shown in Figure 5,
after 2020, emissions of CO2, NOx, and SO2 in the power sector have increased instead
of decreasing (ECg = 25.0 million tons, ECNOx = 14.8 thousand tons, ECSO2 = 6.4 thousand
tons), indicating a significant “negative synergy” effect. Therefore, implementing measures
for synergistic pollution reduction and carbon mitigation in this sector will yield signif-
icantly higher co-benefits compared to all other sectors. The primary factor influencing
the synergistic benefits is CO2 emission reduction. The preferred pathway to improve the
synergistic benefits of pollution reduction and carbon mitigation in Gansu Province is to
enhance the synergistic level within the power sector.

Table 1. Synergistic cross-elasticity values of main emission industries in Gansu Province from 2014
to 2023.

Year
Elsg/NOx Elsg/SO2

Electric Power Cement Industrial
Boilers Electric Power Cement Industrial Boilers

2014 0.12 1.20 −1.37 0.28 −0.20 −0.26
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Table 1. Cont.

Year
Elsg/NOx Elsg/SO2

Electric Power Cement Industrial
Boilers Electric Power Cement Industrial Boilers

2015 0.20 −0.41 1.10 0.25 −0.41 0.37
2016 0.24 −0.03 1.47 0.24 −0.03 0.58
2017 0.18 0.06 0.99 0.15 0.06 0.29
2018 −0.09 0.08 0.82 −0.07 0.09 0.29
2019 −0.01 −0.31 0.62 −0.01 −0.33 0.27
2020 −0.16 −0.36 0.38 −0.12 −0.38 0.18
2021 −0.56 −0.16 0.36 −0.42 −0.16 0.19
2022 −0.77 0.09 0.32 −0.57 0.09 0.20
2023 −0.99 0.06 0.27 −0.71 0.07 0.17

3.2. Current Situation of Power Supply and Demand

Gansu Province is endowed with abundant energy resources, and its installed power
generation capacity has been steadily increasing. As shown in Figure 6, by the end
of December 2024, Gansu Province’s total installed power generation capacity reached
99.9 million kW, representing a year-on-year increase of 11.5%. Among these, thermal
power generation capacity stood at 26.2 million kW, accounting for 26.2% and renewable
energy capacity reached 73.8 million kW, accounting for 73.8%. From a trend perspective,
thermal power generation capacity has only seen a slight increase in recent years, with
overall changes remaining minimal. Hydropower generation capacity has also remained
virtually unchanged. Wind power and solar power generation capacities have increased
exponentially, with renewables generation capacity accounting for 64.1% of the total by
the end of 2024, reflecting the positive trend toward a cleaner and lower-carbon energy
structure in Gansu Province.
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Figure 6. Installed power generation capacity in Gansu Province from 2018 to 2024.

As shown in Figure 7, the cumulative electricity generation in Gansu Province for
2024 is 227.2 billion kWh. The share of wind and solar power generation reached 35.0%,
showing a significant increase in renewables generation. However, the installed capacity of
renewable sources has already reached 64.1%, with a mismatch between installation and
output efficiency. On one hand, this is due to the significant impact of weather conditions on
the output of renewables sources (wind and photovoltaic), resulting in notable fluctuations;
on the other hand, it is attributed to the lack of system flexibility resources (such as
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energy storage and inter-regional transmission), leading to high curtailment rates. Through
the strategic deployment of energy storage systems and the expansion of transmission
corridors, the phenomenon of power curtailment in China has been gradually reduced. By
2024, China’s wind and solar utilization rates reached a record high of 95.9% and 96.8%,
respectively [34,35]. However, affected by the surge of installed capacity and the limitation
of renewable energy absorption capacity in Gansu Province, the utilization rate of wind
power and photovoltaic power generation in Gansu Province in 2024 was 94.0% and 91.3%,
respectively [35], and the average value from January to May in 2025 decreased to 91.6% and
88.9%, respectively [36]. The capacity for integrating renewable energy needs improvement.
Gansu Province should establish an efficient mechanism for the economic utilization of
wind, solar, and photovoltaic (PV) energy: 1. Promote the continuous reduction in costs
for wind, solar, and PV energy. 2. Enhance the local integration capacity for wind, solar,
and PV energy. Promote the decarbonization of industrial energy consumption, accelerate
the electrification of fossil energy, and improve the electrification level. 3. Increase the
flexibility of the power system. Accelerate the implementation of flexibility retrofits for
existing thermal power units across the province, tap into the peak-shaving potential of
thermal power units, and encourage coal-fired units to increase efficient energy storage
facilities. Establish a priority dispatching system adapted to the characteristics of wind and
solar power. Promote further cost reductions and diversified applications of energy storage,
including integrated generation-storage-consumption applications such as wind storage,
solar storage, and large-grid storage. Strengthen demand-side management, actively
promote energy-efficient power plants, demand response, and energy substitution, and
explore the auxiliary role of production and living charging and discharging facilities for
electric vehicles in peak shaving [37]. Over the past four years, the installed capacity of
hydropower in Gansu Province has remained stable at approximately 9.7 million kW, while
the share of hydropower generation has decreased from 28.8% in 2020 to 17.4% in 2024. The
proportion of green electricity generation in Gansu Province gradually increases, exceeding
50% since 2023, mainly due to the rapid increase in renewables generation.
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Figure 7. Power generation proportions in Gansu Province from 2013 to 2024.

The power generation from thermal power plants in Gansu Province for 2024 reached
108.1 billion kWh, still accounting for 47.6% of total power generation, serving as the
primary source of electricity production in Gansu Province. In contrast, the installed
capacity of thermal power plants accounted for only 26.2%, indicating that the peak-
shaving role of thermal power remains a stable support for the power system. Ther-
mal power generation decreased year by year until 2016 and has increased year by year
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since 2017. Thermal power generation is the main source of atmospheric pollutants and
carbon emissions in the power industry. Pollutant emissions from the power industry
continued to decline until 2018 and have been increasing slowly since 2019; carbon emis-
sions declined slowly until 2017 and have shown a significant growth trend since 2017
(Figure 5). During the period of “Air Pollution Prevention and Control Action Plan” [38],
i.e., 2013–2017, emission reduction in the power industry in Gansu Province benefited from
ultra-low emission transformation of coal-fired power plants and elimination of coal-fired
units [39]. The technical measures achieved remarkable results during this period. During
the “Three-Year Action Plan to Win the Blue Sky Defense War” [40], i.e., 2018–2020, the
emission rebound of the power industry is mainly due to the annual growth of thermal
power units and thermal power generation. The development of technical measures in
this period entered a bottleneck period, and more powerful energy structure reform mea-
sures are needed to continue to improve the pollution and carbon reduction effect of the
power industry.

The current situation of power supply and demand in Gansu Province presents certain
characteristics. As shown in Figure 8 from 2013 to 2024, Gansu Province’s power generation,
power consumption, and power exports all showed an upward trend, increasing from
120.2, 107.3, and 12.8 billion kWh to 227.2, 174.6, and 55.9 billion kWh, respectively. In
terms of supply and demand structure, there has been a long-term surplus of supply over
demand, with a large scale of power exports, indicating that the Gansu Province power
system exhibits a surplus in power supply.
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Figure 8. Electricity supply and demand in Gansu Province from 2013 to 2024.

From the perspective of power utilization, Gansu Province faces certain challenges
in the renewable energy absorption. Figure 8 shows the proportion of annually exported
power to total power generation in Gansu Province with a green dashed line. Since 2020,
the proportion of exported power has shown a declining trend, indicating that there are
difficulties in integrating and absorption of renewable energy in Gansu Province. The
wind curtailment rate and solar curtailment rate reached 10% and 15%, respectively [41].
However, power consumption within the province continues to rise, continuously pushing
for an increase in power generation.

Overall, the power supply and demand situation in Gansu Province exhibits the
following characteristics: First, power generation capacity continues to grow, particularly
with rapid growth in renewable energy capacity. Second, the proportion of thermal power
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generation continues to decline, but thermal power generation is still increasing year by
year, it is the main reason for the increase in pollutants and carbon emissions in the power
industry in Gansu Province. Third, power exports are significant, making Gansu a key
power-exporting province nationwide. Fourth, the integration of renewable energy is
facing challenges, and the problem of curtailment of wind and solar power is serious. These
characteristics have a significant impact on Gansu Province’s efforts to reduce pollution and
carbon emissions and serve as an important basis for formulating the province’s pollution
reduction and carbon emission reduction strategies.

3.3. Pollutant and Carbon Emissions Reduction Pathways

The results of overall emission trend analysis in Gansu Province show that the carbon
emission of electric power sector in Gansu Province is huge, which is the main source of
carbon emission in Gansu Province and the key field for Gansu Province to achieve the goals
of carbon peak and carbon neutralization. The main source of carbon emissions is thermal
power generation, and with the increasing proportion of renewable energy, the carbon
emission intensity in the power sector shows a declining trend. The export of electricity
has a significant impact on carbon emissions, and the growth in the export of renewable
power contributes to reducing the carbon emission intensity of the province’s power system.
However, the difficulties in integrating and absorption of renewables weaken the carbon
emission reduction capacity of Gansu’s power system.

The environmental impact of Gansu Province’s power sector is also reflected in the
emission of air pollutants. As Gansu Province’s power structure transitions toward a
cleaner and lower-carbon direction, the environmental impact of the power sector is de-
creasing. However, thermal power generation remains dominant, and the task of reducing
pollution and carbon emissions in the power sector remains arduous. Therefore, optimiz-
ing the power supply and demand structure and increasing the proportion of renewable
energy are important measures to reduce the environmental impact of Gansu Province’s
power sector.

This study references the DPEC scenario-setting method [29] and documents such as
the “Gansu Province 14th Five-Year Energy Development Plan” [37], the “Gansu Province
Pollution Reduction and Carbon Emission Reduction Synergistic Efficiency Implementation
Plan” [42], and the “Gansu Province 14th Five-Year Comprehensive Energy Conservation
and Emission Reduction Work Plan” [43], and based on the analysis of the aforementioned
pollution reduction and carbon emission reduction measures, three future emission scenar-
ios were constructed: high-emission scenario, medium-emission scenario, and low-emission
scenario. The scenario descriptions are shown in Table 2.

Table 2. Description of future emission scenarios.

Scenarios Scenarios Description

High-emission scenario

Assuming the continuation of current policies, carbon peaking is projected to be
achieved around 2030, but there are no additional climate targets post-2030 to
promote the low-carbon transition; the costs of renewable energy decline is
appropriately in line with historical trends; the best end-of-pipe pollution control
measures are implemented between 2020 and 2060.

Medium-emission scenario

Continue implementing current policies to achieve carbon peaking around 2030;
after 2030, adopt enhanced low-carbon transition policies to achieve carbon
neutrality by 2060; the cost of renewable energy will appropriately decline according
to historical trends, and thermal power generation units failing to meet energy
efficiency standards will be phased out gradually starting from 2025; implement
optimal end-of-pipe pollution control measures between 2020 and 2060.
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Table 2. Cont.

Scenarios Scenarios Description

Low-emission scenario

Increase the intensity of recent climate mitigation policies by 20–50%, achieving
carbon peak around 2025; the carbon neutrality scenario is consistent with the
medium-emission scenario, sharing the same carbon pricing mechanism; while
considering the rapid decline in renewable energy costs and the gradual phasing out
of fossil fuel power generation units that do not meet energy efficiency standards
starting from 2025; implement optimal end-of-pipe pollution control measures
between 2020–2060.

Furthermore, a more detailed policy timeline can provide clear guidance for the power
industry. The low-carbon transition strategies and core policy objectives involved among
the scenarios are shown in Table 3.

Table 3. Major low-carbon transition strategies and core objectives between scenarios.

Scenario Transformation Major Low-Carbon Transition
Strategies Core Policy Objectives

High-emission scenario
→

Medium-
emission scenario

Introduction of carbon pricing
mechanism (The carbon pricing
level is about 30 USD/t CO2 in
2030, mainly due to the expansion
of existing emission reduction
technologies and technological
adaptation; subsequently, as CO2
emissions are substantially and
rapidly reduced, it will
surge to 100 USD/t CO2
by 2040) + gradual phasing out
of non-compliant thermal
power units

By 2025:
The entire province has achieved ultra-low emissions for coal-fired boilers with
a capacity of 65 steam tons per hour or higher (including power generation),
and coal-fired units have been retrofitted to serve as emergency backup power
sources. Technical approaches include biomass co-firing (over 10%), green
ammonia co-firing (over 10%), and the application of carbon capture and
storage technologies
The installed capacity of renewable energy generation accounts for over 65% of
the total power generation capacity, non-fossil energy constitutes 30% of the
total energy consumption, and the generation volume of renewable energy
reaches approximately 60% of the total social electricity consumption.
To complete the target tasks of achieving a renewable energy power
consumption responsibility weight of over 50% and a non-hydro renewable
energy power consumption responsibility weight of 23%
Industrial energy efficiency continues to improve, with energy consumption per
unit of value-added in large-scale industries decreasing by 13.5%.
By 2027:
Carbon emissions per kilowatt-hour of coal-fired power will be reduced by 50%
compared to 2023, approaching the level of gas-fired units. Key measures:
further promoting low-carbon transition technologies for coal-fired units, such
as biomass co-firing and ammonia co-firing.
By 2030:
National renewable energy consumption reached 1.5 billion tons of standard
coal equivalent. Key measures: promote the construction of large-scale
photovoltaic bases; accelerate the integration process of renewable energy with
industrial, transportation, and building sectors.

Medium-
emission scenario

→
Low-emission scenario

Low-cost renewable energy
integration (Cost reduction is due
to continuous innovation and
improvement of technology,
economies of scale and increased
industry demand) + accelerating
the construction of a new power
system (developing large-scale,
high-proportion renewable energy
transmission technologies, smart
grid dispatch technologies, and
renewables storage
technologies, etc.)

High-emission scenario
→

Low-emission scenario

Introduction of carbon pricing
mechanism + gradual phasing out
of non-compliant thermal power
units + low-cost renewable energy
integration + accelerating the
construction of a new
power system

Moreover, to evaluate the uncertainty in energy transformation in Gansu Province
more comprehensively, we perturbed a series of parameters such as renewable energy cost
and thermal power control time and set up eight supplementary scenarios (Table 4). In
the medium- and low-emission scenarios, renewable energy cost reductions are gradually
reduced from 6% to 4%, and thermal power control progress is postponed to 2030 to capture
uncertainties in both measures.

This study calibrates the GCAM-China by comparing and validating historical data
with predicted data on renewable energy generation and CO2 emissions, confirming the
accuracy of the model prediction results. The calibration results are shown in Table 5.
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The power generation data used for calibration are from the Statistical Yearbook of Gansu
Province. We have adjusted the renewable energy cost data in the GCAM-China system to
adapt to the preference weights of different power generation technologies in the power
sector in the future to ensure that the proportion of other energy sources and statistical
data remain relatively stable. The calibration accuracy of CO2 emission was verified by
comparing the model results with emission inventory data of Gansu Province.

Table 4. Assumptions for uncertainty analysis.

Sources of
Uncertainty Scenarios Covered Scenario

Number Description

Renewable energy cost
Medium-emission scenario,

Low-emission scenario

6 Renewable energy costs are falling
from 6% to 4%

Thermal power control progress 2
The implementation of thermal

power control policy is postponed
from 2025 to 2030

Table 5. Model prediction results calibration.

Unit
Statistical Data Model Results

Before Calibration Calibration Results

2020 2020 2020

Hydroelectric Power Billion kWh 50.7 48.7 44.3
Wind + Solar Generation Billion kWh 38.0 23.6 26.2

CO2-province Million Tons 175.9 160.3 175.9
CO2-power Million Tons 68.6 58.4 68.6

Using the GCAM-China, we predict the energy supply behavior of Gansu Province
under different scenarios, as shown in Figures 9 and 10. To achieve the 2030 carbon
peak target or the 2025 early carbon peak target, the installed capacity of thermal power
generation in Gansu Province will continue to decrease between 2025 and 2040. The
reduction in the low-emission scenario remains the largest, decreasing to 18.7 million kW
by 2040. Hydropower installed capacity will significantly decrease between 2025 and
2030. After 2030, due to the improvement of battery energy storage and pumped storage
capacity, problems such as hydropower generation efficiency, power stability, and system
flexibility will be solved to a certain extent. As a result, the installed capacity of hydropower
will gradually recover after 2030 to support strengthened low-carbon transition policies.
Gansu Province ranks among the top in China in terms of wind and solar energy resources,
offering unique advantages for the development of wind and solar power generation. This
is an important pathway for Gansu Province to enhance its carbon reduction and pollution
control levels. Between 2025 and 2040, Gansu Province’s renewables installed capacity will
continue to rise significantly. By 2040, wind power installed capacity will increase to more
than double its current level, and solar power installed capacity will increase to more than
triple its current level, far exceeding thermal power generation.

Between 2025 and 2040, the predicted power generation structure under various
emission scenarios in Gansu Province are shown in Figure 10. The low-emission scenario
has the largest decrease in thermal power generation and the largest increase in renewables
power generation, corresponding to the installed capacity prediction results. In the low-
emission scenario, Gansu Province has the largest power generation capacity, with power
generation reaching 372.5 billion kWh in 2040.
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Figure 9. Forecast of future installed power generation capacity in Gansu Province under
different scenarios.



Processes 2025, 13, 3521 17 of 25

 

112.51 92.41 87.99 77.17

41.68
28.94 33.16 36.23

47.53
69.37 88.15 107.75

41.18 88.80
115.22

139.29

0 

100 

200 

300 

400 

2025 2030 2035 2040

P
o
w

er
 g

en
er

a
ti

o
n

/b
il

li
o
n

 k
W

h

Year

A. High-emission

Thermal power Hydroelectr ic power Wind power Solar  power

111.51 90.12 86.80 75.62

41.79
26.90 32.09 36.47

47.36
67.97 88.34 111.87

41.47 92.43
118.87

148.55

0 

100 

200 

300 

400 

2025 2030 2035 2040

P
o
w

er
 g

en
er

a
ti

o
n

/b
il

li
o
n

 k
W

h

Year

C. Low emission

112.53 92.54 88.25 77.03

41.73
29.61 33.97 37.91

47.50
69.02 88.27 109.22

41.19 90.25
116.26

141.17

0 

100 

200 

300 

400 

2025 2030 2035 2040

P
o
w

er
 g

en
er

a
ti

o
n

/b
il

li
o
n

 k
W

h

Year

B. Medium emission

Figure 10. Forecast of future power generation in Gansu Province under different scenarios.

The uncertainty analysis results of energy transformation in Gansu Province are shown
in Figure 11. In the medium- and low-emission scenarios, renewable energy cost reductions
are gradually reduced from 6% to 4%, and thermal power control is postponed to 2030.
Uncertainty analysis shows that there is a risk of declining electricity production by 2040,
whether by reducing renewable energy supply or delaying the coal ban. If the cost reduction
in renewable energy decreases from 6% to 4%, the electrification rate will decrease by 3–5%.
Delaying the control time of thermal power to 2030 will postpone the electrification process
to 2040.
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Figure 11. Uncertainty analysis results based on renewable energy cost changes (4–6%) and thermal
power control time (postponed to 2030). (a) presents the total power generation in 2040, (b) represents
the electrification rate under different influences. Error bars and shaded areas on the histogram
represent 95% confidence intervals.

Based on DPEC v1.2 emission data, the future emission trends under various emission
scenarios in Gansu Province and the changes in emissions from the power sector in Gansu
Province are analyzed and predicted, as shown in Figure 12. All three scenarios implement
optimal end-of-pipe pollution control measures between 2020 and 2060. However, the
high-emission scenario does not have additional climate targets after 2030 to promote
the low-carbon transition. After 2035, the pollutant reduction in the high-emission sce-
nario is far lower than the other two scenarios, and it consistently fails to achieve carbon
neutrality goals. This is because long-term and medium-term pollution control must be
implemented in conjunction with energy conservation, carbon reduction, and clean en-
ergy initiatives, highlighting the necessity of synergistic pollution reduction and carbon
reduction governance [44–47].
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Figure 12. Future emission trends of Gansu Province and power systems under different scenarios.

The low-emission scenario aims to achieve carbon peaking around 2025 and will
vigorously implement carbon reduction measures in the short term. However, due to the
mismatch in carbon reduction capabilities between upstream and downstream industries in
the industrial chain (e.g., the high energy consumption of photovoltaic panel manufacturing
cannot be resolved in the short term), the final carbon reduction effect of the measures
may be less than ideal, and short-term carbon reduction may temporarily fall below that of
the high-emission scenario and medium-emission scenario. However, the medium-term
and long-term effects of pollution reduction and carbon emission reduction in the low-
emission scenario are significantly better than those in the medium-emission scenario: the
carbon neutrality goal and the near-zero pollutant emission goal of the power sector can be
achieved earlier, before 2060; by 2060, the provincial carbon emissions will be 92.8% lower
than in 2020, SO2 emissions will be 93.9% lower, and NOx emissions will be 92.3% lower.

In the low-emission scenario, from 2025 to 2040, the province’s carbon emissions will
decrease by 51.9%, power sector carbon emissions will decrease by 68.6%, provincial SO2

emissions will decrease by 64.9%, power sector SO2 emissions will decrease by 87.7%,
provincial NOx emissions will decrease by 60.2%, and power sector NOx emissions will
decrease by 85.5%. According to Duan W. et al., under the coal power retirement scenario,
the carbon emissions of the Inner Mongolia power industry in 2050 will decrease by 66.7%
compared with 2026 (peak year). Inner Mongolia’s CO2 emissions will peak in 2033, and
by 2050 carbon emissions will fall by only 4.6% from peak levels. Under the carbon pricing
scenario, although Inner Mongolia Autonomous Region has achieved the carbon peak
target by 2030, the power generation fluctuates violently. Compared with 2019, the total
power generation in Inner Mongolia will drop by 28.5% in 2028, hitting a record low,
which is not conducive to the stable economic development of Inner Mongolia and even
China [48]. It shows that the huge potential of carbon emission reduction in Inner Mongolia
comes from the huge traditional thermal power installed capacity. Gansu Province, on the
other hand, can leverage its inherent energy advantages to develop renewable energy on a
large scale, while also laying a solid foundation for the electrification of industrial sectors
and the introduction of carbon pricing mechanisms.

Compared with the high-emission scenario, the carbon emission reduction measures
based on increasing the proportion of renewable energy in the medium- and low-emission
scenarios are better than those in Gansu Province in terms of pollution reduction and carbon
reduction in the power industry. It shows that the role of power demand-side management
in optimizing the balance between power supply and demand and reducing environmental
impact cannot be ignored. In the future emission scenario, Gansu Province will improve
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the flexibility of the power system and promote the consumption of renewable energy by
developing energy storage technology, optimizing grid dispatching, and strengthening
inter-provincial mutual assistance, continuously promoting the electrification of terminal
energy use. Compared with the medium-emission scenario, the lower renewable energy
production cost, energy dispatching cost, and energy storage cost in the low-emission
scenario are more conducive to the replacement of electricity from the end energy source,
especially for the increase in electrification rate in the industrial sector. Under both scenarios,
the share of electricity in industrial energy use will rise from 26% in 2020 to 55% and 65%
in 2040, respectively. As shown in Figure 12, in the low-emission scenario, the reduction
rates of CO2 and atmospheric pollutants across Gansu Province are higher than those in the
medium-emission scenario, with the application of clean technologies on both the supply
and demand sides significantly promoting the substitution of traditional fossil fuels.

4. Conclusions
This study reveals severe challenges facing Gansu Province’s power sector: pollutant

and carbon emissions continued to rise from 2022 to 2023, with CO2 emissions surging
by 22.0% compared to a decade ago. The core issue lies in the counterintuitive increase in
thermal power generation—the dominant source of electricity (and primary contributor
to pollution and carbon emissions). Despite renewable energy capacity reaching nearly
64.1% (by 2024), establishing a solid foundation for low-carbon transition, its inherent inter-
mittency has led to high curtailment rates and mismatched output efficiency. This forces
thermal power to shoulder critical peak-shaving responsibilities, becoming the primary
driver of emissions growth. The study constructs a low-emission scenario projection: by sig-
nificantly increasing the share of renewable energy in the short term (2025–2040)—doubling
or tripling installed capacity to generate 148.6 billion kWh—Gansu Province can achieve
carbon neutrality and near-zero pollution emissions in the power sector by 2060. Under
this scenario, by 2040, provincial carbon emissions would decrease by 51.9% and pollutant
emissions by over 60.2%. The power sector’s carbon emissions would drop by 68.6% and
pollutant emissions by over 85.5%, significantly enhancing synergistic pollution reduction
and carbon mitigation benefits. Concurrently, lower renewable energy costs would propel
industrial electrification rates from 26% in 2020 to 65% by 2040.

This study provides the first in-depth analysis and quantification of the evolution
of “non-synergistic and negative synergistic” effects in pollution reduction and carbon
emission reduction within Gansu Province’s power sector over the past decade, along with
their driving role in overall emission growth. It offers a key mechanism explanation for
regional challenges in achieving both pollution reduction and carbon emission reduction.
The high-resolution, actionable “low-emission scenario” constructed proposes a concrete,
quantifiable, and time-bound (2025–2040) pathway for low-emission transformation. It
clearly outlines the scale of new energy installations, power generation targets, and the
resulting substantial emission reduction potential (a 92.8% decrease in provincial carbon
emissions by 2060) and enhanced synergistic benefits (a 93.9% reduction in SO2 emissions
and a 92.3% reduction in NOx emissions). This provides robust scientific evidence and a
clear target orientation for policy formulation. Positioning enhanced power system flexibil-
ity (energy storage, dispatch, mutual support) as the core solution to overcome renewable
energy integration bottlenecks and unlock emission reduction potential, the study quantita-
tively forecasts the positive impact of reduced renewable energy production, dispatch, and
storage costs under the low-emission scenario on boosting industrial electrification rates
(to 65%).

To accelerate the achievement of low-emission scenario targets, Gansu Province should
implement the following phased, targeted policy measures: Short-term (2025–2030): Re-
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move consumption bottlenecks and solidify the foundation for transformation. Mandate
that new renewable energy projects include energy storage facilities and pumped-storage
hydropower plants with capacities of at least 15–20% of the installed capacity. Introduce
policies such as widening peak-off-peak electricity price differentials and capacity compen-
sation payments to incentivize flexibility upgrades for thermal power units, reducing their
minimum output to below 30%. Fully advance the construction and expansion of ultra-
high-voltage direct current (UHV DC) transmission lines to enhance power export capacity.
Improve cross-provincial and cross-regional ancillary service market mechanisms to opti-
mize the allocation of peak-shaving resources across broader areas. Mid-term (2030–2040):
Deepen structural transformation and unlock synergistic benefits. Continuously expand
wind and solar power bases while ensuring grid integration capacity, prioritizing dis-
tributed photovoltaic and decentralized wind power development. Research and introduce
a “coal-fired power phase-out timeline” as appropriate, systematically decommissioning
inefficient, high-emission small thermal units based on unit lifespan and flexible retrofitting
outcomes, while strictly controlling new coal-fired power additions. Develop specialized
subsidies and tax incentives for electrification upgrades in high-energy-consuming indus-
tries. Explore linkage mechanisms between green power trading and carbon markets to
reduce enterprises’ green power usage costs. Long-term (2040–2060): Advance towards
net-zero emissions and strengthen system resilience. Achieve the orderly phase-out or
transformation of coal-fired power generation. Establish a power supply system dominated
by renewable energy, supplemented by cross-regional mutual support, and fully develop a
new power system featuring highly integrated “Source–Grid–Load–Storage”. Fully apply
artificial intelligence and digital twin technologies across the entire power system planning,
operation, and maintenance chain to achieve self-healing, adaptive, and high-efficiency
management. Establish a real-time carbon footprint monitoring and traceability platform
covering the entire society. Deeply integrate into the national energy internet construc-
tion, promote user-side resource aggregation models such as “virtual power plants” and
“demand-side response,” and maximize system flexibility.

Future Outlook: Gansu Province should seize the strategic opportunities presented by
the “dual carbon” goals, using the “non-synergy and negative synergy” issues revealed
in this study and the proposed low-emission pathways as core action guidelines. By
implementing the aforementioned policy mix, the province can focus on resolving the
challenge of new energy integration, accelerating the deep transformation of its energy
structure and significantly enhancing system flexibility and intelligence. This approach
will not only effectively reverse the current trend of rising emissions, achieve synergistic
pollution reduction and carbon mitigation across the power sector and the entire province.
Moreover, it will provide valuable “Gansu experience” for exploring deep decarbonization
pathways under high-penetration renewable energy systems nationwide, contribute crucial
momentum to the national carbon neutrality goal, and lay a solid foundation of clean,
reliable, and economical power for sustainable economic and social development.
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