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a b s t r a c t 

China has continually reduced the intensity of its carbon emissions, increased its efforts to fulfil its Nationally 

Determined Contributions, and boosted its efforts to mitigate climate change. Due to its vast power generation 

sector, China is at present the world’s top carbon dioxide emitter (CO 2 ). Utilizing the Low-Emissions Analysis 

Platform (LEAP) – which is an integrated, scenario-based energy and environmental modelling tool created by the 

Stockholm Environment Agency – four scenarios other than the baseline scenario were devised and compared. 

The current study builds on two Nationally Determined Contributions (NDC) scenarios and two Carbon Neutral 

(CNT) scenarios in which emissions peak in the year 2025 or 2030, allowing for an examination of ambitious 

actions necessary beyond business as usual and existing policy trajectories to attain net-zero emissions. This study 

also looked at how the learning curve affected the expenses in the aforementioned scenarios. It was determined 

that scenarios that deployed Carbon Capture and Storage (CCS) and Bioenergy with Carbon Capture and Storage 

(BECCS) technologies were more favourable in realizing China’s carbon neutrality goal before 2060 by reaching 

negative emissions, and scenarios that achieved emissions peak earlier proved higher cost benefits as well. The 

findings of the study further revealed that the Greenhouse Gas (GHG) savings in the NDC 2025, NDC 2030, CNT 

2025, and CNT 2030 scenarios will be 104.23 Gt, 76.77 Gt, 142.74 Gt, and 130.92 Gt respectively, in the study 

period 2020–2060 and the cost-benefit associated with them per tonne of CO 2 will be 8.4, 8.5, 26.4, 30.4 CNY/t 

CO 2 , respectively. Moreover, under the CNT 2025 scenario, annual installed capacity of wind power should be 

greater than 46.8 GW between 2025 and 2030, and greater than 55.2 GW between 2030 and 2060; while the 

annual installed capacity of solar PV should be greater than 59.2 GW between 2025 and 2030, and greater than 

61.3 GW between 2030 and 2060. The Chinese power production industry must seek to convert to a larger-scale 

deployment of carbon capture technologies such as CCS and BECCS. 
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. Introduction 

The extraordinary speed of China’s economic growth has propelled

he demand for electricity, which has grown from 1387 terawatt hours

TWh) in 2000 to 7511 TWh in 2020, making China the world’s largest

lectricity consumer with the world’s largest power sector. China now

as the largest installed generation capacity in the world (2202 GW

y 2020), nearly 60% of which is generated from coal. According to

he Global Coal Plant Tracker, there were 1110 coal-powered plants in

020 with an installed capacity of 1064 GW ( Tracker, 2019 ). Despite

he COVID-19 pandemic, the growth rate of power consumption stayed

ositive. Electricity usage increased by 3.1% in 2020, compared to 4.5%

n 2019 ( Mastoi et al., 2022 ). 
∗ Corresponding authors. 

E-mail addresses: rd19@mails.tsinghua.edu.cn (R. Maheen), loveparadise15@163

ing.zhao@tsinghua.edu.cn (M. Zhao) . 

2  

ttps://doi.org/10.1016/j.ccst.2023.100112 

eceived 4 March 2023; Received in revised form 19 April 2023; Accepted 19 April 2

772-6568/© 2023 The Author(s). Published by Elsevier Ltd on behalf of Institution

Y license ( http://creativecommons.org/licenses/by/4.0/ ) 
Steel, chemicals, and aluminium are amongst the energy-intensive

ndustries driving China’s fast expansion in power consumption. How-

ver, the continuous economic transformation and structural change to-

ard service-based businesses may increase the importance of service

ndustries, residential consumption, and perhaps transportation power

sage in the future ( Fu et al., 2020 ; Hong et al., 2022 ; Nayak et al., 2022 ;

nika et al., 2022 ). Energy demand has prompted the need for exten-

ive expansion in the power sector on a large scale in China. This makes

hina the world’s largest electricity producer to meet its increasing de-

and. China, as the world’s top carbon emitter, produced 32% of global

arbon emissions by the end of 2020 ( Wu et al., 2022 ). Fossil fuels, es-

ecially coal, are the dominant resource in power generation in China.

oal power accounted for about 60% of the electricity generation mix in

020. Because of China’s reliance on coal, the power generation sector
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n China emitted around 5.4 Gt of CO 2 , or around 47% of the country’s

otal energy sector emissions in 2020 ( IEA, 2021 ), which accounts for

5% of total CO 2 emissions worldwide ( Li et al., 2017 ). 

The future development pathways of China’s power system had been

idely studied before the goal of carbon neutrality was set forth. How-

ver, due to a lack of top-level design and national support, the plan-

ing duration, milestones, and mitigation objectives are not specified in

hese studies and are inferred by the authors. The years 2030 ( Yu et al.,

019 ; Zhu et al., 2021 ) and 2050 ( Guo et al., 2017 ; Zhang et al., 2012 )

re commonly chosen years as the end of the planning period. Further-

ore, because there are no mitigation targets, the emission abatement

evel is mostly utilized for scenario analysis or policy effect comparison

 Zhang et al., 2020 ). Even if a stricter and clearer CO 2 emission target

as been put forward, there are still many debates about the clean tran-

ition of China’s power generation sector, especially the way to trade off

oal-fired power against renewable energy ( Zhang et al., 2022 ). 

LEAP is an integrated, scenario-based energy and environmental

odelling tool created by the Stockholm Environment Agency which

an be used to track an economy’s energy use, output, and resource ex-

raction across all sectors ( Cai et al., 2022 ). Furthermore, LEAP may

e used in energy planning for long-term forecasts of energy consump-

ion and related environmental challenges. As a result, the LEAP model

s widely adopted to investigate and model energy consumption, GHG

missions, and energy policy formulation in many locations and indus-

ries ( Liang et al., 2014 ). Comprehensive modelling of decentralised

nergy networks is possible with LEAP because it supports both top-

own/macroeconomic modelling and bottom-up/end-use accounting

ethods for the demand side. It supports accounting and simulation

pproaches on the supply side and has modelling tools for optimisation.

odels of various energy systems at various scales, each with its own

pecial data structures, can be built using LEAP. The IPPC Database,

hich has data on the costs, performance, and emission factors of more

han 1000 energy technologies, is a component of the LEAP model.

iven that just the base year requires in-depth statistical data, LEAP

as the advantages of having a minimal skill and initial data demand.

EAP’s adaptability and transparency make it possible to include in-

ormation and findings from other independent models ( Ugwoke et al.,

021 ). As a result, LEAP can function as a hybrid energy analysis tool.

he LEAP time horizon is infinite and can be described as a sequence of

ears divided into different time slices. In developing nations, LEAP has

 user-friendly interface and is free to use. Because of these traits, the

EAP model was chosen for this study. 

The LEAP model has been used in several studies to investigate en-

rgy demand, GHG emissions, and energy planning policies in a variety

f industries. Hernandez and Fajardo ( Hernández and Fajardo, 2021 ),

or example, used the LEAP Programme to project air pollutant emis-

ions through 2050. The variation of emissions for alternative assump-

ions of industrial energy matrices in the three scenarios was also

nalysed, providing solutions for emissions reduction in the city. The

odel yielded considerable co-benefits for the development of alterna-

ive transportation modes and electrification. Although there are sev-

ral studies that have used the LEAP model in their research, there is

o study, to the best of the author’s knowledge, that adopts specifically

he LEAP model to project the future emissions of China’s power gener-

tion sector up till the year 2060, keeping into account China’s carbon

eutrality goal. 

Additionally, there are several studies analysing and predicting the

eak of China’s power sector for carbon emissions. There are also some

tudies that link the peaking of carbon emissions with a tentative car-

on neutrality timeline by either the year 2050 or comparing scenarios

here global temperature rise is kept at 1.5 o  C and 2 o  C. But there are

ardly any studies that consider both peaking the power sector’s emis-

ions and achieving China’s carbon neutrality goal by 2060. Most stud-

es that study carbon emissions of China’s power sector mostly adopt

he TIMES model as their main methodology instead of other proven

ethodologies like the LEAP model. Moreover, to the best of the au-
2 
hor’s knowledge, those limited studies that have predicted the emis-

ions, or negative emissions, of the Chinese power sector by 2060 have

ot calculated the costs and benefits associated with their low-carbon

cenarios or the costs of avoided GHGs (CNY/t CO 2 e) in their stipulated

cenarios or the learning model. By bridging these gaps, this study aims

o quantitatively unravel low-carbon pathways that can be used to de-

ign and incorporate low-emission and negative-emission technologies

nto future five-year plans of China’s power industry, and associated

osts and practicality in realizing their consolidation. This study closes

n on these goals by: 

1. Firstly, total future installed capacities of each technology, power

generation mix and GHG emissions associated with each technology

are quantified. This shows policy makers in China how the quantities

can be used as a strategy to reduce GHG emissions. 

2. Secondly, this study also considers the learning rates of each tech-

nology and how it affects the capital costs of the technologies taken

into consideration. By establishing the link between the costs and ex-

perience gained over the years for certain technologies showed that

when we take the learning rate into account, future capital costs

will be lower compared to the base year. This will prove that the

earlier a technology is commercialized, the experience gained over

time will eventually lead to lower investment costs hence attracting

more investment possibilities in said low-carbon technologies. 

3. Thirdly, we quantify the negative emissions from the power sector

towards the last patch of our study period. To the author’s knowl-

edge, the Chinese power system does not consider negative emissions

as of now and there is no action plan set in place that details on how

to incentivize negative emissions from the Chinese Emissions Trad-

ing System (ETS). Therefore, this study also suggests approximate

noncompliance penalty costs that can be considered by the Chinese

ETS in further strengthening their carbon credit mechanism. 

4. Lastly, in addition to the technicalities associated with power gen-

eration and low-carbon technologies, this study also aims to briefly

look at and discuss loopholes in the national ETS of China and of-

fer suggestions to better facilitate the adoption and dissemination

of CCS and BECCS at a larger scale and their monitoring, especially

through financial media, within the ETS. 

. Methodology framework 

The methodology chosen for this research is based on the LEAP

odel, which is a bottom-up model using the LEAP software developed

y the Stockholm Environment Institute. The technical roadmap of the

tudy is sketched in Fig. 1 . 

The basic model in this study consists of majorly two key parts: (1)

emand module, (2) Transformation module. For better visualization

nd for the sake of simplicity, the model was divided into sections as

hown in the Fig. S1. The technological factors being shown in the Fig.

1 were input for the transformation module. And the power generation

echnologies that were taken into account were: Coal power, Natural

as power, Nuclear power, Hydropower, Wind power, Solar PV power,

iomass power, Coal CCS, Natural gas CCS, BECCS. 

For the demand module, forecasts of future electricity generation

ere taken from other studies, so the values were exogenously input

nto the software. For the transformation module, Fig. S2 shows the

osts and environmental inputs. The demand and transformation mod-

les were the main modules that were used in the LEAP software for

his study. The Fig. S3 shows the general “direction ” of calculations

onducted within LEAP, going from top to bottom – i.e., from demand

o transformation/supply. As can be seen from the figure, the overall

lectricity demand has to be input into the demand module. Whereas

he transformation module considers transmission and distribution of

lectricity, or in other words transmission losses, electricity generation,

nd electricity generation processes, which are basically our power gen-

ration technologies. When we further expand any power generation
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Fig. 1. Technical roadmap of the study. 
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echnology, for instance coal power, we get the option to select the fuel

nput, which in the case of coal power is bituminous coal, for gas is nat-

ral gas, for nuclear power is nuclear and so on. Henceforth, we also

ttach the detailed pollutants emitted by the burning of each fuel into

he software. The details of each pollutant that were imported from the

EAP IPCC Tier 1 database were used can be found in Table S3. The

EAP model is used to build up on several low-carbon scenarios in this

esearch for the future emissions and the scenario manager of the soft-

are is used to quantify the emissions, costs and power generation mix

f each scenario. 

.1. Description and scope of main data sources and assumptions 

The base year chosen for this year is 2020 due to ease of availability

f data on national platforms. 

.1.1. Description of the demand module 

Since the transformation module builds up on the demand module

n the software, future electricity demands for the years 2030, 2050

nd 2060 were taken from different sources. According to the report

China Zero-Carbon Energy Growth in the 2020s: A Vital Step Toward

arbon Neutrality ”, China’s electricity demand will reach 10–12 trillion

ilowatt-hours (10,000–12,000 TWh) by 2030 as electrification contin-

es to increase ( Cao et al., 2021 ). Moreover, according to this study that

entions that the data for electricity demand was taken from China’s

ower Statistical Yearbook and the China Energy Transformation Out-

ook report ( Zhang and Chen, 2022b ), the electricity demand will be

1,300 TWh in 2030, 13,300 in 2050 and 17,300 TWh in 2060. There-

ore, these key values are taken as input for the electricity demand mod-

le in LEAP, and the total electricity demand for all scenarios is assumed

o be the same to allow better comparison of the emissions in all scenar-

os. 

.1.2. Description of the transformation module 

All parameters that were enabled in the transformation model are

hown in the Fig. S4 , and data was input accordingly. Definitions of the

nput parameters according to LEAP are given in the Supplementary

able S1 . 

The Transformation and Distribution category in the Transformation

odule includes national power grid line loss rate. According to the his-

orical line loss rate in Table S1 , taken from China Electricity Council

CEC) annual development reports, the distribution loss rate was as-

umed to not have changed significantly and was fixed at 4% for the

ear 2060 for all scenarios. For the years between 2020 and 2060, the

oss rate was calculated within LEAP using the Interp time-series func-

ion. 

The Interp function in LEAP calculates a value in any given year by

inear interpolation of a time-series of year/value pairs and each inter-
3 
ediate year’s value is calculated as follows: 

 𝑎𝑙𝑢𝑒 𝑖𝑦 + 𝑉 𝑎𝑙𝑢𝑒 𝑓𝑦 + 

[
𝑉 𝑎𝑙𝑢𝑒 𝑒𝑦 − 𝑉 𝑎𝑙𝑢𝑒 𝑓𝑦 

]
. 

[ 
𝑌 𝑒𝑎𝑟 𝑖𝑦 − 𝑌 𝑒𝑎𝑟 𝑓𝑦 

𝑌 𝑒𝑎𝑟 𝑒𝑦 − 𝑌 𝑒𝑎𝑟 𝑓𝑦 

] 
(1)

here: 

iy = the intermediate period, the value of which is to be interpolated.

ey = the end period used as the basis for the interpolation. 

fy = the first period used as the basis for the interpolation. 

Parameters for the model are based on national electric power plan-

ing reports, the 14th Five Year Plan (FYP), latest statistics taken from

EC, National Energy Administration (NEA), National Bureau of Statis-

ics of China, and data from industry experts ( Council, 2021 ; Stern and

ie, 2022 ). The historical data for installed capacities, power genera-

ion by technology and line loss rates were taken from CEC’s Annual

ower Development Reports (China Electricity Council, 2021 , 2020,

019, 2018, 2017, 2016) ( Zhang and Chen, 2022a ). Historical data for

nstalled capacities and power generation by technology can be found

n the Supplementary Table S3. 

Values including the fuel cost, capital cost, process efficiency,

apacity credit etc. in the model are referenced from IEA reports

 Zhongming et al., 2020 ), different published studies ( Fan et al., 2018 ;

iang et al., 2013 ) and industry experts from State Power Investment

orporation Research Institute. Key technological characteristics such

s the lifetime, process efficiency, maximum availability, and capacity

redit of relevant technologies that were input in the model are shown

n Table 1 . Capital costs, variable and fixed operation and maintenance

osts and fuel costs of each technology that were input in the model are

hown in Table 2 . 

Moreover, studies by Global Interconnection Development and Co-

peration Organization and SNEC were referred to as a guiding source

or the share of each technology in the total installed capacity in this

tudy’s scenario setting ( SNEC, 2021 ; Wei et al., 2022 ). The proportions

rom each source were compiled and demonstrated in the Fig. S5 for bet-

er visualization and the exact proportions from each report are given

n the Supplementary Table S4. 

.2. Carbon emissions from electricity production 

.2.1. Role of CCUS and BECCS in decarbonizing China’s power 

eneration sector 

The low-carbon power transition in China has been a hot-debated

opic. Many scholars have studied the role of technological advance in

educing emissions and driving carbon neutrality ( Lin and Ma, 2022 ;

ang and Li, 2017 ), with a focus on renewable resources ( Wang et al.,

021 ). Technological advancement and carbon emissions reduction are

losely associated ( Wu et al., 2022 ). This section discusses low-carbon

echnology pathways through Carbon Capture and Storage (CCS), Car-

on Capture, Utilization and Storage (CCUS), and Bioenergy with Car-

on Capture and Storage (BECCS) technologies. 
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Table 1 

Technological characteristics input into LEAP. 

Technology Lifetime 

(years) 

Process 

Efficiency (%) 

Maximum 

availability (%) 

Capacity 

credit (%) 

Merit 

Order 

Coal 30 45 90 75 1 

Natural gas 25 58 80 75 2 

Nuclear 35 33 90 85 1 

Hydropower 60 65 50 50 2 

Wind 20 50 50 25 1 

Solar 20 25 25 25 1 

Biomass 20 40 80 52 1 

Coal CCUS 30 31 90 75 1 

Natural gas CCUS 25 58 80 75 2 

BECCS 20 40 80 52 1 

Table 2 

Costs of each technology input in LEAP. 

Technology Capital Cost 

(Thousand Yuan/MW) 

Fixed O&M Cost 

(Thousand Yuan/MW) 

Variable O&M Cost 

(Yuan/MWh) 

Fuel 

Cost(Yuan/kWh) 

Coal 5180 208 39 13.31 

Natural gas 3626 117 39 25.43 

Nuclear 16,187.5 455 58.5 4.75 

Hydropower 5850 260 390 0 

Wind 7601.65 331.5 85.67 0 

Solar 4726.15 325 52.13 0 

Biomass 6000 292.5 39 0.44 

Coal CCUS 9336.84 332.8 62.4 10.63 

Natural gas CCUS 9186.88 234 78 10.88 

BECCS 10,156.84 468 62.4 0.44 
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According to IPCC mitigation scenarios for RCP 2.6, CCS from fossil

uels and bioenergy-fired power stations (BECCS) might contribute to

 25% decrease in CO 2 emissions by the year 2100. As a result, CCS

s regarded as a mitigation tool and has received major attention from

overnments, the fossil sector, and key other parties such as the IEA

 Bruhn et al., 2016 ; Edenhofer, 2015 ). The IEA has released several re-

orts stressing on the importance CCS technologies will play in achiev-

ng global energy and climate goals, and in the transition to carbon neu-

rality ( IEA, 2020 ). BECCS, also known as negative-emissions technol-

gy, also provides a considerable benefit over other mitigation options,

hich just reduce the number of emissions to the atmosphere. Policy-

akers are increasingly paying more attention to the benefits inherent

n this technology ( IEA, 2021 ). 

CCS refers to the process of mitigating CO 2 emissions by captur-

ng/separating CO 2 from the flue gas at the point of combustion, and

ubsequently compressing and transporting it through pipelines to a ge-

logical formation ( Smit et al., 2014 ). CCUS, on the other hand does not

erely store CO 2 . As evident from the word “utilization ” in its name, it

ot only captures/separates CO 2 from emissions sources, but also dis-

ributes the CO 2 for different intermediate utilization and/or final stor-

ge choices ( Tapia et al., 2018 ). So, it can be said that CCS is useful in a

inear economy, however carbon dioxide usage is important to a circular

conomy as CCUS takes into account both economic and environmental

enefits ( Nocito and Dibenedetto, 2020 ). Several studies ( Cavanagh and

ingrose, 2014 ; Yao et al., 2018 ; Yu et al., 2019 ) evaluated the benefits

f CCUS in emission-intensive industries and how they can prove to be

ore advantageous over renewables. 

BECCS technology, which is different from CCS and CCUS, combines

arbon capture and storage with bioenergy and removes carbon diox-

de from the atmosphere, playing an important role in climate change

itigation and carbon neutrality ( Emenike et al., 2020 ). BECCS technol-

gy comes in several forms, including as biomass power generation with

CS, liquid biofuels with CCS, bio-Synthetic Natural Gas (bio-SNG) with

CS, and biohydrogen with CCS. Given China’s current energy supply

nd demand, biomass power production with CCS may become a cru-

ial technology in China ( Hao-Nan et al., 2022 ). Different studies have

esearched the role of BECCS in significantly reducing carbon emission

nd in achieving carbon neutrality. BECCS has the potential to lower the
4 
osts of achieving carbon neutrality, which is a vital technology for the

PCC’s 2°C and 1.5°C objectives ( Huang et al., 2020 ; Weng et al., 2021 ).

.2.2. Calculation of carbon emissions from electricity production 

An emissions factor is a representative value that attempts to link

he amount of a pollutant emitted into the atmosphere to an activity

onnected with that pollutant’s release. These parameters are typically

tated as the weight of the pollutant divided by a unit weight, volume,

istance, or time of the polluting action (e.g., kilogrammes of partic-

late emitted per mega gram of coal burnt). Such parameters make it

asier to estimate emissions from diverse sources of air pollution. Most

f the time these characteristics are simple averages of all available data

f acceptable quality that are believed to be reflective of long-term av-

rages for all facilities in the source category (i.e., a population average)

 EPA, 2022 ). 

Carbon emissions from electricity production were calculated using

mission factors of each technology. The emission factors in the soft-

are were imported from the LEAP emissions database which uses the

efault IPCC Tier 1 and Tier 2 emission factors in the calculations.

ecause coals are not categorised in official data as anthracite, bitu-

inous coal, lignite, and so on, they are not appropriate for a pre-

ise calculation of CO 2 emissions using the calorific values in national

reenhouse gas inventories ( Cui-Mei and Quan-Sheng, 2014 ). There-

ore, by making-do of the LEAP database at hand, we assume the coal

eing used to generate electricity as bituminous coal on a national

evel. 

 𝐸 = 

∑
𝑡 

∑
𝑓 

𝐸𝐹 𝑓 ,𝑡 ×
1 
𝐸 𝑡 

× 𝑂𝑃 𝑡 (2)

here: 

TE = GHG emissions. 

t = type of power generation technology. 

f = primary fuel type. 

EF f,t = GHG emission factor from one unit of primary fuel type f used

to generate electricity using technology t. 

E t = efficiency of technology t. 

OP t = the output power from technology t. 
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Table 3 

Details of the IPCC Tier 1 emission factors of different pollutants imported from the LEAP database, 2020 values. 

Technology CO 2 (Metric Tonne/TJ) CO 

(kg/TJ) 

CH 4 

(kg/TJ) 

NMVOC 

(kg/TJ) 

NOx 

(kg/TJ) 

N 2 O 

(kg/TJ) 

SO 2 

(kg/TJ) 

Coal 92.64 20 1 5 300 1.4 0.028 

Natural Gas 55.78 20 1 5 150 0.1 0 

Coal CCS 9.26 20 1 5 300 1.4 0.028 

NGCCS 5.58 20 1 5 150 0.1 0 

BECCS − 453.24 g CO2 /kWh 0 0 0 0 0 0 

Note: TJ = Terajoule; Carbon dioxide = CO 2 ; Carbon monoxide = CO; Methane = CH4; Non-Methane Volatile Organic 

compounds = NMVOC; Nitrogen Oxides = NOx; Nitrous Oxide = N 2 O; Sulfur Dioxide = SO 2 . 
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Table 3 shows the 2020 values of Carbon dioxide (CO 2 ), Carbon

onoxide (CO), Methane (CH 4 ), Non-Methane Volatile Organic com-

ounds (NMVOC), Nitrogen Oxides (NOx), Nitrous Oxide (N 2 O), Sulfur

ioxide (SO 2 ) that were imported from the LEAP emissions database.

nvironmental loadings for Hydropower, Nuclear, Wind, Solar, and

iomass were kept at 0 because the emissions associated with the power

enerated using these technologies were assumed to be none. The cap-

ure rate of CCS was kept at 90% as according to previous studies and

EA ( IEA, 2021 ) and the emission intensity of biomass power generation

ithout CO 2 absorption is kept at 503.6 g CO2 /kWh, according to a study

y Tsinghua University ( Guo, 2011 ). Biomass power generation using

CS is considered a carbon-negative technology, with a CO 2 capture

ate of 90%, so, as a result, the CO 2 collected by biomass power gen-

ration using CCS is determined to be and kept at 453.24 (503.6 ∗ 90%)

 CO2 /kWh. 

According to the author’s knowledge, there are no studies that pro-

ide data on the load shapes of China at a national level and almost

ll studies on China only elicit either city-level or provincial-level load

hapes of the power system.Therefore, the load shape and hourly load

ata for China were referred to from this study by Kahrl et al. (2021) ,

hich reflects current characteristic load shapes in Guangxi Province,

ased on an average day winter and summer load shapes. The author

n the study used normalized load shapes in the study, which was the

ourly load divided by the total daily load. Complete hourly load data

or China can be found in the Supplementary Table S5 . 

The yearly shapes setting in LEAP allows to browse and update a

ibrary of any number of distinct shapes that may be used to indicate

ow values change throughout the year based on season and time of day.

ach year shape in LEAP is defined by entering data that correspond to

arious time slices throughout a year. Hence, the time slices within the

oftware, comprising of a total 8760 h, were divided into 48 time slices

or this research – 24 h for each season. 

Other parameters that were considered and their respective values

hat were input in the software on an industry expert’s recommendation

re shown in Table S6 . 

Reserve margin, set at 25% in the model, is the available capacity

hen system is at peak load, and can be calculated using the following

ormula: ∑
( 𝐶𝑎𝑝𝑎𝑐𝑖𝑡𝑦 × 𝐶𝑎𝑝𝑎𝑐𝑖𝑡𝑦𝐶𝑟𝑒𝑑𝑖𝑡 ) − 𝑃 𝑒𝑎𝑘𝐿𝑜𝑎𝑑 

𝑃 𝑒𝑎𝑘𝐿𝑜𝑎𝑑 
× 100 (3)

Discount rate is the interest rate imposed on the loan to cover the

apital cost, which is set at 7% in our model. And externality costs are

he social costs of pollution that are quantified per unit of pollutant, or in

ther words, the carbon price for 1 tonne of CO 2 into the atmosphere. By

roviding/inputting an externality cost for an impact, LEAP multiplies

t by the total emissions of that effect in each year of each scenario to

alculate the overall externality cost of each pollutant. This expense will

e accounted for in LEAP’s cumulative cost-benefit analysis. 

.3. Calculation of total costs for power generation 

Total costs for power generation in the LEAP software took into ac-

ount the following equation that considered variables such as the total

ears, discount rate, installed capacity, and different costs including the
5 
nitial capital cost, fixed operation and maintenance costs, variable op-

ration and maintenance costs, and finally the fuel costs of each tech-

ology. 

 𝐶 = 

𝑇 𝑦 ∑
𝑦 

∑
𝑡 

1 
( 1 + 𝑑 ) 𝑦 

(
𝐶 𝑖 × 𝐶𝑝 𝑦 + 𝐹 𝑜𝑚 𝑦 × 𝐶𝑝 𝑦 + 𝑉 𝑜𝑚 𝑦 × 𝑂𝑃 𝑦 + 𝐹 𝑐 𝑦 

)
(4)

here: 

TC = Total cost, in CNY 

T y = total years from 2020 to 2060 

y = year 

t = power generation technology 

d = discount rate, in% 

C i = initial capital cost, in CNY 

Cp y = capacity in year y, in MW 

Fom y = fixed operation and maintenance costs in year y, in CNY 

Vom y = variable operation and maintenance costs in year y, in CNY

OP y = output power in year y, in MWh 

Fc y = fuel cost, in CNY 

Total costs and emissions calculations were referenced from two pre-

ious studies by Handayani et al. (2019) . 

.4. Calculation and integration of the learning model for the capital cost 

f each technology 

Monetary savings via technological learning are especially appeal-

ng to emerging nations, which are still experiencing fast increases in

ower use while simultaneously committing to their NDCs. Understand-

ng how power generation costs change over time is critical for ana-

ysts and decision-makers associated with technology development, the

volution of national and global energy systems, and the implications

f proposed policy measures to address global climate change or other

nergy-related issues. The idea of a learning curve (or experience curve)

as been used in the literature over several decades to tie historically

bserved declines in the cost of a technology to major elements de-

ermining its deployment and dissemination. These include cumulative

nstalled capacity or units of output generated. Researchers and pol-

cy analysts have been using technology "learning rates" produced from

uch models to forecast future trends in the energy and environmental

ectors ( Rubin et al., 2015 ). The "one-factor learning curve" (or "expe-

ience curve") is by far the most prevalent model used in the energy

iterature to predict changes in technology costs. This commonly used

ethodology is based on actual data across a wide range of power gen-

ration technologies, which typically show a log-linear connection be-

ween the technology’s unit cost and its cumulative output (production)

r installed capacity ( McDonald and Schrattenholzer, 2001 ). 

Cost reductions with growing cumulative experience may be cate-

orised into three groups. First, lower costs are attributed to improve-

ents or modifications in the manufacturing process, such as technolog-

cal advances, increases in worker productivity as they get more famil-

ar with process equipment, improvements in overall management, and

conomies of scale. Second, cost reductions are related to changes in the

roduct itself (including innovations, re-design, and technological stan-

ardisation). While the third links cost reductions to changes in material
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Table 4 

Learning rate of each power generation 

technology. 

Technology Learning rate 

Coal 1.00% 

Natural Gas 0.83% 

Nuclear 5.80% 

Hydropower 1.40% 

Wind 8.00% 

Solar 10.00% 

Biomass 15.00% 

Coal CCS 7.00% 

NGCCS 7.00% 

BECCS 7.00% 
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Fig. 2. Carbon emission trajectories of the power generation sector under all 

scenarios, in Gt. 
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nd labour input prices. These three groups are not mutually exclusive

nd frequently coexist. Furthermore, some or all of these elements may

e influenced by other factors such as market demand changes or leg-

slative actions (including public R&D spending, technology standards,

nd technology incentives) ( Yeh and Rubin, 2012 ). 

In this study, we incorporate technological learning into the Long-

erm Energy Alternative Planning System (LEAP) model to investigate

he effect on the costs in our scenarios. Since LEAP does not have a

uilt-in option for considering technological learning, this study in-

orporates the one-factor learning model into LEAP in this work that

epresents the learning curve of electric power technologies. Regard-

ng different performance and experience measures, ( McDonald and

chrattenholzer, 2001 ) determined that learning rates calculated using

nvestment/capital costs and cumulative installed capacity are lower

han those calculated using production costs and cumulative produc-

ion. Therefore, the factors considered in this study’s learning curve

odel were the capital costs of each technology and the installed ca-

acity. The equation below primarily analyses the trends of cost decline

roduced by cumulative experience, and it may be used to characterize

he link between production costs and continuous cumulative outputs

 Liya and Jianfeng, 2018 ). 

𝑐 𝑖 ( 𝑛 ) = 𝑒𝑐 𝑖 ( 1 ) × 𝐸 ( 𝑛 ) − 𝜑 (5)

here: 

ec i (n) = per unit electric investment cost, which is a function of the

cumulative electricity installed capacity E(n) 

ec i (1) = initial per unit capital investment cost 

- 𝜑 = elasticity of cumulative electricity installed capacity to unit cap-

ital investment cost; the declining rate of investment cost or tech-

nological progress rate is decided by 𝜙

The “learning rate ” (LR) is the fractional cost decrease associated

ith doubling experience and is given by the following equation: 

𝑅 = 1 − 𝑃 𝑅 (6)

𝑅 = 1 − 2 − 𝜑 (7)

The “progress ratio ” (PR) is a measure widely published in the lit-

rature that indicates the fractional cost decrease with a doubling of

umulative capacity (or production). 

Eq. (2.7) is then transformed to a log-linear equation as follows: 

 = 𝑙𝑜𝑔2 ( 1 − 𝐿𝑅 ) (8)

Learning rates of each power generation technology were taken from

wo sources ( Cai et al., 2022 ; Liya and Jianfeng, 2018 ) and are listed in

he Table 4 : 

.5. Scenario development and description of each scenario 

Five scenarios, including the business-as-usual scenario, are devel-

ped in this section based on existing policies and trends to analyse the
6 
itigation potential for carbon emissions reductions by different tech-

ologies and different carbon peak timelines. The three major scenarios

hat were included were: BAU scenario, NDC scenario, and CNT sce-

ario. 

A complete description of each scenario can be seen in the Table 5 . 

The scenarios were designed on China’s historical trends in installed

apacities of each technology taken from CEC annual development re-

orts, future policies and commitments and other reports, China Energy

ransformation Program, 2021; Global Energy Interconnection Devel-

pment and Cooperation Organization, 2021 ( Huang, 2020 ; Liu, 2022 ).

Both the CNT scenarios in the model were built on the NDC scenarios,

nd both the NDC scenarios were built on the BAU scenario. 

. Quantitative analyses of different low-carbon scenarios 

.1. Scenario results 

The installed capacities for the baseline scenario were extrapolated

nd calculated based on the historical installed capacities and extrapo-

ated in Excel using the forecast tool. The total installed capacities cal-

ulated were kept the same for all scenarios for better comparison in all

cenarios, as shown in Table S7 . 

Total installed capacities of all power generation technologies con-

idered in this study reach a cumulative capacity of 7218.9 GW by 2060,

ssuming unlimited renewable resources. The installed capacities calcu-

ated in this study were almost homogeneous with installed capacities

n other reports ( Huang, 2020 ) and IEA’s World Energy Outlook 2021

xtended Dataset ( IEA, 2021 ), which verifies the integrity of the calcu-

ations. 

The calculations conducted within LEAP allowed to project China’s

ower generation sector’s future emissions under different scenarios as

hown in the Fig. 2 and Table 6 . Figures in Mt were converted and ex-

ressed in Gt for better presentation and comparison of data. 

According to the results, emissions in the BAU scenario keep increas-

ng throughout the study period. Under the NDC 2025 and CNT 2025

cenarios, emissions peak in the year 2025 and then fall. Under the NDC

030 and CNT 2030 scenarios, emissions fall after peaking in the year

030. It is rather crucial to note both CNT scenarios; in the CNT 2025

cenario, emissions reach a peak of 4.05 Gt by 2025 year and then fall to

ero before 2055 and are marginally negative in 2060. In the CNT 2030

cenario, emissions reach a peak of 4.13 Gt by 2030 year and then fall to

ero before 2060 and are marginally negative in 2060. These negative

missions can help to offset residual hard-to-abate emissions, particu-

arly in the heavy industry and long-distance transport sub-sectors and

he waste management sector. 

As for the total associated social costs of the module for all scenarios,

hey are shown in Fig. 3 . Social costs in LEAP describe the entire societal

osts of a scenario, as opposed to the specific costs of production seen

y producers or consumers. 
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Table 5 

Scenario description. 

Scenario Description 

BAU Scenario Under the baseline scenario, continuance of the base-year technology portfolio was assumed, and existing and future climate 

mitigation policies and the carbon peak and neutrality goals were ignored. Fossil-fuel-based power plants remained dominant 

throughout this scenario 

NDC Scenario In line with China’s NDCs and policy targets. This scenario includes the following characteristics: 

- The capacity expansion aims to achieve China’s renewable energy targets. Thus, the renewable energy targets function as 

constraints for the models. 

- The types of technologies considered include power generation from coal, natural gas, hydro, wind, biomass, solar PV, and 

nuclear. 

- CCS and BECCS were not included in these scenarios. 

The NDC scenario was further branched into 2 scenarios: NDC 2025 and NDC 2030. 

NDC 2025 Power sector peaks carbon emissions in the year 2025 

NDC 2030 Power sector peak carbon emission in the year 2030 

CNT Scenario This scenario is built up on the NDC scenarios. In this scenario, the Chinese power generation sector goes beyond the current NDC 

commitments, aiming at carbon neutral emissions by 2060. The main characteristics of this scenario include: 

- Achieve carbon neutrality by 2060. 

- Types of technologies to be considered for future capacity expansion include hydro, wind, biomass, solar PV, nuclear, coal with 

CCS, NGCCS, and BECCS. 

The CNT scenario was further branched into 2 scenarios: CNT 2025 and CNT 2030. 

CNT 2025 Carbon neutrality achievement in the case the power sector peaks carbon emissions in the year 2025 

CNT 2030 Carbon neutrality achievement in the case the power sector peaks carbon emissions in the year 2030 

Table 6 

Carbon emissions under all scenarios (Gt). 

Scenario 2020 2025 2030 2035 2040 2045 2050 2055 2060 Total 

BAU 3.55 4.12 4.68 5.08 5.48 5.84 6.17 6.50 6.73 48.15 

CNT 2025 3.55 4.05 3.65 2.99 2.04 0.78 0.17 − 0.07 − 0.30 16.87 

CNT 2030 3.55 4.03 4.13 3.55 2.55 1.01 0.50 0.07 − 0.15 19.24 

NDC 2025 3.55 4.05 3.98 3.63 3.16 2.64 2.02 1.24 0.73 24.99 

NDC 2030 3.55 4.03 4.53 4.32 3.98 3.49 2.92 2.34 1.71 30.85 

Table 7 

Total costs of all Scenarios, without considering the learning rate of each technology for operation costs, 

in billion CNY. 

Scenario 2020 2025 2030 2035 2040 2045 2050 2055 2060 Total 

BAU 1898 2748 3656 4535 5463 6244 7083 7958 8884 48,469 

CNT 2025 1898 2734 3896 4979 6159 7244 7913 8493 8699 52,016 

CNT 2030 1898 2713 3783 4912 6146 7358 8437 8878 9057 53,182 

NDC 2025 1898 2734 3762 4730 5726 6538 7133 7706 8024 48,250 

NDC 2030 1898 2713 3682 4667 5659 6507 7302 7920 8296 48,643 

Fig. 3. Total costs of all scenarios, without considering the learning rate of each 

technology for operation costs, in Billion Yuans. 
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In Fig. 3 and Table 7 total costs in all scenarios are increasing. To-

ards the end of the study period, CNT 2030 has the highest total costs,

mounting to 9057 billion Yuans in 2060, out of all scenarios, followed

y CNT 2025 at 8699 billion Yuans, BAU at 8884 billion Yuans, NDC

030 at 8296 billion Yuans and NDC 2025 at 8024 billion Yuans. 

The difference in these costs is due to the difference in the shared

apacities of power generation technologies and their associated capital

osts, variable and fixed Operating and Maintenance (O&M) costs and
7 
uel costs. For instance, the reason total costs are higher in BAU than

oth NDC scenarios is because BAU is still predominantly coal, whereas

he NDC scenarios have phased out most of it, hence cutting down costs.

As we know that as experience for a technology accumulates and pro-

resses over time, unit prices for a particular technology fall with time

hat is, the influence of technical learning on cost projections varies

on-linearly with the change in learning rate. The findings of this study

eveal that as compared to the costs that did not consider the learning

ate of relative power generation technologies were higher as compared

o the ones that did. It was determined that costs that adopted the learn-

ng rates of technologies under the baseline, CNT 2025, CNT 2030, NDC

025, and NDC 2030 scenarios were 10.26%, 20.36%, 19.92%, 16.20%,

4.95%, respectively, lower under the same scenarios that did not take

nto account the learning rates. Trends of total costs that consider the

earning rates are shown in Fig. 4 and details are given in Table 8 . 

Because learning is a self-executing process, more collected expe-

iences in technology lead to lower costs, and increased technological

ompetitiveness leads to even more acquired experience. As a result,

t is not always the case that a new technology is employed because

t is cheap; rather, a technology becomes inexpensive due to greater

sage and understanding. Aside from cost savings, learning may lead

o increased competency in technology operation as well as the institu-

ional transformation required to enable for the widespread deployment

f new technologies ( Handayani et al., 2019 ). 
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Table 8 

Total costs of all scenarios, taking into account the learning rate of each technology for operation 

costs, in Billion Yuans. 

Scenario 2020 2025 2030 2035 2040 2045 2050 2055 2060 Total 

BAU 1898 2687 3426 4093 4809 5427 6190 7029 7938 43,496 

CNT 2025 1898 2674 3546 4245 4939 5496 5898 6251 6476 41,424 

CNT 2030 1898 2654 3491 4247 5001 5629 6345 6588 6730 42,584 

NDC 2025 1898 2674 3460 4114 4751 5249 5704 6127 6455 40,432 

NDC 2030 1898 2654 3439 4134 4813 5354 5930 6433 6715 41,369 

Fig. 4. Total costs of all Scenarios, considering the learning rate of each tech- 

nology for operation costs, in billion Yuans. 
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.2. Application of CCS and BECCS technologies 

The future capacity of coal-fired and gas-fired units in China is heav-

ly reliant on CCS and its integration with bio-energy, i.e., BECCS tech-

ologies. Coal-fired power stations with CCS will capture 90% of carbon

missions, making it a comparatively low-carbon power generating tech-

ology. BECCS is a negative-emission technology that can compensate

or leftover emissions from the power generation industry. CCS pene-

ration is dependant on future cost reductions, whereas both cost re-

uction and biomass resource availability are critical criteria for BECCS

cale-up. According to some projections in other studies, 400–700 GW

f coal-fired power should be set aside by 2050 for basic load, peak

oad management, and heating, while existing units should be modi-

ed for greater flexibility and Combined Heat and Power output (CHP)

 Tsinghua, 2022 ). The results in this study are somewhat almost consis-

ent with these studies. 

CCS and BECCS technologies will be critical in the CNT 2025 and

NT 2030 scenarios. Under the CNT 2030 scenario, CCS is expected

o scale up in coal-fired power plants by 2030 and reach an installed

apacity of 416 GW by 2060. Whereas for natural gas power plants, CCS

s expected to scale up in them by 2035 and reach an installed capacity

f 454 GW by 2060. On the other hand, BECCS will be deployed by

030 and reach a capacity of 216 GW by 2060. Under the CNT 2025

cenario, because action will be taken sooner, it will not be as hectic

o retrofit a lot of coal-fired plants with CCS all at once. Hence, the

aximum capacity that reaches in coal-fired power plants is 565 GW

y 2045, which then decreases to 74 GW by 2060. BECCS deployment

ill be beginning in 2030 just as in the CNT 2030 scenario and will be

eaching a maximum installed capacity of 216 GW by 2060. 

.3. Carbon emissions under different low-carbon scenarios 

Under the NDC 2025, carbon emissions from the power generation

ector continue to rise slowly until it peaks in 2025 at 4.1 Gt CO 2 and

hen downward to 0.7 Gt in 2060. Under the NDC 2030 scenario, the

missions prior to 2030 stay on the same trajectory with the NDC 2025

cenario, reach a peak at 4.5 Gt by 2030, gradually fall after 2030 and to

.7 Gt in 2060. In this study, the target of “non-fossil energy representing

0% of primary energy consumption by 2050 ″ is incorporated into the

DC scenarios, which is also characterized by a scale-up of renewables
8 
efore 2030 and the rise of non-fossil energy to 25% of primary energy

onsumption by 2030. 

The carbon trajectories of both scenarios point to a failure in attain-

ng the carbon neutrality goal, i.e., China’s current mid- to long-term

nergy and power policies and targets fall short of the carbon neutrality

arget it wants to achieve. In this study, strengthened efforts in emission

eduction are seen in the CNT 2030 and the CNT 2025 scenarios com-

ared to the NDC 2030 and NDC 2025 scenarios prior to 2030. Efforts

re sped up after 2030 in the CNT 2030 and the CNT 2025 targets. 

Under the CNT 2030 scenario, carbon emissions from the power gen-

ration sector reach the peak in 2030 at 4.1 Gt and take a nosedive after

030, falling to merely 0.1 Gt by 2050 before falling to 0 Gt around

053 and becoming marginally negative after 2054, and reaching nega-

ive emissions of 0.1 Gt by 2060 with the aid of BECCS. Under the CNT

025 scenario, the power generation sector sees its emissions peak at

.1 Gt in 2025, followed by a drop after 2030, before falling to 0 Gt

round 2056 and becoming marginally negative after that, reaching a

egative emission of 0.3 Gt by 2060 with the aid of BECCS, which is 0.2

t worth of negative emissions more than the CNT 2030 scenario. As

s illustrated in the Fig. 5 , the carbon emissions profile features a sharp

all after 2030 under the CNT 2030 scenario, which presents daunting

hallenges in the short term to the industry, technology, market, and

olicy, and puts enormous pressure on emission reduction in the later

hase with the massive retirement of coal-fired power units after 2030.

.4. Share of each technology in the total installed capacity under different 

cenarios 

This section details on the total installed capacities by each tech-

ology that were calculated in Excel (Supplementary Tables S8–S12).

mongst the available studies, a maximum of 630 GW, 540 GW and 510

W are forecasted for hydropower, nuclear power, and intermittent re-

ewable energy (wind and solar) respectively by 2050 ( Tsinghua, 2022 ).

Under the baseline scenario – which assumes the continuation of the

ase-year technology portfolio and ignores current climate-mitigation

olicies and the carbon neutrality goal – fossil fuel-based power plants

emain dominant throughout the study period, 2020–2060. The share of

nstalled capacities by each technology in the baseline scenario is shown

n Fig. 6 . The share of fossils, especially coal, is predominant throughout

he baseline scenario, however, based on historical trends, China’s share

n coal power has been decreasing with an average annual rate of about

%.. Whereas the share of renewables has been significantly increasing

ver the past decade. Thermal power, namely coal and gas in this model,

ccounted for 54.55% of total capacity and non-fossils accounted for

5.45% in 2020. Whereas, towards the end of the study period, in 2060,

he share of renewables and thermal power was 62.52% and 37.48%

espectively, where coal accounted for a whopping 32.5% and gas 5% of

he total capacity. Breakdown of renewables in 2060 was as such: solar,

7.1%; wind, 19.7%; hydro, 10.2%; nuclear, 3.2%; biomass, 2.3%. 

For both NDC scenarios, 30,000 MW of coal was phased out by 2025

rom the 2025 baseline value. For NDC 2030, 50,000 MW of coal was

hased out by 2030 followed by a gradual phase-out after. Whereas

or NDC 2025, a relatively vigorous phase-out started after 2025, and

bout 60,785 MW of coal was phased out by 2030. Both scenarios’ nu-

lear power share and hydropower share was 72,502 MW and 418,279
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Fig. 5. Carbon emissions under different low-carbon scenarios, in Gt. 
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n  
W respectively by 2025, whereas for NDC 2025, share of wind and

olar combined was 1,339,268 MW in 2030 and for NDC 2030 it was

,201,907 MW combined for both solar and wind power. It is important

o note that these installed capacities align with China’s target capacities

or these technologies. These scenarios only consider non-fossil power

eneration technologies and do not adopt any CCS or negative-emissions

echnologies, like BECCS. 

In the NDC 2025 scenario, the share of fossils, especially coal, is

hased down through the study period. the total thermal power share

rops to 9.8% in 2060, and coal power is 1.03% out of the total in 2060.

on-fossils on the other hand accounted for 90% of the total share in

060. Breakdown of renewables in 2060 was as such: solar, 35%; wind,

2%; hydro, 11%; nuclear, 4.5%; biomass, 7.5%. As for the NDC 2030

cenario, the share of thermal power in this scenario is also being phased

own, however as compared to the NDC 2025 scenario, the final share

f fossils, including coal and gas, is relatively higher, making up 12.1%

f the total installed capacity. Non-fossils, on the other hand, make up

he remaining 87.9%. Share of coal power was 5.76% in 2060 which was

.73% higher than the share of coal power in the NDC 2030 scenario. 

As opposed to the NDC scenarios, both CNT adopt CCS and BECCS

echnologies. For both CNT scenarios, 30,000 MW of coal was phased

ut by 2025 from the 2025 baseline value.Coal CCS and BECCS were de-

loyed from 2030, and gas CCS was deployed from 2035 in both scenar-

os. For better comparison of the NDC and CNT scenarios’ emissions, the

hares of hydropower, nuclear, wind and solar were in both CNT scenar-
9 
os was kept the same as in the NDC scenarios. To determine the shares

f thermal power technologies and CCS technologies, the installed ca-

acities of respective capacities in the NDC scenarios were taken as the

ase values. 

In the CNT 2025 scenario, for coal, gas, biomass, coal CCS, gas CCS,

nd BECCS share in the total installed capacity. Their shares were calcu-

ated based on the NDC 2025 shares of each mentioned technology. For

nstance, for coal, the installed capacity of coal in NDC 2025 was taken

s reference value, out which 90% of it was assigned to coal power in

030, and 10% to coal CCS. So, in this way, the share of coal was phased

own, and was completely phased out by 2050, and the remaining was

etrofitted with CCS. The same method was applied for gas power, which

as completely phased out by 2055. Therefore, by 2060, the share of

oal from total capacity 1.03% was retrofitted with coal CCS, gas was

.8% of the total capacity, which was retrofitted with gas CCS, biomass

n the other hand was 4.5% and BECCS 3% of the total installed capac-

ty. The share of each technology in the CNT 2030 scenario was calcu-

ated just like the shares calculated in the CNT 2025. The shares of coal,

as, biomass, coal CCS, gas CCS, and BECCS in the total installed capac-

ty were calculated based on the NDC 2030 shares of each mentioned

echnology. The share of coal was phased down and was also completely

hased out by 2050. The remaining was retrofitted with CCS, whereas

as was completely phased out by 2055. Since the shares of nuclear,

ydropower, wind and solar were kept the same the NDC 2030 sce-

ario, the shares of other technologies were adjusted accordingly. By
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Fig. 6. Share of each technology in the total installed capacity under different scenarios. 
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2060. It is rather crucial to observe that both the 2025 scenarios and 
060, shares of coal and gas in the total installed capacity was 0% each,

hereas the share of biomass was 4.5%, which is 2.5% higher than the

hare of biomass in the CNT 2025 scenario. 

.5. Power generation mix under different scenarios 

Power generation mix in all scenarios by 2060 is shown in Fig. 7 .

owards the end of the study period, in 2060, thermal power still ac-

ounted for more than half of the power generation, 52.5%.Whereas

on-fossils accounted for 47.5% of the generation mix in the baseline

cenario. Changes in power generation mix suggest that newly emerged

emand is mainly met by power from non-fossil sources, which, in
10 
he long-term, will further replace coal-fired power units to meet low-

arbon emission and carbon neutrality goals. Total power demand is the

ame in all scenarios for better comparison. Speedy growth and ambi-

ious scale-up will be needed as the power generated from non-fossil

esources in the baseline scenario, NDC 2025 scenario, NDC 2030 sce-

ario, CNT 2025 scenario and CNT 2030 will comprise 47.5%, 89.5%,

2.5%, 84.2%, and 77.6%, respectively by 2060. Increase in the share of

ntermittent renewable energy (wind and solar power) will also be seen

n 2060 under the baseline scenario, NDC 2025 scenario, NDC 2030 sce-

ario CNT 2025 scenario and CNT 2030 scenario reaching 29.9%, 54.9,

4.1%, 54.9% and 54.1% respectively of the total power generation by
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Fig. 7. Power generation mix under different scenarios in 2060. 
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030 present the same shares of intermittent renewable energy in the

ower mix because in the installed capacity calculations we kept the

hares the same for them to allow a better comparison for the CCS and

ECCS technologies. 

Under the NDC 2025, NDC 2030, CNT 2025 scenario and CNT 2030

cenarios, the share of intermittent renewable energy is predicted to

urge to above 50% by 2060, presenting a greater challenge for sys-

em balance and grid flexibility. Compared to the CNT 2030 scenario,

ower generation from coal-fired and natural gas CCS and BECCS will

oar under the CNT 2025 scenario. The power generation of coal-

red power and natural gas will continue to shrink in the low-carbon

cenarios, with a drop of nearly 57.9% and 51.2% the NDC 2025

nd NDC 2030 scenarios, respectively, in 2060 as compared to 2020.

hereas for the CNT 2025 and CNT 2030 scenarios, these thermal

ower plants will be retrofitted with CCS. Under the NDC 2025 and

DC 2030 scenarios, the installed capacity of natural gas power will

each 635 GW and 454 GW, respectively, by 2060, but its share in total

ower production is insignificant due to its primary role in peak regu-

ation. 

Under CNT 2025 and CNT 2030 scenarios where net zero-emissions

re to be achieved by 2060 in the power generation sector with the aid of

CS and BECCS, coal-fired power and natural gas power will see a steep

eduction and will eventually be completely retrofitted with CCS. The

ame goes for biomass power plants, which will be replaced with BECCS.

nder the CNT 2025 scenario, power generation from coal CCS 2.1%,

atural gas CCS will be 2.1% and 5.3% from BECCS. Whereas under the

NT 2030 scenario, power generated from BECCS will be 5.2%, 11.3%

rom coal CCS, and 5.9% from natural gas CCS. 
11 
.6. Total costs under different scenarios 

The total costs are discussed under this section for all scenarios con-

idered in this study. Under the baseline scenario, as shown in the Fig. 8

elow, costs were totalling at 8884.4 billion Yuans in 2060, out of which

6.4% was thermal power and non-fossil costs were 53.6%. Social costs

nder the NDC 2025 scenario, solar, wind and hydropower account for

ost of the costs towards 2060. 

Total costs in 2060 were 8023.5 billion Yuans, out of which thermal

ower social costs accounted for 7.2% and non-fossils accounted for the

emaining 92.8% of the total costs. Total social costs for the NDC 2030

cenario amounted to 8296.1 billion Yuans in 2060, which were 3.2%

igher than the total costs in the NDC 2025 scenario. Total associated

osts with the CNT 2025 scenario were 8698.8 billion Yuans in 2060,

nd total costs from 2020 to 2060 were 52,015.7 billion Yuans. Total

osts associated with the CNT 2030 scenario, from 2020 to 2060, were

3,182 billion Yuans, and 9057 billion Yuans in the year 2060 only. 

Total costs associated with coal power were 19,576 billion Yuans,

973 billion Yuans, 9801 billion Yuans, 4498 billion Yuans, and 5073

illion Yuan under the baseline, NDC 2025, NDC 2030, CNT 2025 and

NT 2030 scenarios, respectively. Costs spent on coal-fired plants are

ubstantially lower in the low-carbon scenarios due to a phasing out of

oal-fired power plants in them; they are particularly lower under the

NT 2025 and CNT 2030 scenarios due to an early and heavy phase-out

f coal-fired power plants and their retrofitting with CCS technologies.

otal costs associated with coal CCS, natural gas CCS and BECCS under

he CNT 2025 scenario were 4846 billion Yuans, 2769 billion Yuans,

nd 556 billion Yuans, respectively, for the entire study period.Whereas
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Fig. 8. Total costs under different scenarios, in billion Yuans. 
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nder the CNT 2030 scenario, costs for coal CCS, natural gas CCS and

ECCS were 7491 billion Yuans, 2504 billion Yuans, 661 billion Yuans,

espectively. This difference in costs is due to the different installed

apacities of the CCS and BECCS technologies under each scenario. In

he case of the CNT 2025 scenario, because thermal power plants were

hased out and retrofitted earlier, hence the associated costs were com-

aratively lower than the costs under the CNT 2030 scenario. Detailed

osts by technology and year-wise can be found in Tables S13–S22 . 

. Avoided emissions in different scenarios 

.1. Comparison and analysis of avoided emissions in different scenarios 

This section briefs on and analyses the emissions that could be

voided by comparing one scenario to another. Fig. 9 shows the avoided

missions of the NDC 2025 scenario as compared to the BAU scenario.

ith the progression of the NDC 2025 scenario, a total of approximately

3.2 Gt of GHG emissions can be avoided from 2020 to 2060 as com-

ared to the baseline scenario. In the first five years of the study pe-
12 
iod, avoided emissions were merely 64.7 Mt by 2025, but as emissions

ontinue to ramp up in the baseline scenario while coal-fired power

lants were phased out in the NDC 2025 scenario, more emissions were

voided after 2030. After 2035, avoided emissions were approximately

00–900 Mt on average every 5 years. The reason for the large differ-

nce in emissions is because thermal power plants, including coal and

as, were phased out and the electricity demand was fulfilled by other

on-fossil energy resources. With the gradual phasing out of coal in the

DC 2025 scenario, after a peak in 2025 at 3939 Mt of emissions from

oal power, the emissions emitted over the rest of the study period up

ntil 2060 kept decreasing until reaching 249.1 Mt in 2060. The total

missions from coal and gas were collectively 48,150 Mt in the NDC

025 scenario, which were 23,152 Mt less than the total emissions in

he BAU scenario. A complete overview of the avoided emissions can be

een in Table 9 . 

When it comes to the NDC 2030 scenario, the avoided emissions in

he first 10 years of the study were not as significant as compared to the

aseline scenario’s emissions. A visualization of the avoided emissions

n the NDC 2030 versus the BAU scenario can be seen in Fig. 10 . 
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Fig. 9. Avoided emissions of NDC 2025 sce- 

nario vs BAU scenario, in Gt. 

Table 9 

Avoided emissions of NDC 2025 scenario vs BAU scenario (Mt). 

Branch 2020 2025 2030 2035 2040 2045 2050 2055 2060 Total 

Avoided Emissions vs. BAU – 64.7 692.6 1447 2314 3207 4154 5264 6006 23,152 

Coal 3483 3939 3811 3426 2918 2339 1652 826.9 249.1 22,647 

Natural Gas 64.1 113.1 172.5 201.4 246.6 296.6 366.9 411.1 478.3 2350 

Total 3547 4117 4676 5075 5479 5843 6174 6502 6734 48,150 

Fig. 10. Avoided emissions of NDC 2030 sce- 

nario vs BAU scenario, in Gt. 
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Before 2035, avoided emissions were merely around 100 Mt on av-

rage every 5 years.However, after 2030, when coal was phased out

rom the NDC 2030 scenario and more renewables power generation

apacities were expanded, we witness an average increase of 700–800

t of avoided CO 2 , on average, every 5 years. In this case, the to-

al emissions avoided over the whole study period were 17,291 Mt

approximately 17.3 Gt), which were 25.4% lower than the avoided

mission in the NDC 2025 vs BAU emissions, and 5028 Mt in 2060

lone as compared to the BAU scenario. A detailed overview is given

n Table 10 . 

On the other hand, the CNT scenarios’ emissions, as opposed to the

DC scenarios’ emissions, consider emissions of coal CCS and natural

as CCS and negative emissions of BECCS along with coal and gas alone,

o expected avoided emissions when compared to the baseline scenario

ill be higher than the previous two low-carbon scenarios. Fig. 11 de-

icts the emissions that can be avoided versus the BAU scenario if the

NT 2025 pathway is adopted.And how, with the aid of BECCS, a total
13 
f 975.6 Mt negative emissions can be achieved in the power generation

ector, which assist in increasing the avoided emissions even more, up

o 31,278 Mt (approximately 31.3 Gt) in the entire study period (25%

ore than the NDC 2025 vs BAU scenario). We saw when the power gen-

ration sector peaked its emissions in the 2025 under the NDC 2025 sce-

ario, avoided emissions compared to the baseline scenario were 64.7

t in 2025, which posed the same value as in the CNT 2025 versus the

AU scenario ( Table 11 ). This was because the proportion of installed

apacities were kept the same to allow better comparison after the 2025

ark, which we can clearly witness. After 2025, avoided emissions were

029 Mt for the CNT 2025 vs BAU scenario in 2030, whereas only 692.6

t in the NDC 2025 vs BAU scenario. This significant difference in the

voided emissions was achieved not only with the expansion of non-

ossil power generation technologies, but also CCS and BECCS. 

Conversely, the CNT 2030 scenario vs BAU scenario has relatively

ower avoided emissions than the CNT 2025 scenario vs BAU scenario.

t can be observed from the data that avoided emissions in 2025 were
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Table 10 

Avoided emissions of NDC 2030 scenario vs BAU scenario (Mt). 

Branch 2020 2025 2030 2035 2040 2045 2050 2055 2060 Total 

Avoided Emissions vs. BAU – 84.8 149.3 754.0 1498 2355 3254 4166 5028 17,291 

Coal 3483 3939 4408 4175 3775 3228 2598 1959 1373 28,940 

Natural Gas 64.1 93.0 119.2 145.7 204.8 260.2 321.6 376.1 333.0 1917 

Total 3547 4117 4676 5075 5479 5843 6174 6502 6734 48,150 

Fig. 11. Avoided Emissions of CNT 2025 sce- 

nario vs BAU scenario, in Gt. 

Table 11 

Avoided emissions of CNT 2025 scenario vs BAU scenario (Mt). 

Branch 2020 2025 2030 2035 2040 2045 2050 2055 2060 Total 

Avoided Emissions – 64.7 1029 2080 3434 5059 6007 6567 7034 31,278 

Coal 3483 3939 3430 2741 1750 468 – – – 15,812 

Natural Gas 64.1 113.1 172.5 181.2 172.6 118.7 36.7 – – 858.8 

Coal CCS – – 55.3 99.5 169.4 271.7 239.9 120.0 36.2 992.1 

Natural Gas CCS – – – 2.5 9.1 22.0 40.7 50.7 59.0 184.1 

BECCS – – − 10.8 − 29.2 − 57.3 − 96.7 − 150.3 − 236.1 − 395.2 − 975.6 

Total 3547 4117 4676 5075 5479 5843 6174 6502 6734 48,150 

Table 12 

Avoided emissions of CNT 2030 scenario vs BAU scenario (Mt). 

Branch 2020 2025 2030 2035 2040 2045 2050 2055 2060 Total 

Avoided Emissions – 84.8 544.8 1526 2926 4829 5671 6436 6882 28,901 

Coal 3483 3939 3967 3340 2265 645 – – – 17,641 

Natural Gas 64.1 93.0 119.2 131.1 143.4 104.1 281.9 – – 936.8 

Coal CCS – – 64 121.2 219.2 374.9 377.1 284.5 199.3 1640 

Natural Gas CCS – – – 1.8 7.6 19.3 31.3 46.4 41.1 147.5 

BECCS – – − 18.7 − 45.8 − 82.4 − 129.4 − 187.7 − 265.1 − 388.5 − 1117 

Total 3547 4117 4676 5075 5479 5843 6174 6502 6734 48,150 

t  

B  

a  

a  

2

 

2  

e  

l  

B  

s

 

(  

r  

t  

w  

c

 

M  

n  

d  

r  
he same (84.8 Mt) for both the CNT 2030 vs BAU and NDC 2030 vs

AU scenarios because efforts were ramped up after this mark. Where

voided emissions in the CNT 2030 vs BAU scenario were 544.8 while

voided emissions for NDC 2030 vs BAU scenario were 149.3 Mt in

030. 

Total avoided emissions in this case were 28,901 Mt (28.9 Gt) from

020 to 2060, which was 7.66% less than the CNT 2025 vs BAU avoided

missions. Fig. 12 shows a visualization of what the avoided emissions

ook like, and Table 12 shows detailed avoided emissions in CNT 2030 vs

AU. Lastly, we compare the avoided emission in both NDC and CNT

cenarios with each other respectively ( Fig. 13 ). 
14 
Total emissions avoided in the NDC 2025 vs NDC 2030 were 5860 Mt

approximately 5.9 Gt) for the entire study period. This was due to the

amping up in the expansion of renewables and the timely phase-out of

he thermal power generation technologies. Highest avoided emissions

ere seen in the 2055 at 1097.6 Mt. Breakdown of the avoided emissions

an be seen in Table 13 and Fig. 13 . 

Total emissions avoided in the CNT 2025 and CNT 2030 were 2376

t (2.3 Gt) for the entire study period. The difference is significant, but

ot as much as the avoided emissions in the NDC scenarios because the

eployment of CCS and BECCS technologies in both scenarios was car-

ied out gradually along with the same capacities of renewables in both
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Fig. 12. Avoided Emissions of CNT 2030 sce- 

nario vs BAU scenario, in Gt. 

Fig. 13. Avoided Emissions of NDC 2025 scenario vs NDC 

2030 scenario, in Gt. 

Table 13 

Avoided emissions of NDC 2025 scenario vs NDC 2030 scenario (Mt). 

Branch 2020 2025 2030 2035 2040 2045 2050 2055 2060 Total 

Avoided Emissions – − 20.1 543.3 693.8 815.9 851.8 899.8 1097.6 978.7 5860 

Coal 3483 3939 3811 3426 2918 2339 1652 826.9 249.1 22,647 

Natural Gas 64.1 113.1 172.5 201.4 246.6 296.6 366.9 411.1 478.3 2350 

Total 3547 4032 4527 4321 3980 3488 2919 2335 1706 30,858 
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cenarios as well. Table 14 and Fig. 14 below show a proper comparison

f the avoided emissions between the two scenarios. 

Despite current research, there are various views on the capacity of

oal-fired electricity that can be preserved in the future. Some studies

onclude that China can achieve its carbon neutrality goal at a lower

conomic cost by completely eliminating coal-fired power between 2050

nd 2055.However, others argue that 400–700 GW of coal power will

e required in 2050 for basic load, peak load regulation, and heat-

ng, assuming that existing units are retrofitted for flexibility and CHP

 Tsinghua, 2022 ). The authorised coal power capacity for China will be

eavily reliant on the potential and success of CCS and BECCS, where re-
 t  

15 
earch is critically lacking. So, to sum it up, judging from the emissions

an be avoided in each scenario as compared to either the baseline sce-

ario or another low-carbon scenario, it is evidently beneficial for the

ower generation sector to peak earlier to avoid more emissions if it

ere to peak later. 

.2. Cost-Benefit summary of GHG savings and cost of avoided emissions 

n low-carbon scenarios vs baseline scenario 

A cost-benefit analysis is an analytical tool/technique used to de-

ermine which solutions give the best potential approach in terms of
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Table 14 

Avoided emissions of CNT 2025 scenario vs CNT 2030 scenario (Mt). 

Branch 2020 2025 2030 2035 2040 2045 2050 2055 2060 Total 

Avoided Emissions – − 20.1 484.4 554.0 508.5 230.8 335.6 131.1 152.0 2376 

Coal 3483 3939 3430 2741 1750 468.0 – – – 15,812 

Natural Gas 64.1 113.1 172.5 181.2 172.6 118.7 36.7 – – 858.8 

Coal CCS – – 55.3 99.5 169.4 271.7 239.9 120.0 36.2 992.1 

Natural Gas CCS – – – 2.5 9.1 22.0 40.7 50.7 59.0 184.1 

BECCS – – − 10.8 − 29.2 − 57.3 − 96.7 − 150.3 − 236.1 − 395.2 − 975.6 

Total 3547 4032 4131 3548 2553 1014 502.7 65.8 − 148.0 19,248 

Fig. 14. Avoided Emissions of CNT 2025 sce- 

nario vs CNT 2030 scenario, in Gt. 
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abour, time, and cost savings. It is a systematic process of calculating

nd comparing the benefits and costs of a project, decision, or govern-

ent policy.It also involves the goal of determining whether an invest-

ent decision is feasible and establishing a basis for project comparison,

hich includes comparing the total expected cost of each option against

he total expected benefits. 

LEAP performs cost-benefit calculations from a societal perspective

y counting all of the costs in the system and then comparing the costs of

ifferent scenarios, in this study, the costs of scenarios were compared to

he baseline scenario. The calculations include all costs associated with

he model: process capital costs, fixed and variable operating and main-

enance costs, fuel costs and externality costs. The cost-benefit summary

hows cumulative costs and benefits for the Demand and Transforma-

ion modules. Additionally, the cost-benefit estimates may be expanded

o analyse environmental externalities by attributing prices to pollutant

missions and any other direct social and environmental repercussions

f the energy system. LEAP calculates the societal cost-benefit ratio by

alculating the expenses in the energy system and then comparing the

osts of any two scenarios. In other words, it also shows total costs for

he system as a whole and the overall benefit/cost ratio of each scenario

nd the cost summary also compares the environmental externality costs

f each scenario. 

Costs relative to the baseline scenario are shown as positive values,

hile benefits are shown as negative values. By default, LEAP uses the

00-year integration global warming potential factors suggested by the

PCC. The cost summary also displays the overall cost of saving CO 2 

missions in each scenario (with and without the co-benefits of avoided

missions of non-greenhouse gas pollutants). And lastly, the Net Present

alue is the sum of all discounted costs and benefits in one scenario mi-

us another (summing across all years of the study). Fig. 15 and Table

23 show the cost-benefit analysis of the entire model and scenarios

ompared to the BAU scenario at a discount rate of 7% in 2020. 
16 
When we look at the results in the Table below, we have the costs of

lectricity generation in the first column of all the scenarios compared

o the BAU scenario. The reason they are all higher than BAU is clearly

ecause the share of renewables in these low-carbon scenarios is higher

han that in the BAU scenarios, and because the costs associated with

on-fossil power generation is higher than thermal power, the costs are

omparatively higher. The NDC scenarios have lower costs as compared

o the CNT scenarios because they do not consider the CCS or negative-

missions technologies, like BECCS.Hence the costs associated with CNT

cenarios are higher than the NDC scenarios. The costs of NDC 2025 are

igher than NDC 2030 due to the fact coal power was phased out 5 years

arlier in NDC 2025, hence the additional costs associated to it. Same

easoning applies for the CNT 2025 and CNT 2030 scenarios. 

Moving on to the environmental externalities, these are defined as

he benefits in the model because of the negative values. So, the costs of

ower generation in each scenario are more than the benefits, relative

o the BAU scenario. Because an externality cost (carbon price of 50

uan/t CO 2 ) was assigned to CO 2 in the model, the benefits are due

o that, which makes using renewables and CCS technologies less costly

ue to not having to pay the carbon price from thermal power generation

missions. 

The Total Net Present Value (NPV) is the difference between the val-

es of electricity generation and the benefits (environmental external-

ties). In other words, the NPV means how much more the low-carbon

cenarios cost compared to the BAU scenario. So, in the case of the re-

ults of this model, the CNT 2030 scenario is the costliest scenario out

f all the other scenarios compared to the BAU scenario. 

Lastly, the cost of avoided GHG emissions – in other words, the cost

f saving carbon emissions in each scenario – is given by dividing the

PV by the tonnes of CO 2 emissions avoided. So, it can be said that

he cost of avoided GHG emissions is the cost of CO 2 /t to achieve the

entioned GHG savings in each scenario. Leading to the conclusion that
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Fig. 15. Costs and Benefits of Low-Carbon Scenarios vs BAU 
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t  
DC 2025 scenario is more cost-effective out of the two NDC scenarios,

nd CNT 2025 is more effective than the two CNT scenarios. In other

ords, the earlier the power sector peaks its emissions, the better in

erms of cost-effectiveness and GHG emission savings/mitigation. 

. Outlook 

As a developing country, China tends to lack in some technical re-

earch and innovation, providing hurdles to upgrading sectors and, by

xtension, economic structure modification. A lack of openness and

ransparency on relative generating technology prices is a significant im-

ediment to the shift away from coal-fired power. Government agencies

ave established incentive-based feed-in tariffs across several generating

echnologies over the last decade and a half, but these prices have only

eakly mirrored real generation costs. China’s further transformation to

holesale energy markets may assist to better expose supply costs and

nternalise coal price concerns. Limiting new investment in coal-fired

enerating capacity throughout this transition, and maybe even longer

erm, would almost certainly need significant legislative commitment. 

Breakthroughs in global carbon neutrality technologies, particularly

egative-emission technologies, are critical for international collabora-

ion. In order to take major steps into realizing the carbon neutrality goal

or the power sector, China must first isolate its CO 2 emissions from its

conomic development. So, given the increase of residential consump-

ion of electricity and infrastructure expenditures, lowering emissions

n demand side (or consumption side) remains critical to attaining both

arbon neutrality and economic growth. Coal remains China’s primary

nergy source and power generation source – before making any sig-

ificant advances in the application of renewable energy technology on

n even larger scale, as well as the technology of using coal in a clean

ay, China must strike a balance between coal phase-out, prices, and

nergy security. Finally, present attempts to cut emissions are primarily

n reaction to top-down measures implemented by the central govern-

ent, which is the State Electricity Regulatory Commission (SERC) and

ational Development and Reform Commission (NDRC). 

Some key goals mentioned in the 14th Modern Energy System Plan-

ing are to phase out 30,000 MW of coal-fired power plants by 2025,

each a total installed capacity of wind power and solar power com-

ined to 1200 GW by 2030, 70,000 MW of nuclear power by 2025 and

80,000 MW of hydropower by 2025. 

The national ETS of China would play an extensive role in China’s

ecarbonization and carbon neutrality goals, however, one of the most

ondemned aspects of the national ETS policies is the low penalty

30,000 Yuan/4605 USD) for noncompliance or falsification of infor-

ation. Instead of a fixed penalty, inspiration should be taken from the
17 
enalty system of the EU ETS and noncompliance should be penalized

ith around 600–650 CNY/t of CO 2 . Additionally, as carbon leakage

as also proven to be a barricade in the development of the EU ETS,

nd because the Chinese legislation does not yet protect against phys-

cal carbon leakage in CCS, China can learn from the setbacks of the

U ETS and set mechanisms and methods in place to assure low carbon

eakage to further improve the credibility of its national ETS. This, in

eturn, would ensure the inclusion of CCS technologies and BECCS to

e quite favourable in the national ETS. Lastly, carbon credit mecha-

isms, such as those provided for negative carbon emissions, should be

xplored by the ETS in the future, evoking more bottom-up programs

n improving carbon capture. 

. Conclusion 

According to the findings of this study, the emission reduction path

ased on present policies falls short of the carbon neutrality targets for

he power generation sector. To accomplish the emission reduction ob-

ectives, power generating operations should be increased to enable an

arlier peak with faster and more aggressive decreases. Significant ini-

iatives include expanding non-fossil and renewable energy sources, has-

ening the phase-out of coal-fired power facilities, and substantially im-

lementing CCS technology. Adequate solutions for safe grid operation,

etirement of coal-fired power fleet, investment, and research and de-

loyment of CCS and BECCS technologies must be examined during the

ower generation sector change. 

According to the study done by Zhang et al. (2022 b) using the TIMES

odel, China’s power sector’s peak emissions between 2025 and 2030

ill be around 4.5 Gt CO 2 , and negative emissions in 2050 will be below

.8 GtCO 2 . Comparing this research’s results to Zhang’s study, the power

eneration sector emissions will peak its carbon emissions at 4.1 GtCO 2 

n the NDC 2025, CNT 2025 scenarios, and 4.5 GtCO 2 in the NDC 2030

cenario. Negative emissions in the CNT 2025 and CNT 2030 scenarios

ill be at − 0.3 GtCO 2 and − 0.1 GtCO 2 in 2060, respectively. Moreover,

he cost benefits associated with peaking earlier are also favourable. If

he power generation sector is to peak its emissions in 2025, the cost of

voided GHG emissions will be 8.4 CNY/t CO 2 if no CCS technologies

re adopted.And 26.4 CNY/t CO 2 if CCS and BECCS technologies are

eployed. On the other hand, if it is to peak in 2030, the cost of avoided

HG emissions will be 8.5 CNY/t CO 2 without CCS technologies, and

0.4 CNY/t CO 2 with CCS and BECCS technologies. So, to sum up the

ndings of this research, it can be concluded that if China’s power sec-

or can peak its emissions by the end of the 14th Five-Year Plan period,

t will be in a stronger position to meet the carbon neutrality objec-

ive by 2060, because it will likely strive to achieve net-zero emissions
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rom a lower peak and over a longer duration, allowing it to pragmat-

cally achieve the carbon neutrality goal without having to rush given

 tighter timeline. Early peaking might be achieved by hastening many

f the measures and investments that China will undertake in order to

ransition to sustainable development. This acceleration during the 14th

ive-Year Plan period would allow China to reap the economic advan-

ages of these measures and investments sooner. 

This study, therefore, not only suggests that the next Five-Year Plan

hould limit the construction and approval of coal-fired power plants,

ut also implores the recognition of CCS and BECCS as vital technologies

o achieve deep decarbonization in the Chinese power generation sector.

dditionally, because the scenarios all lead to an expansion of renewable

ower generation, it is imperative to create roadmaps for technological

&D, demonstration, and implementation to ensure the wide used of

ntermittent renewable energy. 
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