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Abstract Abstract 
Carbon peak in 2030 and carbon neutralization in 2060 has been established as one of the important 
strategic goals of China's economic and social development. During 2010-2020, the capacity of terrestrial 
ecosystems in China to sequester carbon dioxide (CO2) varied from 1.0 to 1.3 Gt/a, with high uncertainty. 
To enhance the carbon sink capacity of Chinese terrestrial ecosystems, the combination with land space 
planning and ecological protection is essential. It is necessary to first stabilize the existing carbon 
storage in these ecosystems, such as forest, grassland, wetland, coast, and others, and then implement 
some important ecological protection and ecological restoration projects at large scale. In addition, new 
technologies of carbon capture, utilization, and storage based on biological CO2 fixation principles (Bio-
CCUS) or ecological CO2 fixation principles (Eco-CCUS) should be developed and applied. Through 
integrated regional ecosystem management and spatial planning, as well as multiple technologies to 
enhance carbon sink, it is possible to double the carbon sink capacity, both natural and human-made, 
arriving at 2.0-2.5 Gt/a during 2050-2060. In practice, we need to scientifically assess the key 
technologies of ecosystem carbon sink improvement in view of effectiveness, economic feasibility, and 
durability, and then comprehensively integrate these technologies into different regions for 
demonstrations at regional scale. 
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Abstract: Carbon peak by 2030 and carbon neutrality by 2060 have become important strategic goals for China’s 
long-term development. From 2010 to 2020, China’s terrestrial ecosystems can capture and store about 1.0–1.3 Gt/a 
of carbon dioxide (CO2). To enhance the carbon sink capacity of terrestrial ecosystems in China, it is essential to 
combine national land planning and ecological protection and stabilize the existing carbon sinks in forests, grass-
lands, wetlands, coasts, and others, so as to implement ecological protection and restoration projects. In addition, 
new technologies of carbon capture, utilization, and storage based on biological CO2 fixation principles (Bio-CCUS) 
or ecological CO2 fixation principles (Eco-CCUS) should be developed and applied. Through integrated regional 
ecosystem management and spatial planning, as well as multiple technologies, it is possible to double the natural 
and human-made carbon sink capacity, namely, 2.0–2.5 Gt/a of CO2 during 2050–2060. In practice, we need to 
systematically analyze key technologies to enhance ecosystem carbon sink, scientifically assess their effectiveness, 
economic feasibility, and durability, and then achieve the technological integration in different regions and conduct 
regional demonstrations. DOI: 10.16418/j.issn.1000-3045.20220121002-en 
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Carbon peak by 2030 and carbon neutrality by 2060 have 
become important strategic goals for China’s long-term de-
velopment. Therefore, it is necessary to carry out an overall 
macro-layout of technological approaches related to emission 
reduction, carbon conservation, carbon sink enhancement, 
and carbon storage and coordinate the development of new 
ecological economies and industries regarding energy trans-
formation by decarburization, structural adjustment to emis-
sion reduction industry, and ecological environment 
development for carbon sink enhancement. The terrestrial 
ecosystem has a huge carbon sink capacity, and it is one of the 
important ways to achieve the goals of carbon peak and 
carbon neutrality (hereinafter referred to as 30–60 goals) by 
consolidating and improving its carbon sink [1, 2]. Therefore, it 
is urgent to promote the demonstration and application of key 
technologies and optimized models for protecting and im-
proving ecosystem carbon sink and develop new technolo-
gies for biological and ecological carbon capture, utilization, 
and storage (CCUS) [3], so as to implement carbon neutrality 
in China.  

Extensive research has focused on the process of the 
ecosystem carbon cycle, carbon sequestration mechanism, 
and the principle of carbon sink enhancement in recent 
years  [4]. The previous studies on ecological processes at the 
site and landscape scales as well as feedback studies on the 

regional ecosystem and climate system have laid a theoretical 
foundation for studying and developing regional carbon se-
questration and carbon sink enhancement technologies [5]. 
Currently, the main scientific and technological tasks to 
consolidate and improve the ecosystem carbon sink are as 
follows: (1) strengthening national land planning and con-
trolling its use, strictly enforcing the ecological protection red 
line, and stabilizing the carbon storage of existing forests, 
grasslands, wetlands, coasts, frozen soils, and other ecosys-
tems; (2) implementing nature conservation and ecological 
restoration projects to improve ecosystem quality and carbon 
sink; (3) coordinating the existing natural ecosystem, natu-
rally restored secondary ecosystem, and artificially rehabili-
tated ecosystem to comprehensively improve the carbon sink 
capacity [6, 7].  

Researchers have developed effective technologies for 
carbon conservation and carbon sink enhancement for dif-
ferent ecosystems through long-term research. However, 
under the background of national 30–60 goals, how to effec-
tively evaluate the economic feasibility of these technologies 
and the stability and sustainability of carbon sinks and 
achieve the integrated application and demonstration re-
gionally and nationally has not been solved [8]. This study 
aims to provide a reference for national land planning and the 
control of land use, implementation of major ecological 
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conservation and restoration projects, and integrated appli-
cation of regional carbon sink technologies. 

1 Principles of consolidating and enhancing 
ecosystem carbon sink capacity with 
nature-based solutions (NbS) 

It is a huge ecosystem project involving political, eco-
nomic, social, and ecological development to implement 
30–60 goals in a trans-regional and cross-industry way within 
national lands and coasts. Therefore, it is necessary to carry 
out the spatial optimization layout with NbS and the sys-
tematic engineering concept of rationally allocating resources 
and environment and popularize key technologies for pro-
tecting ecosystem carbon pool and enhancing carbon sink. 
The core concept of NbS is to respect the laws of nature, be in 
line with natural conditions, and make use of natural pro-
cesses. It develops schemes for enhancing carbon sinks of 
typical ecosystems based on ecosystem approaches in ac-
cordance with local conditions. NbS also help to formulate 
schemes for protecting carbon pool and enhancing carbon 
sink regionally based on the macro ecosystem approach and 
can optimize the regional nature-economy-society complex 
ecosystem to achieve the coordination and unification of 
social, economic, and ecological and environmental benefits. 
NbS are scientifically based on the evolution principle of the 
biosphere and environment system, the coupling principle 
between macro systems, the integrity principle of the eco-
system, and the harmonious coexistence theory between 
human and nature. They also highlight a community with a 
shared future between humankind and mountains, rivers, 
forests, fields, lakes, grass, sand, and ice to optimize the spatial 
and temporal allocation between the water-soil-climate-
biology environment and resources. Therefore, the following 
four principles should be obeyed when carbon sink en-
hancement schemes with NbS are developed for different 
regions to achieve carbon neutrality. 

1.1 The coordination of carbon sink enhancement 
with the main function zones of national lands 

The carbon sink enhancement scheme must be coordinated 
with the existing main function zones of national lands. It 
should identify important zones with natural carbon sinks and 
zones with artificially enhanced carbon sinks, integrate them 
into national ecological protection areas, ecological red line 
areas, and major ecological restoration project areas, and 
strengthen the overall management of mountains, rivers, 
forests, fields, lakes, grass, sand, and ice and oceans, seas, 
bays, islands, reefs, and banks in China’s specific areas. The 
geographical pattern and natural regionalization of China’s 
carbon sinks are the basis for formulating the spatial layout of 
the carbon neutrality action. In light of natural and geo-
graphical conditions, carbon sink areas within the territory 
should be planned as a whole, and priority should be given to 

the ecologically critical zones to demonstrate the integrated 
models of carbon sink enhancement technologies. 

1.2 The integration of carbon sink enhancement 
and nature conservation and ecological 
development 

The national carbon sink consolidation and improvement 
strategy must be implemented in all areas across China. Ad-
ditionally, the technological model for improving carbon sink 
regionally must be based on the ecosystem productivity and 
economic and social development determined by regional 
natural and geographical conditions, and the ecological pro-
ject should match natural and geographical conditions, eco-
nomic and social status, and scientific and technological 
capabilities [1]. China’s macro landform, geography, and 
climate patterns determine the basic spatial pattern of major 
carbon sink areas [9, 10]. The vast mountain forests have a 
strong carbon sequestration function, and most of the 
mountain forests in China are still in the stage of ecological 
restoration, with potential carbon sink enhancement ability. 
In addition, China’s coastal zones, riparian zones, traffic lines 
(road zone), and urban green spaces (green belts) are im-
portant areas of land greening in recent years, with great 
carbon sink enhancement potential. “Three Eco-zones” 
(Qinghai-Tibet Plateau Eco-zone, Yellow River Eco-zone, 
Yangtze River Eco-zone,) and “Four Shelterbelts” (Northeast 
Shelterbelt, North Shelterbelt, South Shelterbelt, and Coastal 
Shelterbelt), which have been proposed by the Master Plan 
for the Major Projects for the Protection and Restoration of 
National Key Ecosystems (2021–2035), are the basis for 
guiding the planning of national carbon sink areas and pro-
vide an important reference for improving the macro decision 
of carbon sink enhancement. 

1.3 The combination of carbon sink enhancement 
with historical and cultural heritage and rural 
revitalization 

The layout of the national carbon sink enhancement pro-
jects should be combined with natural and cultural heritage 
protection, biodiversity protection, and regional develop-
ment. China has a long history and rich cultural heritage, and 
many geographical spaces are not only distributed with nat-
ural and cultural heritage but also important function zones 
for biodiversity and ecosystem carbon sinks. The protection 
of natural and cultural heritages such as famous mountains 
and rivers, shrines and temples, and relics distributed in dif-
ferent regions of China must be based on the protection and 
restoration of natural landscapes, ecosystems, and cultural 
environment, so as to combine carbon sink conservation with 
human civilization continuation. In addition, China’s social 
development needs to consolidate and expand poverty alle-
viation achievements and comprehensively advance the rural 
revitalization strategy. About 41.74% of national lands are 
covered by the 14 former concentrated poverty-stricken are-
as, including Ta-pieh Mountains, Southern Greater Khingan 
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Mountains, the karst rocky desertification areas of Yunnan, 
Guangxi, and Guizhou, border mountains of western Yunnan, 
Tibet, and the four prefectures of southern Xinjiang, and 
these areas are characterized by high carbon storage and high 
per capita carbon sink. Therefore, the coordination between 
economic development, resource exploitation and utilization, 
ecological and environmental protection, and consolidation 
and enhancement of carbon sinks in poverty-stricken areas 
has attracted the attention of the government and the public, 
and it is necessary to establish a mechanism for valuing 
ecosystem carbon sink products. Efforts must be made to 
ensure a win-win situation between the economic develop-
ment and environmental coordination in poor areas and re-
alize the coordination of 30–60 goals with ecological 
restoration, the beautiful China initiative, and rural revitali-
zation through mechanisms such as carbon sink trading, 
carbon sink tax, and fiscal transfer payment. 

1.4 The combination of carbon sink enhancement 
with regional ecosystem management 

The core technology to consolidate and enhance the car-
bon sequestration in carbon sink function zones indicates the 
nature-based comprehensive management of the regional 
ecosystem, and the popularization and application of the 
multi-objective and compatible regional ecological man-
agement model involving ecological protection, ecological 
restoration, rural revitalization, and carbon conservation and 
carbon sink enhancement. For the past few decades, China, 
after studying typical ecosystem structure-process-function 
mechanisms, has developed carbon sequestration and carbon 
sink enhancement technologies for ecosystems including 
farmland soils, artificial forests, natural secondary forests, 
grasslands, wetlands, and desert oasis and designed ecosys-
tem management models for different geographical regions, 
which provide carbon sink function zones with rich tech-
nologies for carbon conservation and carbon sink enhance-
ment (Table 1). Most of these technologies or models are 
based on long-term observations and tests and validated by 
observational data. However, some actions that ignore natural 
laws and pursue man-made carbon sinks deserve attention. For 
example, the blind and large-scale planting of forests or shrubs 
in arid and semi-arid deserts cannot significantly enhance car-
bon sink and should cause soil loss and carbon pool loss [11]. In 
addition, some areas convert massive wetlands to woodlands on 
the grounds that forests are important carbon sinks. Such con-
version (especially in high altitude or high latitude areas) should 
accelerate the decomposition of soil organic matters, resulting in 
the loss of carbon sink in soil, and its comprehensive ability to 
enhance carbon sink is debatable [5]. 

2 Approaches to enhancing carbon sink and 
key technologies 

Ecosystem carbon conservation and carbon sink 

enhancement are considered to be the most environment-
friendly, cost-optimal, and beneficial technological ap-
proaches in the Kyoto Protocol (1997), Copenhagen Accord 
(2009), and Glasgow Climate Pact (2021) [12, 13]. For the past 
decades, China has made great achievements in ecological 
and environmental development, which lays a foundation for 
ecological carbon pool protection and carbon sink enhance-
ment and is significant for developing the theoretical system, 
application technology, and model of coordinated ecological 
development and carbon sequestration and carbon sink en-
hancement. On this basis, the carbon cycle of the earth sys-
tem and the artificial control system that support the 30–60 
goals should be established from the coupling of carbon 
cycles of the geological system, surface system, ecological 
system, and humanistic society system. More attention 
should be paid to the development and application of new 
CCUS (Bio-CCUS or Eco-CCUS) based on biology or 
ecology in developing CCUS theory and technologies in 
geological engineering [2].  

2.1 Traditional agricultural and forestry technol-
ogies to reduce emissions and enhance carbon sink 

Traditional agricultural and forestry technologies to re-
duce emissions and enhance carbon sink mainly consist of 
afforestation, reafforestation and forest management, agri-
cultural conservation tillage, animal husbandry emission 
reduction, grassland and wetland management, coastal eco-
logical projects (such as blue carbon breeding), and other 
low-carbon technologies to reduce emission or enhance 
carbon sink [8, 12]. Currently, the following technologies 
should be applied and developed: ①  Implementing major 
ecological protection and restoration projects, carrying out 
integrated protection and restoration of mountains, rivers, 
forests, fields, lakes, grass, sand, and ice in different regions, 
and continuously increasing forest areas and stock volume; 
②  Vigorously promoting land greening, consolidating the 
achievements of returning farmlands to forest and grasslands, 
and implementing the projects to improve forest quality ac-
curately. ③  Adopting diversified forest management 
measures, such as the extension of forest intermediate cutting 
time, planted forest fire prevention and pest control. 
④ Strengthening the protection and restoration of the grass-
land ecosystem, and intensifying the protection of inland 
river banks, lakes, marshes, and wetlands. ⑤  Comprehen-
sively promoting the ecological protection and restoration of 
coastal (wetland), especially the protection of mangroves, sea 
grass beds, and salt marshes. ⑥  Changing the farming system 
and improving cultivated land quality, implementing the 
protection projects of black soils, loess and red soils, and 
enhancing the soil carbon pool and its stability. ⑦  
Strengthening the research and development of geological 
carbon sink in inland saline-alkaline soils and karst regions 
(Table 1). 

According to studies, agricultural conservation tillage and 
the use of organic fertilizer can capture and store about
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Table 1  Effect of artificial management on carbon sequestration of ecosystems and their qualitative evaluation 

 
Note: carbon sink effect refers to the carbon sequestration rate after implementing management measures; technology maturity indicates whether the 
measures are technically mature; environmental fitness tells whether the measures are highly adaptable to the environment; social adaptability demonstrates 
whether the measures are suitable for expansion from the perspective of social regulations, public behavior, and economy. Current application scale repre-
sents the application or promotion of the measures in China’s ecosystems; the difficulty of carbon sequestration evaluation refers to the difficulty of accu-
rately evaluating the carbon sequestration effect based on existing technologies; comprehensive evaluation index shows the comprehensive evaluation of the 
carbon sequestration effect with measures based on the foregoing six evaluation indexes; IPCC commitment indicates whether the measures can be listed in 
the current inventory of the IPCC (Intergovernmental Panel on Climate Change). The carbon sink effect of all measures has three levels in terms of qualita-
tive evaluation, and measures for each ecosystem are valued with asterisks. More asterisks signify that the measure has a stronger carbon sink effect or is 
more suitable for expansion in terms of qualitative evaluation items except for the evaluation difficulty. 

0.14–0.17 Gt/a of CO2 
[14], and for measures such as grassland 

fencing and grass planting, the number is approximately 
0.06–0.08 Gt/a [8, 15, 16]. However, estimates have been de-
duced based on the small-scale and short-term research, and 
thus there are still great uncertainties, with the economic 
feasibility to be studied. 

2.2 Approaches to enhancing carbon sink by 
ecological projects 

For approaches to enhancing carbon sink by ecological 
projects, we need to coordinate the national land greening and 
ecological and environmental governance, improve the eco-
system carbon sink of forests, farmlands, grasslands, deserts, 
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inland wetlands, lakes, coastal wetlands, offshore aquacul-
ture, etc., explore the existing mature technologies, and in-
tegrate them into systematic technological models suitable 
for landscapes, basins, and regions. It is necessary to fully 
summarize the research, development, and demonstration 
achievements of all kinds of technologies related to ecosys-
tem location, observation, research, and carbon sink en-
hancement, and collect technologies for improving carbon 
sink to support the comprehensive demonstration of regional 
carbon sinks. 

Scientists have developed and summarized effective 
measures to enhance carbon sink in the past decades (Table 1), 
such as afforestation and reforestation, returning farmlands to 
forests, and natural grassland enclosure [6, 8]. However, in 
implementing the carbon neutrality strategy, it is urgent to 
scientifically evaluate the carbon sink effect, durability, spa-
tial applicability, and economic feasibility of carbon sink 
enhancement technologies and recommend corresponding 
measures to enhance carbon sink by ecological projects that 
can be implemented in a large scale. The ecological con-
struction of new afforestation, road and riparian zones, and 
green belts is still expanding in China. According to the na-
tional statistics of new afforestation and green belt areas in 
each province and the analysis of the corresponding carbon se-
questration rate of each region, the implementation of new eco-
logical restoration and land greening projects are of huge carbon 
sequestration potential. New afforestation and greenbelt are ex-
pected to capture and store about 0.03–0.08 Gt/a of CO2 

[17]. 

2.3 New Bio-CCUS/Eco-CCUS approaches 

Bio-CCUS/Eco-CCUS refers to that more CO2 can be 
captured by increasing the productivity of the terrestrial 
ecosystem, and they can be converted into organic biomass 
which serves as energy, chemical, or building materials in-
stead of fossil products or is directly buried or geologically 
stored. Photosynthesis is the largest energy and matter con-
version process on earth. It is a natural process for efficient 
conversion of light energy and carbon sequestration, which 
provides sufficient raw materials for Bio-CCUS/Eco-CCUS. 

(1) Research and development of high-tech biological 
carbon sequestration technologies by molecular biology 
principles. The transgenic and molecular design technologies 
in molecular biology are rapidly developing, which has pro-
vided potential technologies for developing biological carbon 
storage and can be widely used in constructing an integrated 
system of technologies for efficient CO2 bio-utilization or 
storage. The potential technological breakthroughs are as 
follows. ①  Using molecular biology technologies to improve 
photosynthetic organisms’ light capture, carbon sequestra-
tion, and metabolic pathways and enhance photosynthetic 
carbon sequestration efficiency. ②  Improving and screening 
trees and grass with efficient carbon sequestration, saline-
alkali tolerance, or drought-resistance performance. ③  De-
veloping microorganisms or aquatic plants with efficient 
carbon sequestration and pollution reduction effect. 

(2) Development of artificially simulated photosynthesis 
technologies based on modern biosynthesis principles. The 
development of modern biotechnology provides conditions 
for technological breakthroughs in biological improvement 
and simulation of photosynthesis. Breakthroughs that sun-
light, water, and CO2 are converted into carbohydrates by 
artificial utilization and simulated photosynthesis may pro-
vide key technologies for Bio-CCUS/Eco-CCUS. Potential 
technological breakthroughs include the following aspects. 
①  Developing chemical and biocatalysis coupling technol-
ogies to construct a starch synthetic pathway of carbon se-
questration [18]. ②  Exploring biological enzyme catalysts to 
break through the complex regulation barriers of starch syn-
thesis in nature. ③  Developing module assembly optimiza-
tion and spatial-temporal separation strategies to solve the 
problems of substrate competition and product inhibition in 
the artificial carbon sequestration pathway. ④  Breaking 
through the cost limitation of applied technologies to improve 
the application value and industrialization of artificial carbon 
sequestration technologies.  

(3) Development of biological/ecological carbon seques-
tration technologies by land resources such as polluted or 
abandoned lands. China has polluted lands and wetlands and 
abandoned mining areas. Although these lands are not suita-
ble for planting crops for humans and livestock, they can be 
planted with high-light efficiency and high biomass plants 
(such as poplar, Achnatherum splendens, castor bean, maize, 
sweet sorghum, and sugarcane). The biomass produced by 
these plants can be used as bio-energy and bio-chemical raw 
materials, and their harvest can be compressed into particles 
or buried directly after carbonization, which realizes 
long-term carbon sequestration. Taking maize or sorghum as 
an example, each hectare of land produces 30 tons of straws 
and grains per year, and the annual net carbon sequestration 
rate can reach 49.4 tons per hectare. If the price of CO2 per 
ton from the CCUS pathway is 1 300–2 000 yuan, the eco-
nomic effect of carbon sink per unit area will even exceed the 
economic value of traditional agricultural planting. 

(4) Development of biological/ecological carbon seques-
tration technologies by agricultural and forestry residual 
biomass. Forest and farmland ecosystems produce a large 
amount of waste or straw biomass every year, which is a huge 
biological resource. Yan et al. [19] have found that the annual 
accumulation of newly added organic matters in China’s 
terrestrial ecosystems was huge through a study on biomass’s 
calorific value. Therefore, the full utilization of the biomass 
removed by forest regeneration, deforestation, and tending 
will provide huge alternative energy and help to realize the 
30–60 goals. According to studies, the biomass growth rate of 
China’s existing forest vegetation is likely to reach a peak 
during 2035–2040 [11, 20]. Therefore, secondary forest tending 
and proper cutting are necessary to stabilize and improve 
productivity and prevent carbon leakage caused by forest 
fires and pests. The study results provide a theoretical basis 
for the selective cutting or cultivation of forests in the future 
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and indicate prospects for developing power generation or 
biological carbon sequestration technologies of forest bio-
mass. If a quarter of the annual forest productivity is removed 
from the ecosystem, the forest may have around 300 million 
cubic meters of wood (or the equivalent leaves and branches). 
In other words, the forest biomass of about 0.27–0.3 Gt/a of 
CO2 could be used for Eco-CCUS. Moreover, China’s annual 
grain output is about 650 million tons, and the crop straw 
produces about 1.07 billion tons of CO2. If the straw amount 
consumed by straw turnover, energy utilization of rural 
households, and livestock is deducted (about 70%), and the 
remaining 30% of straw is used for Eco-CCUS, its carbon 
sink may be enhanced to 0.32 Gt/a. Similarly, the sequestra-
tion and storage of discarded furniture and construction ma-
terials are also significant carbon sink measures.  

3 Overall goals and approaches to enhancing 
carbon sink in China 

It is challenging to determine the goals and approaches to 
improving the carbon sink in China. Here, we propose a 
potential goal for enhancing China’s ecosystem carbon sink 
through the carbon neutrality concept with NbS and existing 
data. Although the goal has high uncertainty and needs to be 
validated by subsequent scientific research and social prac-
tice, it can serve as a reference for consolidating and en-
hancing the carbon sink in China. 

3.1 Enhancement targets of the existing ecosystem 
carbon pool, carbon sink capacity, and function 

China’s ecological construction has greatly improved the 
carbon sink of the terrestrial ecosystem over the past 30 
years. According to the census data, China’s forest area in-
creased from 117.12 million hectares in 1973–1976 to 
179.89 million hectares in 2014–2018, and the CO2 of 
forest biomass has increased by 14 billion tons in the past 
four decades [21]. As outlined in the 14th Five-Year Plan 
(2021–2025) on the protection and development of forests 
and grasslands, the forest stock volume in China is ex-
pected to reach 19 billion cubic meters in 2021–2025, 
which attracts worldwide attention. The report based on 
remote sensing data has shown that the global green space 
areas increased by 5% from 2000 to 2017, and China’s 
contribution rate was about 25% [22].  

The prediction of carbon storage and carbon sequestration 
capacity and potential of ecosystems is a complex scientific 
issue. Based on the present findings, the organic carbon 
storage of terrestrial vegetation, litter, and soils at 0–1 m 
depth in China is estimated at 363.3 ± 20.9 billion tons of 
CO2. Specifically, the organic carbon storage of vegetation is 
49.8 ± 11.9 billion tons, and that of soils is 298.8 ± 18.6 
billion tons. Currently, the organic carbon of unconfirmed 
deep soils, peatlands, and various animals is about 266.7 
billion tons, 55.1 billion tons, and 100 million tons of CO2, 
respectively. In addition, the inorganic carbon of the soil at 
1 m depth and 0–2 m depth is about 172.7 billion tons and 
195.4 billion tons of CO2, respectively (Figure 1).

 

Figure 1  Estimates of ecosystem carbon storage, carbon sink, and carbon sequestration potential of lands and coasts in China 
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The carbon sink effect of terrestrial ecosystems esti-
mated by different statistical methods varies greatly. The 
existing terrestrial organic carbon sink is confirmed about 
1.0–1.5 Gt/a [15, 23–25] or about 1.0–1.3 Gt/a in a conservative 
way. Reliable information reveals that the regional compre-
hensive carbon sink in China will increase to 2.0–2.5 Gt/a by 
2050 by carrying out carbon sink certification, carbon sink 
enhancement projects, ecological management, and com-
prehensive application of measures such as 
Bio-CCUS/Eco-CCUS, with coordinating organic and inor-
ganic carbon sinks in land-river-ocean spaces, and on the 
basis of existing carbon sink capacity. 

Literature analysis reveals that the unconfirmed terrestrial 
and marine organic carbon sink is about 0.346 Gt/a. Specif-
ically, the carbon sink of urban green space, the blue carbon 
sink of coastal ecosystem, and the carbon sink of the offshore 
sea are 0.029 Gt/a, 0.07–0.09 Gt/a, and 0.22–0.24 Gt/a, re-
spectively. Therefore, the actual organic carbon sink capacity 
of land and ocean was 1.5–1.6 Gt/a from 2010 to 2020 [26–29]. 
Moreover, extensive studies have shown that the inorganic 
carbon sinks of China’s desert saline-alkali lands, karst areas 
and loess plateau, blue carbon sink in the coastal areas, and 
offshore marine carbon sink are of great functions. Prelimi-
nary estimates suggest that the inorganic carbon sink in China 
is about 0.16–0.19 Gt/a, and specifically 0.178 Gt/a is from 
carbonate weathering [30–32]. 

3.2 Approaches to enhancing China’s regional 
ecosystem carbon sink function zones 

In order to improve regional ecosystem carbon sink func-
tion zones in China, we should comprehensively utilize tra-
ditional agricultural and forestry emission reduction and 
carbon sink enhancement technologies, carbon sink en-
hancement by ecological projects, and Bio-CCUS/ 
Eco-CCUS. We should also assess, select, and develop key 
innovative technologies of carbon sink and integrate them 
into compatible ecological development and management 
models that are technically feasible, operationally effective, 
and easily promotable. These models should be widely ap-
plied in different carbon sink function zones according to 
local conditions, so as to comprehensively demonstrate and 
apply national and regional nature conservation and carbon 
sink enhancement technologies. 

The geographical pattern and natural regionalization of 
ecosystem carbon sink are the basis for formulating the spa-
tial layout of carbon neutrality action. The tasks of compre-
hensive demonstration of technologies to enhance regional 
carbon sinks are as follows. ①  Carrying out the regional 
comprehensive investigation to understand the background of 
carbon sink, and on this basis, setting the targets and imple-
mentation period of regional carbon sink enhancement by 
combining with the geographical conditions, social and 
economic development demands, and the existing ecological 
protection and restoration projects. ②  Selecting technological 

models to enhance carbon sink for regional comprehensive 
integration according to geographical conditions, social and 
economic development, the positioning of ecological func-
tions of the region, and the assessment of regional applica-
bility, so as to form a demonstration system of regional 
carbon sink enhancement technological models. ③  Observ-
ing and assessing regional carbon sinks and obtaining the 
change process of the carbon sink effect and other ecological, 
economic, and social functions during the demonstration 
period of carbon sink enhancement technologies, with the 
support of a carbon sink three-dimensional monitoring sys-
tem. ④  Comprehensively assessing the regional carbon sink 
enhancement effect, refining policy suggestions, and formu-
lating technical standards at the end of the demonstration of 
carbon sink enhancement technologies, with carbon sink 
inventory, three-dimensional observation, and data model 
platform. 

China’s comprehensive demonstration of technologies to 
enhance carbon sink in important function zones is a practical 
application of a technology system integrating sites, land-
scapes, and regions under the interaction between social 
system and ecosystem. It is necessary to improve the situa-
tion that traditional carbon sink enhancement technologies 
are applied fragmentarily and cannot cover the whole process 
of carbon sink formation. Previous studies have demonstrated 
that planted forests and natural secondary forests tended in 
China in recent decades play an important role in carbon sink. 
Grassland is considered to be carbon neutral on the whole 
except for the alpine meadow. Wetland is regarded as a car-
bon source as a whole. whether farmland soil belongs to 
the carbon source or carbon sink mainly depends on ag-
ricultural technology patterns and regional environmental 
conditions [5, 14, 17]. At present, long-term scientific research 
and massive application have laid a foundation for develop-
ing carbon cycle regulation technologies in areas, such as 
ecosystem carbon sink enhancement and industrial emission 
reduction. However, great challenges still exist in integrating 
carbon sink enhancement technologies by following the spa-
tial pattern of the regional carbon cycle. 

3.3 Requirements of a systematic layout scheme 
for carbon sink enhancement at the national level 

The Working Guidance for Carbon Dioxide Peaking and 
Carbon Neutrality in Full and Faithful Implementation of the 
New Development Philosophy clearly defines the working 
principle of the overall layout of all industries and the com-
prehensive governance of mountains, rivers, forests, farm-
lands, lakes, and grass and sets objectives for work in each 
period. For example, China’s forest coverage rate is expected 
to reach 24.1% by 2025 and 25% by 2030. Previous work in 
China has laid a good foundation for promoting the national 
unified layout of carbon sink enhancement. Moreover, pre-
vious major ecological projects have also provided a guarantee 
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for enhancing regional carbon sink capacity, including the 
Three-North Forest Shelterbelt Project and the red and yellow 
soil restoration areas in South China, which have played a 
vital role in increasing carbon sink. China’s strategy of the 
Yangtze River Economic Belt to strengthen environmental 
protection rather than seeking rapid growth at the cost of 
the environment and the strategy of ecological protection 
and high-quality development in the Yellow River Basin 
has recently been implemented on the premise of pro-
tecting regional ecology. Ecological protection has also 
brought an opportunity to consolidate and improve carbon 
sinks. 

However, the large-scale carbon sink project, which lasts 
for 50 years and covers the whole country, needs to interact 
with national strategies such as natural environment protec-
tion, ecological and environment governance, regional sus-
tainable development, and rural revitalization, which will 
have a significant impact on water security, food security, and 
resource security patterns at national and regional levels. 
Strong scientific and technological support is needed to de-
velop a multi-objective system scheme to enhance carbon 
sink, improve the ecological environment, and promote re-
gional development. Thereinto, theoretical cognition, tech-
nological integration, observation certification, and 
accounting and assessment are four basic scientific and 
technological tasks. 

(1) Theoretical cognition of ecosystem cycle and carbon 
sink enhancement principles. Understanding the principles of 
formation mechanism, dynamic evolution, geographical 
distribution, and management of ecosystem carbon sink is the 
ecological basis for consolidating and enhancing ecosystem 
carbon sink. National carbon sink management should be 
guided by ecosystem carbon cycle theory and rely on the 
dynamic monitoring of carbon sink, quantitative certification 
of carbon sink enhancement potential, and application eval-
uation of technological models, so as to promote social 
practices at local, regional, and national levels. The basic 
scientific issues mainly include three aspects. ①  The effec-
tiveness, feasibility, and economy of technological measures 
to consolidate or enhance carbon sinks. ②  The certainty of 
carbon sink assessment, the variability of spatial and tem-
poral patterns, and the sustainability of technological effects. 
③  Ecosystem stability, sensitivity to human factors, and 
adaptability to environmental changes (Figure 2). 

 (2) Integration of technologies to consolidate and en-
hance carbon sinks. To consolidate and enhance carbon sinks 
in the vast Chinese territory requires the application and 
demonstration of various key technologies and ecosystem 
management models. The traditional technologies to enhance 
carbon sink by agricultural and forestry emission reduction 
and ecological projects are considered to be the ecological 
carbon sequestration systems with the most mature technol-
ogies, lowest cost, easiest popularization, and highest effect.  

 

Figure 2  Ecological theories and frontier technologies to protect 
carbon storage and enhance carbon sink in China’s ecosystems 

GPP, gross primary productivity; NPP, net primary productivity; NEP, net 
ecosystem productivity; NBP, net biome productivity 

However, it is necessary to demonstrate the effectiveness, 
feasibility, and economy of potential technologies to enhance 
carbon sink in accordance with local conditions, so as to form 
effective technical models and make them widely used 
through experiments and demonstrations [8]. Moreover, it is 
necessary to develop Bio-CCUS or Eco-CCUS technology 
with great potential in a forward-looking way to make tech-
nological reserves for doubling the carbon sink. 

(3) Observation certification of consolidating and en-
hancing carbon sinks. For developing and implementing 
effective system plans, efforts must be made to develop the 
regional and national dynamic three-dimensional network 
monitoring system, establish the monitoring technologies of 
the typical ecosystem, regional, and national carbon sinks, 
construct the simulation analysis system for natural and so-
cial complex ecosystem process, and find theories and 
methods to predict the evolution of the ecology-climate-
society complex ecosystem. Faced with China’s complicated 
geographical patterns and regional differences in economic 
and social development, we should comprehensively analyze 
the ecological and environmental issues at different devel-
opment stages in regions, predict the carbon sink benefits and 
ecological and environmental effects of various carbon sink 
projects, recognize the particularity of regional ecosystem 
carbon cycle and its mechanism, and certify the technical and 
economic feasibility, carbon sink effect, and potential impact 
of ecological environment of carbon sink projects, in a bid to 
provide a scientific basis for assessing the optimized layout 
and implementation effect of ecological projects in China. 

(4) Accounting and assessment of consolidating and en-
hancing carbon sinks. Effect assessment, carbon sink certi-
fication, and regional and project management of carbon sink 
technologies, measures, and models are important for en-
hancing regional carbon sinks. It is urgent to develop and 
improve methods for assessing different carbon sinks in re-
gions and establish methodological and technical standard 
systems for measuring, evaluating, and verifying carbon sink 
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effects of technologies, measures, and models to enhance 
carbon sinks in different ways. Additionally, special attention 
should be paid to the establishment of carbon sink accounting 
methods, climate effect certification and technical assessment 
standards for man-made technologies and measures, the 
development of reportable, measurable, and verifiable tech-
nical systems, and the construction of a common system for 
measuring, accounting and valuing carbon sink trading 
worldwide. 

4 Conclusion 

China’s ecosystem has a huge carbon sink effect with 
much room for improvement and will play an important role 
in realizing the country’s 30–60 goals. By consolidating and 
improving carbon sinks, it is expected to keep the CO2 
emitted by China’s industries at 2.0–2.5 Gt/a, which can be 
regarded as the ballast stone and regulator of China’s 30–60 
goals. This is because ecosystem carbon sink can not only 
win precious time for the innovation and development of 
clean energy and green technologies but also provide a basic 
energy security guarantee for the stable operation of the 
country’s economic and social system. However, the as-
sessment of China’s future ecosystem carbon storage, carbon 
sequestration capacity and potential, and the formulation of 
the action plan for enhancing ecosystem carbon sink, is not 
only a complex scientific issue but also a long-term economic 
and social development and social practice issue involving 
the overall situation, entire population, and territory. Alt-
hough China has obtained great achievements in ecological 
restoration in the past 30 years, with substantial improvement 
in the ecosystem carbon sink, it is still a major and arduous 
task to double the carbon sink capacity as set in the national 
30–60 goals, and the strong science and technologies, na-
tional guidance, public participation, and financial input are 
required. 
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