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Abstract: In the pursuit of carbon neutrality, state-owned forests are prime candidates for carbon
offset projects due to their unique tenure and management characteristics. Employing methodologies
endorsed by the International Panel on Climate Change and logistic growth curves, this study assesses
the carbon stocks and sequestration potential of established state-owned plantation forests across
31 Chinese provinces from 2023 to 2060, encompassing seven forestry industry groups. This study
projects that by 2060, these forests will amass a carbon stock of 558.25 MtC, with the highest stock in
Northeast China (122.09 MtC) and the lowest in Northwest China (32.27 MtC), notably showing the
highest growth rate at 91.15%. Over the forecast period, they are expected to accumulate a carbon
sink of 637.07 MtCOe, translating to an average annual carbon sink of 17.22 MtCO,e and an average
annual carbon sink per unit of 1.41 tons of CO; per hectare per year. Additionally, state-owned
forests have the potential to offset approximately 0.15%-0.17% of annual carbon emissions, aligning
with international climate goals. However, it is essential to note that the conversion of these carbon
sinks into tradable carbon credits is subject to specific methodology requirements. Therefore, the
future development of carbon offset projects in China’s state-owned forests should consider the
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In the context of global climate change, forest carbon offset potential has gained
increasing recognition worldwide as a significant approach to reducing greenhouse gas
emissions and accomplishing Nationally Determined Contributions (NDCs) [1]. Forest

carbon offset projects, supported by financial mechanisms in carbon markets, serve as an
ecological compensation strategy by assigning a monetary value to the carbon stored in
forests, thereby generating tradeable assets known as carbon credits. These credits are
a means to offset the carbon footprint of businesses and individuals. It is important to
This article is an open access article ~ NOte that while forests often contain significant biomass, the generation of carbon credits
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creativecommons.org/ licenses /by / data [5], the issuance of forestry carbon credits within the international carbon market
40/). experienced consistent growth, averaging an annual increase of 64% from 2010 to 2015.
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As the world’s largest emitter of carbon dioxide [6], China has mentioned in its 2022
NDC goal that it intends to integrate forest carbon sinks into its national carbon offset
mechanism [7]. However, not all projected forest carbon sinks can be converted into
carbon credits. The development of a carbon offset project typically involves identifying
forest land tenure and meeting the methodological criteria of the carbon offset mechanism.
This includes fulfilling relevant conditions and demonstrating additionality, among other
requirements. In addition, forestry carbon offset projects are typically more applicable
to large and medium-sized forest farms [8], while after the current restart of China’s
Certified Emission Reduction (CCER) mechanism, forestry carbon offset projects are all of
the plantation type [9]. As a result, governments and developers prioritize state-owned
plantation forests. These forests are preferred due to their well-defined ownership and
the relatively straightforward process of proving additionality. Therefore, it is essential
to accurately assess the current condition of state plantation resources and predict their
carbon sink potential.

Numerous well-established methods have been established to assess forest biomass
carbon stock. Sharp et al. were the first to calculate forest biomass in North Carolina,
USA, using an average biomass expansion factor [10]. However, forest biomass is not
constant; rather, it varies with forest age, site class, and stand density, and thus this
calculation underestimates biomass in younger stands and overestimates biomass in older
stands [11-18]. Following this, with the continuous improvement of science and technology,
many new methods have improved the aforementioned limitations. Xu et al. used the
continuous biomass expansion factor method and logistic growth curves to predict the
carbon sequestration capacity of China’s forests from 2000 to 2050 [19]. This method
first determines the stock density based on the area and volume data of each forest age
group, then calculates the biomass density using the continuous biomass conversion factor,
and subsequently predicts the future carbon stock by fitting the relationship between
biomass density and forest age. He et al. employed secondary succession theory and
sample plot data to estimate carbon sinks for the period between 2010 and 2050 [20]. Qiu
et al. assessed China’s forest carbon stocks from 2003 to 2050 based on national forest
inventory data from 2003, 3008, and 2013, as well as data from 7801 sample plots, using a
variety of quantitative models, such as the breast diameter equation [21]. In addition, the
International Panel on Climate Change (IPCC) method, the allometric growth equation, and
remote sensing are commonly used to assess forest carbon sequestration. The anisotropic
growth equation refers to the construction of a biomass equation based on the relationship
between the diameter at the breast height of a forest tree and its height. The remote
sensing method is a relatively new technique, and numerous studies have established
strong correlations between parameters derived from remote sensing and above-ground
biomass [22]. However, this method cannot effectively distinguish between forest land
tenure and stand origin. The internationally used IPCC method can quickly and easily
predict the carbon pools of above-ground biomass, below-ground biomass, dead wood
biomass, and deadfall biomass based on default values, stock density data from national
databases, and wood density data from greenhouse gas inventories.

Due to the review of previous studies and the quantification methods of forest carbon
sinks in China, it is apparent that current research primarily focuses on quantifying the
carbon sinks at the ecological level and determining how much carbon emissions can be
neutralized. Given the extensive research and diverse methodologies applied to quantify
forest carbon sinks in China, it is evident that most studies focus on ecological-level carbon
quantification and its potential to neutralize carbon emissions. These studies encompass
all natural and planted forests and do not specifically quantify forest stands that could be
developed for forestry carbon offset projects. Therefore, considering the importance of
state-owned forests in carbon offset projects in China, a quantitative study is necessary. To
fill the gaps in existing research, we used the IPCC method with a logistic model to predict
the carbon sequestration potential of four carbon pools in state-owned plantation forests
across 31 provinces in China, including seven Forest Industry Groups (FIGs), but excluding
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Hong Kong, Macao, and Taiwan. The main objectives of this study are (1) to quantify the
carbon sink potential and average annual carbon sequestration of existing state-owned
plantation forests, thereby providing data support for project feasibility reports and project
design documents; (2) to analyze the carbon offsetting capacity of the existing state-owned
plantation forests; and (3) to propose a strategy for the development of China’s future
forestry carbon offsetting projects, informed by our study’s findings.

2. Materials and Methods
2.1. Study Area

The research area is mainland China, a vast country whose climate is influenced by
monsoon winds and exhibits significant continental and oceanic characteristics, resulting
in a diverse array of climate types. The terrain varies dramatically from high in the west to
low in the east, encompassing mountains, plateaus, plains, basins, and hills. Consequently,
this diverse geography supports a wide variety of vegetation types.

Our study covers 31 provinces in China, including seven important FIGs, excluding
Hong Kong, Macau, and Taiwan. We divided the 31 provinces into North, South, Northwest,
Southwest, East, Northeast, and Central China based on geographic and climatic factors.
North China includes Inner Mongolia, Hebei, Shanxi, Beijing, and Tianjin; South China
includes Hainan, Guangdong, and Guangxi; Northwest China includes Shaanxi, Qing-
hai, Xinjiang, Gansu, and Ningxia; Southwest China includes Yunnan, Xizang, Guizhou,
Chongqing, and Sichuan; East China includes Shanghai, Shandong, Jiangsu, Anhui, Zhe-
jiang, and Fujian; Northeast China includes Jilin, Heilongjiang, and Liaoning; Central China
includes Henan, Hubei, Hunan, and Jiangxi.

2.2. Above-Ground Biomass Carbon Pool

In this paper, we use the IPCC biomass method [23] to calculate the above-ground
biomass carbon stock following Equation (1):

m u m u
Sace =YY AGBy-CFjx =) Y ARj-FSVy-SVDjx-BEFj-CFj (1)
j=1k=1 j=1k=1

where S 4p is the above-ground carbon stock of the arboreal forest (t C); AGBj is the
above-ground biomass of tree species j at the kth age group (t d.m.-hm~?2); ARy is the area
of tree species j at the kth age group (ha); SV Dj; is the basic wood density of tree species j
at the kth age group (t d.m.m~3); BEF jk is the biomass expansion factor of the kth age group
of tree species j (t d.m.m~3); CF jk is the carbon content of tree species j at the kth age group
(tC-(td.m.) ~1); and FS Vjk is the forest stock volume per unit area of tree species j at the
kth age group (t d.m.-hm~2).

2.3. Below-Ground Biomass Carbon Pool

We use the ratio of below-ground biomass to above-ground biomass [23] to calculate
the below-ground biomass carbon stock as follows:

SpGB = 271:1 Y 1 Sacs jk'RBAj, 2)

where Spgp is the below-ground carbon stock of the arboreal forest (t C); Sagp_jk is the
above-ground biomass carbon stock of tree species j at the kth age group (t d.m.-hm~2);
and RBA; is the average ratio of the below-ground biomass to above-ground biomass for
tree species j, dimensionless.
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2.4. Dead Wood Biomass Carbon Pool

We employ the IPCC default value method [23] to calculate the dead wood carbon
stock following Equation (3):

Spw = Z;.":l Y ¢ AGBj-DRpy-CFp, 3)

where Spyy is the dead wood carbon stock of the arboreal forest (t C); AGBj is the above-
ground biomass carbon stock of tree species j at the kth age group (t d.m.-hm~2); DRpyy is
the ratio of the default value of dead wood biomass to above-ground biomass, dimension-
less; and CFpyy is the carbon content of dead wood, dimensionless.

2.5. Deadfall Biomass Carbon Pool

We use the IPCC default value method [23] to calculate the deadfall carbon stock

as follows:
m

u
Spr =YY, AGBj-DRpf-CFpr, (4)
j=1k=1
where Spp is the deadfall carbon stock of the arboreal forest (t C); AGBj is the above-
ground biomass carbon stock of tree species j at the kth age group (t d.m.-hm~2); DRpp is
the ratio of the default value of deadfall biomass to above-ground biomass, dimensionless;
and CFpyy is the carbon content of the deadfall biomass, dimensionless.

2.6. Carbon Sequestration Potential of State-Owned Plantation Forests
2.6.1. Forest Carbon Stock Prediction
We use the growth relationship equation between forest stock volume per unit area
and forest age to predict forest carbon stock [19], namely, FSV in Equation (1) is extended
to Equation (5).
aj
1+ b].e*Cj(fjkﬂLAP) ’

FSVj = )
where FSV j is the forest stock volume per unit area of tree species j at the kth age group
(t dm.m~3); tjx is the median stand age of tree species j at the kth age group; Ap is the
predicted period; and 4;, bj, and c; are the relationship coefficients between the forest stock
volume per unit area of tree species j and the stand age (4, bj, and ¢; are obtained by fitting
the existing data of forest stock volume per unit area to the stand age, with Ap set as 0).
The fitted parameters for each regional tree species are shown in Supplementary Data.

2.6.2. Forest Carbon Mitigation

We use the IPCC carbon stock change method to calculate the carbon sink potential of
state-owned plantation forests in China as follows:

TS;, —TS:, 44
FCS:. . — ]Z]x)’ 6
];1 X—z ];( TZ _ Tx 12 ( )

where FCS; ., is the carbon sink of tree species j from year x to year z; TS; , and TS, are
the carbon stocks of tree species j at year x and year z, respectively; Ty and T, are the years
x and z of the forecast period, respectively; and 44 /12 is the carbon conversion factor.

2.7. Carbon Density
The carbon density is calculated using Equation (7):

SacGBjk + SBGB,jk t+ Spw,ik + SDF,jk
SD;j=Y"Y, / / : d /=, ()
j=1k=1 ARjx
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SD; is the carbon density of tree species j; SAGB,jks SBGB,jk SDW,jk, and Spr j  are the
carbon stocks of above-ground biomass carbon pool, below-ground biomass carbon pool,
dead wood carbon pool and deadfall carbon pool of tree species j at the kth age group,
respectively; and AR is the area of tree species j at the kth age group.

2.8. Data Sources and Analysis

The data on forest stock volume per unit area of dominant tree species are obtained
from the 7th to 9th National Forest Inventory dataset [24]. This dataset is non-spatial,
primarily recording accumulation data from 415,000 sample plots in China. It is also cate-
gorized based on different origins and tree species. State-owned plantation forest area is
sourced from the National Forest Resources Intelligent Management Platform [25]. The
average ratio of below-ground biomass to above-ground biomass, wood basic density, me-
dian stand age, and biomass expansion factors are obtained from the technical regulations
for continuous forest inventory [26]. Carbon content, dead wood, and deadfall default
values are taken from the IPCC Good Practice Guidance for Land Use, Land-Use Change,
and Forestry [23].

For the data analysis, we used MATLAB 2016b to fit the logistic growth curves for
different age groups, ensuring that each curve’s R-squared value was more than 0.8. We
also used adjusted R-squared and root mean square deviation to validate the accuracy of
the curves.

2.9. Scenario Settings

The calculations are performed for the interval 2023-2060. The carbon sequestration
potential is calculated only for existing state-owned plantation forests; carbon sinks gener-
ated by future afforestation activities are not considered, as afforestation plans in China
are typically phased. Additionally, logging plans are phased as well, typically following
five-year cycles. Furthermore, it is assumed that the existing forest area will remain constant
throughout the prediction period, with no natural disasters, logging, or other such events.

3. Results
3.1. Carbon Stock and Carbon Density

The total carbon stock of state-owned plantation forests in China in 2023 is determined
to be 375.42 million tons of carbon (MtC), with a carbon density of 30.77 tons of carbon per
hectare (tC/hm?). Figure 1 presents the calculation results of the carbon stock and carbon
density of each forest age and carbon pool.

In terms of forest age groups at the national level (excluding FIGs), the carbon
stocks of middle-aged forests (85.79 MtC) are the highest, followed by mature forests
(79.87 MtC), near-mature forests (71.45 MtC), young forests (47.73 MtC), and over-mature
forests (31.32 MtC). At the regional level, young and middle-aged forests in Southwest
China have the highest carbon stocks, with 10.77 MtC and 20.68 MtC, respectively. More-
over, near-mature, mature, and over-mature forests in Northeast China exhibit the highest
carbon stocks, with 18.87 MtC, 22.63 MtC, and 7.58 MtC, respectively. Young forests in
East China have the lowest carbon stocks, accounting for 6.23% of the national level. In
Northwest China, middle-aged to over-mature forests exhibit the lowest carbon stocks, rep-
resenting less than 10% of the total. In terms of carbon density, all age groups in Southwest
China have the highest carbon density in the country, with an average of 41.00 tC/hm?,
while all age groups in Northwest China exhibit the lowest carbon density in the country,
with an average of 20.55 tC/hm?. Overall, the average carbon density of state-owned
plantation forests in China is 17.74 tC/hm? at the young age stage, while the carbon density
of over-mature forests is 36.78 tC/hm?, with an average growth rate of 107.39%.
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Figure 1. Carbon stock in state-owned plantation forests in China in 2023.

In terms of carbon pool types at the national level (excluding FIGs), the aboveground
biomass carbon pool of China’s state-owned plantation forests is determined as 249.05 MtC,
the belowground biomass carbon pool as 55.03 MtC, the dead wood biomass carbon pool
as 4.70 MtC, and the deadfall biomass carbon pool as 7.37 MtC. Overall, the aboveground
biomass carbon pool accounts for approximately 78.77% of all carbon stocks, and thus,
it is the most dominant carbon pool among the four carbon pool types. At the regional
level, the aboveground biomass carbon pools in the northeast and southwest regions are
larger, determined as 59.39 MtC and 57.93 MtC, respectively, followed by 38.70 MtC in the
south, 29.79 MtC in the north, 27.46 MtC in the east, 22.65 MtC in the central region, and
13.14 MtC in the northwest. In contrast, the proportion of carbon stocks in the belowground
biomass, dead wood, and deadfall carbon pools to the total carbon stocks in each region
does not vary significantly, with proportions ranging from 16.81% to 18.37%, 1.10% to 2.05%,
and 2.30% to 2.34%, respectively. In terms of carbon density, the aboveground biomass
carbon pool exhibits the highest carbon density in southwest China at 31.39 tC/hm?, while
the lowest is observed in northwest China at 14.04 tC/hm?. The carbon density of the
remaining three pools did not differ significantly at the regional level. Overall, the carbon
density of the aboveground biomass carbon pool is the highest in state-owned plantation
forests in China, at 22.81 tC/hm?, while the carbon density of the belowground biomass
carbon pool, dead wood carbon pool, and deadfall carbon pool is lower, at 5.07 tC/hm?,
0.43 tC/hm?, and 0.68 tC/hm?, respectively.

As of 2023, the carbon stock ranking of the seven important FIGs is as follows: Hei-
longjiang FIG (18.83 MtC), Inner Mongolia FIG (13.01 MtC), Yichun FIG (8.73 MtC), Jilin
FIG (6.44 MtC), Daxing’anling FIG (5.87 MtC), Changbaishan FIG (4.57 MtC), and Xinjiang
Construction Corps (1.83 MtC). The important FIGs totaled 59.27 MtC. In terms of carbon
density, Changbaishan FIG exhibited the highest value at 39.97 MtC, followed by Jilin FIG
at 37.13 MtC, Heilongjiang FIG at 33.87 MtC, Yichun FIG at 33.74 MtC, Daxing’anling FIG
at 32.79 MtC, Inner Mongolia FIG at 30.67 MtC, and Xinjiang Construction Corps FIG with
the lowest at 17.07 MtC.
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3.2. Prediction of Carbon Stock and Carbon Density

The carbon stocks (excluding FIGs) in 2030, 2040, 2050, and 2060 are estimated as
392.85 MtC (37.78 tC/hm?), 438.14 MtC (42.13 tC/hm?), 459.17 MtC (44.16 tC/hm?), and
471.01 MtC (45.29 tC/hm?), respectively.

At the regional level, the highest carbon stock by 2060 is projected in the northeast
(122.09 MtC), followed by the southwest (98.53 MtC), south (63.82 MtC), central (53.74 MtC),
east (51.37 MtC), north (49.19 MtC), and northwest (32.27 MtC). In terms of the growth rate,
the northwest of China is expected to have the highest growth rate of carbon stock during
2023-2060, at 91.15%, followed by 85.10% in central China, 62.02% in the northeast, 47.38%
in the east, 34.50% in the southwest, 30.32% in the south, and 30.16% in the north. The
carbon density is projected to vary depending on the region. The highest average carbon
density of state-owned plantation forests in China by 2060 is estimated to be in Northeast
China, at 57.54 tC/hm?, while the lowest is in Northwest China, at 34.49 tC/hm?. In terms
of growth rate, the carbon density in Northwest China is expected to exhibit the highest
growth rate of 91.15% during the projection period, followed by Central China with 85.10%,
while North China is projected to exhibit the lowest growth rate of 30.16%.

At the provincial level, no significant changes were observed in the ranking of carbon
stocks in China’s state-owned plantation forests during the prediction period. As of
2060, Heilongjiang, Guangxi, and Sichuan provinces possess higher carbon stocks, with
55.02 MtC, 47.44 MtC, and 47.29 MtC, respectively, while provinces such as Jiangsu, Xizang,
Beijing, Shanghai, Tianjin, and Qinghai have considerably lower carbon stocks (less than
2 MtC). In terms of carbon density, Shandong province exhibits the highest value of
70.21 tC/hm?, followed by Guizhou province with 66.28 tC/hm?, Jilin province with
61.91 tC/hm?, and Liaoning province with 60.49 tC/hm?. In contrast, provinces such as
Qinghai, Xinjiang, Tianjin, and Guangdong exhibit lower carbon density values, ranging
from 20.29 tC/hm? to 31.76 tC/hm?. Moreover, Jiangxi province has the highest growth
rate of 100.44%, while that of Guangdong province is the lowest at 11.13%.

By 2060, carbon stocks in FIGs total 87.24 MtC. The Heilongjiang FIG is the largest
with 29.15 MtC, followed by the Inner Mongolia FIG with 15.61 MtC, the Yichun FIG
with 12.47 MtC, the Jilin FIG with 10.41 MtC, the Daxing’anling FIG with 9.19 MtC, the
Changbaishan FIG with 7.18 MtC, and the Xinjiang Construction Corps with 3.23 MtC. In
terms of carbon density, the Changbaishan FIG is the densest in 2060, at 62.85 tC/ hm?,
followed by the Jilin FIG at 60.02 tC/ hm?, the Daxing’anling FIG at 52.44 tC/ hm?, the
Yichun FIG at 51.37 tC/hm?2, the Inner Mongolia FIG at 36.81 tC/ hm?, and the Xinjiang
Construction Corps with 30.10 tC//hm?. Note that although the Xinjiang Construction
Corps is the least carbon-intensive in the forecast period, it is the fastest-growing (at
approximately 34.58%). Table 1 reports the predicted carbon stock and carbon density in
state-owned plantation forests in China.

Table 1. Predicted carbon stock and carbon density in China’s state-owned plantation forests.

2030 2040 2050 2060

Region Province Carbon Carbon Carbon Carbon Carbon Carbon Carbon Carbon
Stock Density Stock Density Stock Density Stock Density

Sichuan 40.99 43.53 44.40 47.14 46.20 49.06 47.29 50.22

Guizhou 7.79 56.28 8.58 61.98 8.82 63.73 9.18 66.28

Southwest Yunnan 29.64 49.03 32.89 54.40 33.61 55.60 34.37 56.86

Xizang 1.17 31.82 1.38 37.40 1.45 39.26 1.50 40.65

Chongqing 5.14 41.54 5.53 44.66 5.74 46.39 6.20 50.05

Heilongjiang 45.82 44.66 52.18 50.85 54.31 52.94 55.02 53.63

Northeast Jilin 28.30 51.08 32.53 58.70 33.85 61.09 34.31 61.91

Liaoning 22.65 41.82 27.38 50.55 30.64 56.57 32.76 60.49
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Table 1. Cont.

2030 2040 2050 2060
Region Province Carbon Carbon Carbon Carbon Carbon Carbon Carbon Carbon
Stock Density Stock Density Stock Density Stock Density
Beijing 1.07 29.63 1.21 33.37 1.32 36.29 141 38.76
Tianjin 0.63 26.85 0.69 29.20 0.71 30.36 0.73 31.15
North Hebei 10.62 35.50 11.39 38.08 11.72 39.20 11.91 39.81
Shanxi 15.98 30.98 17.52 33.96 18.33 35.54 18.81 36.46
Inner Mongolia 15.35 35.00 16.02 36.52 16.25 37.04 16.33 37.24
Shandong 7.43 4837 9.09 59.11 10.18 66.23 10.79 70.21
Jiangsu 1.38 32.49 1.60 37.58 1.73 40.66 1.80 4241
. Anhui 5.76 35.32 6.49 39.83 6.83 41.89 6.98 42.85
ast Zhejiang 3.75 32.16 3.99 34.19 4.07 34.83 410 35.12
Fujian 23.53 35.43 26.02 39.19 26.72 40.24 26.91 40.53
Shanghai 0.52 21.93 0.61 25.58 0.69 29.23 0.78 32.79
Guangdong 12.15 31.14 12.35 31.64 12.38 31.73 12.39 31.76
South Guangxi 46.42 39.15 47.22 39.83 47.39 39.97 47.44 40.01
Hainan 3.90 41.78 3.96 4239 3.98 42,65 3.99 4275
Hubei 5.97 30.86 6.72 34.76 7.14 36.96 7.36 38.06
Central Hunan 8.76 28.28 10.46 33.77 11.37 36.69 11.76 37.96
entra Henan 6.86 40.81 7.55 4490 7.93 47.15 8.14 48.45
Jiangxi 19.27 28.39 23.45 34.55 25.60 37.72 26.48 39.01
Ningxia 147 24.39 1.77 29.44 1.95 32.34 2.06 34.22
Xinjiang 2.79 22.60 3.35 27.16 3.62 29.35 3.74 30.31
Northwest Qinghai 0.33 16.74 0.37 18.92 0.39 19.89 0.40 20.29
Shaanxi 8.77 25.09 10.89 31.13 12.37 35.39 13.35 38.19
Gansu 8.61 22.49 10.58 27.64 11.88 31.01 12.72 33.23
National Total 392.85 37.78 438.14 4213 459.17 44.16 471.01 4529
Daxing’ Anling 7.58 4238 8.69 4858 9.06 50.66 9.19 51.35
Forestry Industry
Inner Mongolia 14.66 34.57 1531 36.09 1553 36.61 15.61 36.81
Forestry Industry
Xinjiang 2.40 2237 2.89 26.94 3.12 29.12 3.23 30.09
Construction Crops
State-owned Heilonetan
forest farm gjlang 24.16 43.46 27.60 49.66 28.76 51.74 29.15 52.43
Forestry Industry
Yichun Forestry
11.22 4333 11.75 4542 12.29 4750 12.47 48.19
Industry
Jilin Forestry 8.53 49.20 9.85 56.82 10.27 59.21 1041 60.03
Industry
Changbaishan 5.94 52.04 6.81 59.65 7.08 62.04 7.18 62.87
Forestry Industry
Total 74.49 41.15 82.90 45.80 86.11 47.57 87.24 48.20

Carbon stock unit: MtC; Carbon density unit: tC/ hm?. Calculations do not include Hong Kong, Macao, and
Taiwan in China.

3.3. Prediction of Carbon Sink

Figures 2 and 3 present the carbon sequestration potential of state-owned plantation
forests in China. The national-level carbon sink projections (excluding FIGs) for the periods
2023-2030, 2030-2040, 2040-2050, and 2050-2060 are 247.90 MtCO,e, 166.08 MtCOxe,
77.12 MtCOse, and 43.42 MtCOse, respectively. The cumulative carbon sink during the
forecast period is estimated at 534.52 MtCO;e, resulting in an average annual carbon sink
of 14.45 MtCOze and a national average annual carbon sink per unit of 1.39 tons of CO, per
hectare per year (tCOze/(hm?-a)).
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At the regional level (excluding FIGs), the largest carbon sink potential during the
forecast period is expected to be in Northeast China with 171.36 MtCO,e, followed by
Southwest China with 92.67 MtCO,e, Central China with 90.60 MtCO,e, East China with
60.55 MtCO,e, Northwest China with 56.43 MtCO,e, North China with 41.79 MtCOse, and
South China with 21.11 MtCO,e. The average annual carbon sink per unit in each region is
projected to be 2.18 tCO;e/ha in the northeast, 1.41 tCO,e/ha in the east, 1.36 tCO,e/ha
in the southwest, 1.81 tCO,e/(hm?-a) in the center, 0.86 tCO,e/(hm?-a) in the north,
1.63 tCO; e/(hm?-a) in the northwest, and 0.34 tCO,e/(hm?-a) in the south. Overall,
the carbon sequestration capacity of state-owned plantation forests in Northeast China,
Northwest China, Central China, and East China is projected to be higher than the na-
tional average (1.39 tCO,e/ (hm?-a)), while other regions are estimated to have a lower
carbon sequestration capacity. At the provincial level, Heilongjiang, Liaoning, Jiangxi,
Jilin, and Yunnan are projected to have large carbon sinks during the period 2023-2060,
with 69.84 MtCO; e, 55.00 MtCOse, 48.65 MtCOze, 46.53 MtCO,e, and 40.79 MtCOze,
respectively, while Beijing, Hainan, Shanghai, Tianjin, and Qinghai are estimated to have
smaller carbon sinks (less than 2 MtCOze). The average annual carbon sink per unit in
Shandong, Liaoning, Jilin, and Guizhou is projected to be high, with 3.19 tCO,e/(hm?-a),
2.74 tCOye/(hm?-a), 2.27 tCOse/(hm?-a), and 2.00 tCO,e/(hm?-a), respectively, while
Hainan, Guangxi, Qinghai, and Guangdong are projected to have a lower carbon sink
potential (less than 0.5 tCO,e/(hm?-a)).

During the forecast period, the cumulative carbon sink of the seven important FIGs is
102.55 MtCOze; the highest carbon sink is the Heilongjiang FIG (37.85 MtCOze, 1.02 MtCO,e
per year), followed by the Jilin FIG (14.56 MtCOse, 0.39 MtCO,e per year), the Yichun FIG
(13.71 MtCOse, 0.37 MtCOye per year), the Daxing’anling FIG (12.19 MtCOze, 0.33 MtCOye
per year), the Changbai Mountain FIG (9.58 MtCOze, 0.26 MtCO,e per year), the Inner
Mongolia FIG (9.54 MtCO,e, 0.26 MtCO,e per year); and the Xinjiang Construction Corps
(5.13 MtCOze, 0.14 MtCO,e per year).

3.4. Bias Analysis

To assess the reliability of the calculations, we performed a comparative analysis based
on forest carbon density (Table 2). The results reveal the reliability of the calculations.

Table 2. Comparison of carbon density calculations.

Type Year Carbon Stock Area Carbon Density Data Source
National plantations 2021 2276.34 MtC 76.84 Mhm 29.62 tC/hm? [25]
State-owned plantations 2021 * 425.30 MtC * 12.20 Mhm 34.86 tC/hm? -

* The carbon stock inversion in 2023 is based on the average annual carbon sink to obtain the carbon stock in 2021.

As previously mentioned, some of the forest stock volume data were missing for
certain tree species in the 9th National Forest Inventory data. Therefore, similar tree species
were selected as substitutes. However, this may influence the accuracy of the results.
Furthermore, the biomass of mixed forests is influenced by a variety of factors, such as the
composition of tree species, the age of the stand, the planting density, and other traits [27],
which are difficult to analyze at a national scale level. Similarly, using root-to-stem ratios
and default values to calculate biomass carbon pools can also introduce some errors.

The harvesting targets generally vary depending on the provinces of China. Despite
this, we did not calculate the changes in carbon stock resulting from different harvesting sce-
narios. However, in practice, logging activities, such as intensive forest management based
on moderate harvesting intensity and long rotation, will increase carbon stocks [28,29].
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4. Discussion
4.1. Analysis of the Carbon Offsetting Capacity of State-Owned Forest

Previous studies have reported China’s average annual carbon emissions under the
NDC and Shared Socioeconomic Pathway Scenarios (SSPS) from 2020 to 2060 to range
between 10,234 MtCO»e and 11,693 MtCO,e [30,31]. Based on this, we calculate that state-
owned plantation forest carbon sinks in China can offset approximately 0.15-0.17% of
carbon emissions per year.

Obviously, the existing state-owned forest has a limited capacity for carbon offset, but
considering the afforestation plan published by the government [32], state-owned forests
still have room for improvement in carbon offset. Based on the afforestation plan, China
will afforest 73,781,300 ha per year from 2021 to 2050. Combined with the current propor-
tion of state-owned forests, it will generate 41.84 MtCOge per year. It is worth mentioning
that China also has a forest management plan encompassing 2,717,500,00 ha during the
same period. Therefore, the existing state-owned forest still has significant additional
capacity for forest carbon offsets. Notably, in 2023, the China Forestry and Grassland
Administration emphasized the need for collaboration on collective forest rights reform
with state-owned forest farms [33]. They also highlighted the importance of exploring
diversified joint management models, such as cooperative afforestation and management
involving rural collective economic organizations and farmers. Within this policy frame-
work, centralizing the management of scattered forest lands through the resources and
technology of state-owned forest farms can significantly enhance the carbon sink potential
of China’s forestry industry.

4.2. New Pathways for Expanding the Potential of Carbon Offsetting Mechanisms in China’s
Forests—Developing Methodologies for Natural Forests

As noted earlier, state-owned plantation forest carbon sinks have a limited capacity to
offset carbon emissions, and fewer still meet the necessary conditions for carbon offsetting
using the methodology, highlighting the need to consider the development of natural
forest methodologies.

The primary natural forest carbon sink schemes on the international carbon market
are Reduced Emissions from Deforestation and Forest Degradation (REDD+) projects.
As of 2021, existing state-owned natural forests cover an area of 67.46 million hectares,
with a forest stock of 9.72 billion m3 [25]. Furthermore, the Chinese government has
implemented strict natural forest protection policies and has made great efforts to conduct
mountain closures for the natural regeneration of forests [34]. The development of REDD+
methodologies under CCER, or carbon inclusion mechanisms, will further increase the
forestry carbon offset potential.

The key elements of the REDD+ methodology include (1) identifying baseline sce-
narios; (2) demonstrating project additionality; (3) determining project boundaries and
land eligibility; (4) selecting the carbon pool for baseline scenarios (project scenarios);
(5) selecting GHG emission sources for baseline scenarios (project scenarios); (6) measuring
emission reductions for baseline scenarios (project scenarios); (7) assessing non-persistent
risk for projects; (8) determining project leakage; (9) monitoring baseline scenarios (project
scenarios); and (10) determining the conditions required for the application of the method-
ology. The most important step in developing a REDD+ methodology is determining
how to identify the baseline scenario, namely, determining the forest reference emission
level (FREL)/forest reference level (FRL) at different baselines. The FREL/FRL is an im-
portant factor influencing the amount of emission reductions from a project and directly
determining the emission reduction potential of the activity.

In general, REDD+ has three reference levels, including the historical baseline, the his-
torical adjusted baseline, and the projected baseline. The historical baseline uses historical
logging rates as a basis for future projections. For example, Mexico employed data from
2000 to 2010 to predict emissions in 2011-2015 [35]. However, this approach ignores factors
that may affect logging activities in the future. Therefore, some countries have advocated
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for an additional factor to correct this, namely, the historical adjustment baseline. The
projected baseline aims to use econometric modeling to analyze the socioeconomic and
structural drivers of deforestation. However, this method is complex and requires high
data precision [36].

Although there is no uniform FREL/FRL at the international level, it is generally
recognized that the quality of activity data, emission factors, and drivers of forest change
can determine the methodology used to develop FREL/FRL [37]. Notably, many cur-
rent projects design baselines through historical deforestation averages [38], while West
et al. [39], in a review of REDD projects in six countries on three continents, found that
most REDD projects did not significantly reduce deforestation due to inaccuracies in the
design of the ex ante baselines of many projects, i.e., the ex ante baselines overestimated
the emissions due to deforestation. Based on this, the Chinese government should focus on
the deforestation drivers at the national or regional level and collect sufficient historical
data when developing a natural forest conservation methodology.

4.3. Development Strategy for Forestry Carbon Offset Programs in China
4.3.1. Extending the Application Conditions of the Methodologies

As mentioned earlier, not all forest carbon sinks can be used for carbon offsetting
purposes. The development of forestry carbon offset projects requires methodologies that
set criteria such as the timing of planting forest land, minimum continuous area of forest
blocks, soil type, vegetation height, forest age group, and the additionality of activities.
Therefore, the amount of carbon sinks available for forestry carbon offsetting in Chinese
state forests will be lower than those determined in this paper.

Currently, existing CCER methodologies are severely limited in their application,
which greatly impedes the development of forest carbon offset programs in China. There-
fore, modifications to expand the scope of the applications are required. For example,
the CCER forest management methodology (referring to the old methodology, as the new
forest management methodology has not yet been published) mandates the use of newly
planted young and middle-aged forests. However, analysis of the carbon stock calculations
presented in this paper reveals that a substantial portion of the existing carbon stock in
state-owned forest plantations is primarily concentrated in near-mature and mature forests.
As such, any future revisions to the methodology must consider broadening the age range
of eligible forests. This expansion would substantially enhance the carbon offset potential
within the forestry sector. Furthermore, the “Measures for the Management of Voluntary
Greenhouse Gas Emission Reduction Trading (for Trial Implementation)” [40] released in
2023 stipulated that projects seeking registration must have initiated construction activities
after 8 November 2012, and emissions reductions must be generated after China’s com-
mitment to achieving carbon neutrality (22 September 2020) in order to be registered. In
addition, in the context of state-owned plantation forests, which represent a major source
of timber production [41], the predominant use of fast-growing tree species signifies that
forest stands established between 2012 and 2020 will rapidly mature into near-mature and
mature forests. Consequently, they will no longer meet the criteria for participating in forest
management carbon offset projects. Thus, expanding the applicability of the current CCER
methodology can improve the carbon sink benefits of future forestry carbon offset projects.

It is worth noting that the integration of wildlife carbon services into the market has a
high potential to attract significant investment due to the biodiversity synergies of forestry
carbon offset projects [42]. Integrating biodiversity as an indicator into methodologies is
urgent. However, a key challenge lies in quantifying the relationship between biodiversity
and carbon.

4.3.2. Active Development of the Carbon Inclusion Mechanism

As mentioned previously, the CCER methodology has limited applicability, result-
ing in the exclusion of forest lands with high forest cover and ecological quality from
the CCER market. Consequently, the development of a more widely applicable carbon
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inclusion mechanism is necessary to enhance social responsibility, financial revenue, and
the contribution of forestry carbon sinks to the carbon-neutral pathway. Currently, pilot
forestry carbon inclusion projects have been initiated in Zhejiang, Sichuan, and Guangdong
provinces in China, along with the establishment of an initial management system. There
are both variations and similarities in the implementation and management frameworks
of carbon inclusion projects across regions. In general, the authorities are required to
establish expert pools, manage methodologies, manage carbon credits and transactions,
supervise projects, and oversee other relevant aspects of building management systems.
In comparison to the CCER mechanism, the carbon inclusion mechanism offers greater
flexibility in quantifying carbon emission reductions (incremental sinks) from micro and
small enterprises, community households, and individual behavior.

However, based on the existing pilot projects, several potential risks have not been
adequately addressed during the project development and management system construc-
tion phase. These risks encompass natural, social, and financial aspects associated with
project construction and implementation. Therefore, for future endeavors, it is crucial
to (1) establish a natural risk monitoring and early warning system; (2) develop a risk
compensation mechanism that integrates forestry insurance with carbon sink pledges and
financing; and (3) conduct forestry education to enhance farmers” awareness of the multiple
benefits associated with forestry carbon sink projects. These measures aim to foster a
harmonious relationship between people and forestry ecosystems.

5. Conclusions

This study quantifies the carbon sink capacity of existing state-owned plantation
forests in China, estimating a total of 637 MtCO,e from 2023 to 2060. However, this repre-
sents a minimal annual offset, approximately 0.15%—0.17% of national carbon emissions,
highlighting the limited role of existing forests in national carbon neutrality goals without
additional interventions. Importantly, our findings reveal that the current methodologies
for carbon offset calculation significantly restrict the conversion of these carbon sinks into
tradable carbon credits. The actual potential for tradable carbon credits is far lower than
the theoretical carbon sink capacity calculated. In the future, considering the reasons for
silvicultural potential, there is an urgent need for China to expand the application condi-
tions of existing methodologies to cover a wider range of forest types and tree ages, thereby
unlocking the carbon-offsetting potential of state-owned forests. Additionally, including
biodiversity indicators in these methodologies should be considered. Actively developing
carbon-inclusive mechanisms, exploring the REDD+ methodology for natural forests, and
researching suitable historical harvesting baselines are also important steps to enhance the
contribution of forest carbon sinks to achieving carbon neutrality. Overall, considering
the result that China’s state-owned plantation forests do not have a high potential for
carbon offsets, the development of China’s future carbon market and its emission reduction
strategy should still focus on reducing fossil energy emissions.

The research calculations in this paper use a non-spatial dataset due to the need
to consider ownership, so the calculation process does not take into account the actual
planting situation (e.g., mixed forests). Moreover, because the dataset selected partially
represents dominant tree species only at the genus level, the accuracy of the data affects the
calculation results. Consequently, there may be some deviation from the actual situation at
the level of data accuracy.
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