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Introduction: Forest fires have contributed to increasingly serious global warming by great amount of CO2 emissions and are seen as a loss of carbon sink value, which could be reduced by compensating economically via the Forestry Carbon Sink Insurance. However, estimating loss of carbon stock by estimating carbon emissions of forest fire losses is a crucial step of calculating the loss of carbon sink value.
Methods: In this research, method proposed by Seiler and Crutzen (1980) was introduced to estimate the carbon emissions as CO2 by in fifteen sample provinces in China by using official data in 2020, which would provide a scientific expectation in future.
Results: Results show the range of carbon released in the sample provinces and we have estimated for the whole country during 2020——the overall amount of carbon released as CO2 affected by forest fires reached 35017.42–98486.5t, which can be regarded as a loss of 35017.42–98486.5t of forest carbon sequestration capacity.
Discussion: This study supplies one way of estimating loss of carbon sink value and provides evidence from China that the range of carbon stock loss because of forest fires. In practice, this study supports the forestry authorities to participate in the Forestry Carbon Sink Insurance and provides empirical data to establish compensation standards for insurance companies.
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1 INTRODUCTION
Climate change is a great challenge to the survival and development of mankind and a major global issue of common concern to the international community (Tigchelaar et al., 2018; Liu W. et al., 2022). The international community has reached a consensus on tackling global climate change through “carbon neutrality” (Lin et al., 2021; Zhang et al., 2021; Qin et al., 2022). In 2020, China officially put forward the goal of achieving a “carbon peak” in emissions by 2030, and striving for the strategic goal of “carbon neutrality” by 2060 (hereinafter referred to as the goal of “dual carbon”).
Forest has a strong carbon sequestration function of absorbing and storing carbon dioxide. Therefore, it is considered an important way to deal with global climate change by enhancing forestry carbon sink capacity to neutralize greenhouse gas emissions and has obvious cost advantages (Phan, Brouwer, and Davidson, 2014; Ma et al., 2020; Lin et al., 2021; Zhang et al., 2021).
The national policy level also strongly supports the green development path of forestry carbon sequestration. Forestry carbon sinks should be included in the national carbon trading market as a priority (National Development and Reform Commission, 2019), and we should accelerate the improvement of pricing, fiscal, tax, financial, and other economic policies conducive to green and low-carbon development (Lu, H., 2022). Furthermore, we should also actively yet prudently promote carbon peaking and carbon neutrality and improve the statistical accounting system of carbon emissions, improve the market trading system of carbon emission rights, and enhance the capacity of carbon sequestration in the ecosystem (Xi, J. P., 2022). With the gradual strengthening of the national carbon emission trading regulations, the ecological service of the forest itself to absorb and store carbon dioxide has realized a surplus value beyond the direct economic value (Lin et al., 2021).
However, due to the long forestry development cycle, the forestry carbon sink is faced with great uncertainty as the realization of such value is confronted with the risk of loss of many carbon assets and the risk of loss of the carbon sink during the growth of the carbon sequestration forest. Forestry Carbon Sink Insurance is an effective economic measure specifically for the management of such uncertain risks. According to it, if forest trees were damaged during the insurance period due to natural disasters agreed in the insurance contract (such as fire, debris flow, and forest pests and diseases) and the value of forestry carbon sink reduction had reached the standard of compensation after professional calculation by the insurance company, the insurance company would investigate and determine the loss together with the competent forestry authorities, and pay a compensation as per the contract (Wang, 2022). Forestry Carbon Sink Insurance can effectively compensate for losses caused by various kinds of risks and plays an important role in supporting forestry carbon sink and carbon emission trading.
Forest fires have the most extensive and frequent natural disaster risk. According to the data in the China Statistical Yearbook (http://www.stats.gov.cn/tjsj/ndsj/2021/index), there were 1,153 forest fires in China in 2020 alone, covering a total area of 25,081 ha, with 41 casualties and economic losses of 100.777 million yuan. Among them, there were two provinces with economic losses of more than 10 million yuan. There were 111 forest fires in Sichuan, three of which were classified as major fires. The economic losses amounted to 55.035 million yuan, accounting for that of half the country. There were 17 forest fires in Shanxi, including one major fire, which resulted in an economic loss of 14.823 million yuan. However, these local forestry authorities did not have Forestry Carbon Sink Insurance, which made the loss of forest carbon sink capacity unable to be compensated.
Given the above, this study focuses on the impact of forest fires on forest carbon sequestration ability. By estimating forest fire carbon emission data, we can reasonably convert the forest loss into forest carbon sequestration loss to calculate the loss of carbon sink value. This measure is helpful to overcome the deficiency of traditional comprehensive forest insurance, which only compensates for the property loss of forest trees and the direct material cost loss of seedling planting. It effectively compensates for indirect losses including the surplus value of carbon sink, which helps to build a compensation mechanism for the damage of elements in the carbon trading market. More importantly, the pre-estimation of forest carbon sink losses caused by forest fires will become important reference data for potential insurance subjects, such as state-owned forest farms, state-owned enterprises, district governments, or forestry authorities, to decide whether to insure or how much to invest in Forestry Carbon Sink Insurance, which is of great significance to the realization of the “dual carbon” goal.
Against this background, this study is aimed at estimating loss of carbon stock by calculating the carbon emissions as CO2 of forest fires. In the research, this study is based on the method proposed by Seiler and Crutzen (1980) and estimated the carbon emissions as CO2 losses in the 15 sample provinces by using the data of forest fires from NBS, forest biomass in China Forest Resources Report (2014–2018) and the burning efficiency ranges from derivation and adjustment from other documentation. Our findings show the range of carbon released in the sample provinces and we have estimated for the whole country during 2020, the overall amount of carbon released as CO2 affected by forest fire reached 35017.42–98486.5t, which can be regarded as a loss of 35017.42–98486.5t of forest carbon sequestration capacity.
The contribution of the article is that we supply one method of estimating loss of carbon sink value and provide evidence from China that the range of carbon emissions of forest fire losses. In practice, the calculation can not only support the forestry authorities in each province when participating in Forestry Carbon Sink Insurance but also provide empirical data for insurance companies to set compensation standards.
The remainder of the paper is structured as follows: Section 2 provides a literature review; Section 3 introduces research materials and methods; Section 4 presents the empirical results; Section 5 concludes.
2 LITERATURE REVIEW
In terms of forest insurance and carbon emissions from forest fires, Wolfgang and Paul (1980) calculated the global fire-affected biomass by using research model proposed by Crutzen et al. (1979), summarized the overall impact of the biosphere on atmospheric carbon dioxide, and proposed a method for measuring the amount of fuel lost by forest fires. Tian et al. (2003) estimated the carbon released directly from forest fires in China and found that the average annual CO2 emission from 1991 to 2000 accounted for 2.7%–3.9% of China’s total emissions (calculated in 2000), and CH4 emission accounted for 3.3%–4.7%. Leng et al. (2011) proposed the definition of the development mode of forest insurance and its five-O analysis framework. In addition, a technical method for insurance rate determination based on quantitative risk assessment of forest fires was developed on the provincial scale and the hectare grid scale respectively. Zhang et al. (2016) analyzed the regional distribution of the net rate of forest fire insurance, providing a reference for a comprehensive and scientific determination of forest fire insurance rates.
Regarding Forestry Carbon Sink Insurance, Song et al. (2019) built a Stackelberg game model to study the optimal strategies of forestry enterprises and insurance companies under the forest insurance mechanism, as well as the factors affecting their decisions and profits. Feng et al. (2021) put forward policy suggestions on addressing climate change from various aspects based on the climate change risk situation in China and the development stage of green insurance services. Zhang et al. (2021) proposed that forestry carbon sink was recognized as a natural solution to climate change and an important way to achieve “carbon neutrality”. To achieve global net zero emissions of greenhouse gases, it was necessary to give full play to the carbon offset role of forestry carbon sink. Lin et al. (2021) took the first Forestry Carbon Sink Index Insurance in China as an example to analyze the innovative exploration of the establishment of policy insurance mechanisms establishing the surplus value of forestry carbon sinks. Qin et al. (2022) sorted out four kinds of Forestry Carbon Sink Insurance products in China at the present stage and pointed out the following problems, such as unclear object of insurance, unreasonable insurance amount setting, incomplete insurance liability, unscientific rate pricing, and failure to give full play to risk compensation. Qin et al. (2022) conducted an in-depth analysis of the development opportunities, content composition, and path selection of forestry carbon sinks in China and identified bottlenecks and priorities in the current development of forestry carbon sinks. Wang et al. (2022) believed that there were differences in forest carbon sink capacity in different regions, and it would be difficult to promote Forestry Carbon Sink Insurance from pilot to nationwide in the future.
Overall, researchers thoroughly investigated forest fire carbon loss and forest insurance, but few studies directly combine the impact of forest fires on carbon sequestration capacity with the development of carbon sink insurance. Therefore, based on existing research results, we estimated the range of burning efficiency of ecosystems in 15 sample provinces with the highest forest fire losses by using data on forest fires and forest biomass in China in 2020. We finally calculated the carbon emissions as CO2 of forest fire losses in fifteen sample provinces.
3 MATERIALS AND METHODS
3.1 Research materials
Considering the available data from the National Bureau of Statistics (NBS) (http://www.stats.gov.cn/), we selected the top 15 provinces as our samples based on the amount of loss discount by forest fires. The samples selected for this study are representative administrative regions with vast forest areas that have been affected by forest fires to some extent every year.The sample provinces are relatively complete, as they covered the major forest resources and accounted for almost half of the provinces in China, including the pilot province, Fujian, where Forestry Carbon Sink Insurance was launched.
Specifically, in descending order of the amount of loss discount by forest fires, these 15 sample provinces are Sichuan, Shanxi, Guangdong, Jiangxi, Yunnan, Hebei, Guangxi, Inner Mongolia, Gansu, Hunan, Fujian, Tibet and Hainan, Zhejiang, Guizhou. The amount of loss in all sample provinces was above 500,000 yuan in 2020 (as shown in Figure 1).
[image: Figure 1]FIGURE 1 | Discounted losses due to forest fires in the sample provinces in 2020 (based on losses ordered from largest to smallest). Note: The primary axis is the damage discount (million yuan) and the secondary axis is the number of forest fires.
This study estimated carbon emissions from forest fires in 15 sample provinces in China in 2020. The data in this study were obtained from the China Statistical Yearbook (National Bureau of Statistics, 2021) on the website of National Bureau of Statistics (NBS) (http://www.stats.gov.cn/) and the government website of the State Forestry and Grassland Administration (http://www.forestry.gov.cn/), and also cited data from the China Forest Resources Report 2014–2018 (SFA, 2019) on the survey of dominant forest species and stockpiles in each province of China, and referred to the book named Fire, climate change, and carbon cycling in the boreal forest written by Eric S.K & B.J. Stocks (2000).
3.2 Research methods
The research method in this study is based on a carbon emission measurement model proposed by Crutzen et al. (1979), that is, the total amount of biomass M burned annually in a biome is approximately given by the equation:
[image: image]
Where M is the biomass consumed by ecosystem burning (t); A is the total land area burned annually (hm2), B is the total biomass per unit area in the individual biomes (t/hm2), β is the rate of above-ground biomass present in the ecosystem, and E is the burning efficiency of the above-ground biomass.
The total release of carbon accounts for a% of biomass released by ecosystem burning, which is given by the equation:
[image: image]
In addition, during complete combustion, the burning of biomass produces carbon dioxide (CO2). According to Andreae (1991), 90% of the carbon is released as CO2, so the amount of carbon contained in CO2 released by fire can be calculated by the equation:
[image: image]
It is known that approximately 25% of the total biomass is stored in the roots of plants, being hardly attacked by fire. Furthermore, only part of the biomass exposed to fires is burned. Combining these facts, and based on the findings of Andreae (1991), Levine (2003), and Pino-Cortés et al. (2022), this study follows the assumptions for common values: above-ground biomass is present in the ecosystem at a rate of 75% as exposed to the forest fire (that is, β = 75%), burning efficiency is calculated as a representative range by typical forest trees in each region in combination with fire intensity; the average carbon is present in the ecosystem at a rate of 50% (that is, a = 50%), and only carbon emissions released as CO2 are calculated.
4 RESULTS
4.1 Forest fire characteristics in the fifteen sample provinces in 2020
The frequency and intensity of fire disasters will affect the amount of forest, that is, completely or incompletely burned. By comprehensive consideration of these two elements, the forest fire risk frequency and risk intensity, we classified these provinces into different grades (high, middle, and low risk). Therefore, provinces such as Sichuan, Guangdong, Guangxi, and Inner Mongolia belonged to the high-risk grade; provinces such as Shanxi, Jiangxi, Yunnan, Hunan, Fujian, and Hainan were classified into the middle-risk grade; and other provinces such as Hebei, Gansu, Tibet, Zhejiang, and Guizhou were considered as low-risk grade (as shown in Figure 2 and Table 1).
[image: Figure 2]FIGURE 2 | the area affected by forest fires and the number of forest fires in the sample provinces in 2020. Note: In Figure 2, the main axis shows the area affected while the secondary axis shows the number of different levels of fires affected. According to both fire characteristics in sample provinces we classify them into three grades.
TABLE 1 | Fire risk grades of sample provinces.
[image: Table 1]4.2 Forest biomass load of the 15 sample provinces in 2020
The fuel load per unit area of various provincial forests includes above-ground and underground parts. The above-ground biomass mainly includes trees (stem, branches, bark, and leaves), shrubs, herbs, dead branches and leaves, humus and coarse woody residues, etc. We collected the amount of total forest biomass and total carbon stock, and the total forest area of these sample provinces through the China Forest Resources Report 2014–2018 from the Fifth Forest Census, as shown in Figure 3. Furthermore, we estimated the amount of above-ground biomass per unit area through a simple calculation, in which the above-ground biomass per unit area accounted for 75% of the total forest biomass, as shown in Table 2.
[image: Figure 3]FIGURE 3 | Forest characteristics of the sample provinces. Data source: China Forest Resources Report 2014–2018, China Forestry Press, 2019 (5). Note: Figure 3 represents the forest characteristics of the sample provinces, with the primary axis showing the total forest biomass and total carbon, both in million tons, and the secondary axis showing the forest area, in million hectares.
TABLE 2 | Forest biomass in the fifteen sample provinces in 2020.
[image: Table 2]4.3 The burning efficiency range of above-ground forest biomass in 15 sample provinces in 2020
The locations of forests in these sample provinces are different, which include tropical, temperate, and boreal forests. Due to the incomplete data, this study reviewed previous documentation and obtained the following burning efficiency range of different forests, as shown in Table 3.
TABLE 3 | The burning efficiency range of different forests.
[image: Table 3]The most uncertain parameter in Eq. 1 is the burning efficiencies of the above-ground forest biomass. In this study, to increase the reliability of our estimation, we preferred the range of burning efficiency to the average burning efficiency of above-ground forest biomass in the 15 sample provinces, as shown in Column 5 of Table 4. The ranges of burning efficiency were estimated by combining the fire risk levels of each province and the burning efficiency range of the different vegetation zones of each sample province, as shown in Table 3.
TABLE 4 | Estimation of carbon emissions from forest fires in sample provinces in 2020.
[image: Table 4]The estimation of the burning efficiency range was performed in the following steps. Firstly, the range of burning efficiency of the forest system in the specific province falls in the higher, middle, or lower part of the overall range classification depending on the different grades of provinces (which is shown in Table 1). And then, to make this estimate more reliable, we adjust this range to correspond to estimations by different authors that could be found in other studies (Hu et al., 2012; Feng et al., 2021; Lin et al., 2021; Zhang et al., 2021; Liu et al., 2022).
Take Inner Mongolia as an example, the estimation of the burning efficiency range was performed like this. Firstly, The Inner Mongolia forests are boreal forests as the lattitude is high and the average temperature is very cold, so the range of burning efficiency of the forest system is likely to be in the range of (0.26–0.46) to correspond to the burning efficiency range of different forests in table 3. Next, Inner Mongolia belonged to the high-risk grade according to the frequency and intensity of fire disasters (as shown in Table 1). Therefore, the range of burning efficiency of the forest system in Inner Mongolia was regarded as in the higher part of the overall range classification (0.26–0.46). Last but not least, due to the incomplete data, this study reviewed previous documentation (Hu et al., 2012; Tian et al., 2003; and so on) and adjusted the burning efficiency range of Inner Mongolia forests (0.35–0.41), as shown in Column 5 of Table 4.
4.4 Calculation of carbon emissions released as CO2 from forest fires
Based on Eq. 3, the carbon emissions released as CO2 can be estimated by the above-ground forest biomass exposed to forest fires in 15 provinces in 2020. We estimated the biomass loss range caused by forest fires, as shown in Table 4.
For the whole country, the total area affected by forest fire reached 8526 hm2 in 2020. The average above-ground forest biomass was approximately 57.04 t/hm2. The average burning efficiency was estimated as 0.16–0.45. Therefore, the overall amount of carbon released as CO2 affected by forest fire reached 35017.42–98486.5t, which can be regarded as a reduction of 35017.42–98486.5t of forest carbon sequestration capacity.
5 CONCLUSION
With the improvement of technology and big data applications, we can avoid disasters and reduce the number of forest fires to a certain extent, but the annual forest fire disasters caused by lightning or human inappropriate behaviors are still very serious. In these circumstances, the Forestry Carbon Sink Insurance is necessary and the standard of compensation by the insurance is needed. Therefore, it would be much more valuable economically to accurately quantify the carbon sequestration capacity.
This study is aimed at estimating the carbon emissions as CO2 of forest fire losses. Based on the method proposed by Seiler and Crutzen (1980), this study estimated the carbon emissions as CO2 losses in the 15 sample provinces by using the data of forest fires from NBS, forest biomass in China Forest Resources Report (2014–2018) and the burning efficiency ranges from derivation and adjustment from other documentation. In practice, the calculation can support the forestry authorities in each province when participating in Forestry Carbon Sink Insurance and provide empirical data for insurance companies to set compensation standards.
Nevertheless, our study still has some limitations, as follows.
First, total carbon emissions as CO2 from forest fires were roughly calculated in this study, which might be underestimated compared to the actual emissions, mainly because only the above-ground forest biomass (trees, shrubs, herbs, dead leaves, humus, and coarse woody debris) was considered in the calculation of forest fire burning losses, while the contributions of the roots underground were ignored. So, more data are needed to make these estimates more reliable.
Second, since the influencing factors of the carbon emissions in the ecosystems are comprehensive and objective, this study only employed influencing factors such as tree species and vegetation zones and it was difficult to consider many other factors such as tree age, diameter at breast height, and density of vegetation itself, as well as environmental factors such as sunlight, temperature, and precipitation.
Third, this study only took big-scale forest areas into account. But many other small-scale forests also need to be considered since their owners are the potential consumers of the Forestry Carbon Sink Insurance.
Fourth, this study only studied the CO2 emissions of one-time affected trees and didn’t consider trees that were not completely destroyed or recovered to a certain extent after the disasters, which should also be included in the insurance liability to verify their true surplus value and provide reasonable insurance payouts information to insurance companies.
In summary, we believe that Forestry Carbon Sink Insurance will play an important role in the process of the construction of regional and national climate measurement and monitoring systems. Only by calculating the carbon sink capacity more exactly can we set more suitable standards for insurance amounts and premium rates of the Forestry Carbon Sink Insurance. We also need to promptly respond to forest fire accidents and effectively protect the consumers’ rights of Forestry Carbon Sink Insurance. (National Bureau of Statistics, 2021; SFA, 2019).
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Sample Forest affected Average above-ground Burning Amount of carbon contained in

provinces area (hm?) biomass (t/hm?) efficiency range CO, released by fire(t)
Sichuan Fir forest 1453 6131 035-042 14029.87-16835.84
Shanxi [ Yaupon forest 839 5386 033-0.38 [ 671043-7727.16
Guangdong. Eucalyptus 591 4559 031-0.40 3758.75-4850
forests
Jiangxi | Firforest 409 53.98 024-035 [ 2384.33-3477.15
Yunnan Yunnan pine 993 7129 028-0.37 8919.7-11786.74
forests
Hebei | Ouk forests 3 2828 023-0.32 [ 878-1222
Guangxi Eucalyptus 786 4348 0.30-0.38 4613.74-5844.07
forests
Inner Mongolia | Larch forests 759 4822 035-041 [ 5763.87-6751.96
Gansu Acacia forests 79 4753 024-031 40551-523.79
Hunan Fir forest 284 3924 026-0.34 1304-1705.23
Fujian Fir forest 356 80.67 027-0.36 3489.43-4652.58
Tibet Spruce forests 577 83.08 023-0.38 4961.49-8197.25
Hainan Rubber forests 528 64.52 0.25-0.35 3832.75-5365.85
Zhejiang. Fir forest 108 57.29 0.22-0.31 612.52-863.09
Guizhou | Fir forest 63 I 4248 0.24-0.35 289.03-421.51

Sources: the data in Column 3 was direetly from the China Statistical Yearbook 2021, the numbers of average above-ground biomass in Column 4 were obained from the calculations in Table 2, and
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