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	 In this study, the multisource-obtained meteorological and vegetation data were used as basic 
data, and the distribution of forest biomass in China was dynamically simulated and calculated 
on the basis of emergy theory. At the same time, the forest ecosystem service value in China was 
estimated. According to the estimation results of China’s forest ecosystem emergy and the 
ecosystem service value, the relationship between emergy and the service value of China’s forest 
ecosystem was established, and the accounting model of China’s forest ecosystem service value 
was constructed. Finally, the model was used to estimate and analyze the value of forest 
ecosystem services in China in 1990 and 2009. The results showed that the value density of 
national forest ecosystem services net increased by 54.46 USD/hm2 from 1990 to 2009. In 
addition, forest ecosystem destruction was most severe in areas with high urbanization levels, 
such as Shanghai, Beijing, Jiangsu, Tianjin, and Hebei, followed by the middle and lower reaches 
of the Yangtze River, the lower reaches of the Yellow River, and the northern and central parts of 
northeast China. Forest destruction was also evident in Guangxi, Tibet, Gansu, Inner Mongolia, 
Sichuan, Yunnan, and Ningxia. In other areas, the density of forest ecosystem service values 
increased to different degrees. The results showed that the density of forest ecosystem service 
values in many provinces was still decreasing, which indicates that the forest ecosystem was still 
not fully restored, and human activities had a huge negative impact on the ecosystem.

1.	 Introduction

	 Forest ecosystems provide a wide range of services to humans, including soil conservation, 
climate regulation, and biodiversity, as well as economic, social, and cultural values.(1,2) With the 
rapid development of China’s society and economy, in order to meet the needs of agricultural 
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development and infrastructure construction, people have cut down forests in large quantities, 
which has led to serious damage to forest ecosystems and produced a series of ecological and 
environmental problems, such as air pollution, soil erosion, high-temperature climate, and 
species reduction. The global temperature rise caused by environmental pollution has changed 
precipitation patterns and distribution patterns, leading to the frequent occurrence of extreme 
weather events, which have a significant impact on forest ecosystems. At the same time, the 
rapid development of the economy and society has further intensified its impact on the structure 
and function of natural ecosystems.(3) According to the Ecosystem Assessment report, about 
60% of global ecosystem services are facing degradation and this trend is expected to continue.(4) 
In this context, it is of great significance to clarify the ecosystem service value and development 
trends. 
	 As early as the 1990s, people began to pay attention to ecology and environment and 
launched research on ecological and environmental issues. Researchers and scholars have 
extended the overall research direction to three research directions, namely, the species diversity 
of ecosystems, global change, and the sustainable development of ecosystems, and the value 
assessment of ecosystems has gradually become one of the research focuses. Currently, there are 
two main methods for valuing forest ecosystems, namely, the value of ecosystem services and 
emergy theory. In 1997, Costanza et al. pioneered a method for assessing the value of global 
ecosystem services and arrived at the average value of the services of various ecosystems 
worldwide.(5) Since then, scholars from various countries have conducted ecosystem service 
value assessment and theoretical research on several ecosystems in different regions of the globe 
on the basis of this methodology and have achieved meaningful research results.(6–14) However, 
owing to the need for a large amount of data on climate, natural resources, and economics in the 
process of calculating the ecosystem services value, data acquisition is difficult, calculations are 
complex, and long-term accounting is challenging. The emergy theory and analysis method 
proposed by Odum and Jiang(15) to quantitatively analyze the value of resources, commodities or 
services in ecosystems and economic systems solve the problem that substances of different 
grades and types cannot be analyzed and compared simultaneously. In this regard, scholars in 
China have carried out research on the emergy of many ecosystems in China, such as forests, 
grasslands, cities, and farmlands.(16–20)

	 The forest ecosystem is an important terrestrial ecosystem in China. Compared with other 
terrestrial ecosystems, the forest ecosystem has a more complete composition and structure, a 
more vigorous material cycle and energy flow, and a richer variety of living organisms; thus, 
they have the strongest ecological effect. Information from the Ninth National Forest Resources 
Inventory(21) shows that from 2014 to 2018, China’s forest cover was 2.205 billion hm2, the forest 
cover rate was 22.96%, and the forest stock was 17.56 billion. Changes in the forest ecosystem 
play an important role in the environment and ecology of China. The method of applying emergy 
theory to evaluate forest ecosystems is relatively simple, the information is easy to obtain, and it 
can be extrapolated over long time scales. If we can determine the relationship between the 
forest ecosystem service value and forest ecosystem emergy, we can calculate the ecosystem 
service value using the forest ecosystem emergy to solve the problems of the cumbersome 
calculation of the ecosystem service value and the difficulty in obtaining information. Therefore, 
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the research objectives of this paper are as follows: (1) to construct an ecosystem service function 
value accounting model based on the emergy theory, and to study the functional relationship 
between the value of forest ecosystem services and the emergy of the forest ecosystems in 
China, and (2) to estimate the density of the forest ecosystem service value in 1990 and 2009 on 
the basis of the ecosystem service value accounting model in China. In the construction of the 
ecosystem service value accounting model, since Costanza et al.(5) estimated the global 
terrestrial ecosystem service value on the basis of the monetary standard of 1994, to maintain 
the consistency of the research data and reduce the error in the estimation process, in this study, 
we used 1994 as the benchmark for the construction of the ecosystem service value accounting 
model.

2.	 Materials and Methods

2.1	 Data sources

	 The meteorological data selected for this study were obtained from the yearly annual 
precipitation and annual mean temperature data at a 0.5° × 0.5° grid resolution released by the 
Climatic Research Unit from 1901 to 2009. The vegetation data were derived from the main 
forest type data of 1266 forest sample plots in China, the 1995 national 1-km-grid land-use-type 
data from the Institute of Geographic Sciences and Resources of the Chinese Academy of 
Sciences, as well as from the 1994 global forest cover data and the 2009 global land-use-type 
data released by the European Space Agency.

2.2	 Research methodology

2.2.1	 Calculation of vegetation biomass data

	 On the basis of the research by Song et al.(22) and She et al.(23) on the growing season of 
forests, China was divided into three regions to calculate the actual evapotranspiration (ET), 
apoptosis, and net primary productivity (NPP). The northern region includes Heilongjiang, Jilin, 
Liaoning, Inner Mongolia Autonomous Region (IMAR), northern Gansu, and Xinjiang Uygur 
Autonomous Region (XUAR); the central region includes Shandong, Hebei, Beijing, Tianjin, 
Shaanxi, northern Jiangsu, northern Anhui, northern and northeastern Henan, northern and 
central Shaanxi, Ningxia Hui Autonomous Region (NHAR), most of the southern part of Gansu, 
Qinghai Province, most of Tibet, and the western part of Sichuan Province. The rest are southern 
regions.
	 Actual ET: Using the annual precipitation and annual mean temperature data with a grid 
resolution of 0.5° × 0.5° for each year from 1901 to 2009, data for the Chinese regions were 
extracted and linearly interpolated to obtain the annual precipitation and annual mean 
temperature data with a grid resolution of 0.1° × 0.1° for the years from 1901 to 2009 in China. 
The actual ET data with a grid resolution of 0.1° × 0.1° for China for 109 years were calculated 
by combination with the model proposed by Turc.(24) The calculation formulas used are
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	 AET = P/[0.9 + (P2/L2)1/2],	 (1)

	 L = 300 + 25T + 0.05T3.	 (2)

In these formulas, P is the annual precipitation (mm/a) and T is the annual average temperature 
(℃).
	 The NPP data were calculated using the Miami model.(25) The formula used is

	 NPP = 3000{1 − exp([−0.0009695 × (AET − 20)])}.	 (3)

In this formula, NPP is in g/m3.
	 Biological withering is derived from the functional relationship between the biomass and 
annual withering of the major forest types in China established by Wang.(26) 

	 Biomass data: Vegetation biomass (BIO) consists of the previous year’s biomass (BIO0) and 
the current year’s community growth (ΔBIO). According to Wang et al.,(26) NPP can be 
approximated as equal to the community growth (ΔBIO) and annual withering (L). From this, it 
can be deduced that biomass (BIO) can be calculated as the sum of the previous year’s biomass 
(BIO0) and the current year’s NPP minus the previous year’s withering amount (L).

2.2.2	 Calculation of emergy of forest ecosystems

	 Emergy theory is a new scientific theory system proposed by the famous ecologist H. T. 
Odum.(15) Odum defines emergy as the amount of another category of energy contained in one 
type of flowing or stored energy, and further explained it as the total amount of effective energy 
that is directly or indirectly put into application in the process of forming a product or a labor 
service. Since the energy of all types of natural resources, products, and services is directly or 
indirectly derived from solar energy, the solar emergy is mostly used to measure the emergy of a 
certain energy in units of solar energy joules (sej).(27) The forest biomass was simulated 
dynamically on the basis of emergy theory.(15,27–30) In this method, the data of major forest types 
in 1266 forest sample plots across the country, annual precipitation, and annual precipitation at a 
grid resolution of 0.1° × 0.1° year by year from 1901 to 2009 in China, which was derived by 
linear interpolation in calculating actual ET, were applied to simulate the forest biomass 
distribution of China in 1994 and calculate its emergy. Then, the nonforested grid points were 
assigned as 0 on the basis of the 1-km-grid land use data of China in 1995, and the following 
were obtained:

	 EN(BIO) = BIOMASS × 3.6 (kcal/g) × 4186 (J/kcal),	 (4)

	 EM(BIO) = EN(BIO) × Tr(BIO) × S(BIO).	 (5)

Here, EN(BIO) is the energy from the forest biomass in J/(hm2.a), EM(BIO) is forest emergy in sej, 
Tr(BIO) is the solar emergy conversion rate in sej/J, and S(BIO) is the area of the forested land in the 
grid in hm2.



Sensors and Materials, Vol. 37, No. 1 (2025)	 313

2.2.3	 Calculation of forest ecosystem service value

	 The value of forest ecosystem services in China in 1994 was estimated referring to Costanza 
et al.’s study(5) of global ecosystem services and natural capital values in 1994 and combined 
with the corresponding 0.25° × 0.25°-grid-resolution land-use-type coverage data (ISLSCPII) 
published by NASA. The service value data is based on the classification method of land-use-
type coverage data in the IGBP plan, which divides the global land into 17 land use types. Each 
grid corresponds to a land use type with an average service value. Therefore, in this study, we 
first interpolate the land-use-type coverage data to a grid resolution of 0.1° × 0.1°, then determine 
the land use type of the grid and extract the total value of service for all land use types under 
each grid, without considering nonforest grids (Fig. 1). Finally, the relationship between the 
forest ecosystem service value, forest ecosystem energy value, and geographic coordinates on a 
provincial basis is established. Since the number of forested land grids in Shanghai and Tianjin 
was very small, they were combined with Jiangsu and Hebei, respectively, to jointly establish the 
relationship.

Fig. 1.	 (Color online) Value of forest ecosystem services in China in 1994.
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3.	 Results and Analysis

3.1	 Distribution of emergy in forest ecosystems

	 According to the simulation results of the emergy dynamic model (Fig. 2), in 1994, China’s 
forest emergy reserve was better in the south than in the north. From the spatial distribution of 
emergy in forest ecosystems in each province, the distribution of the forest emergy basically 
coincided with the distribution of the forest area. The average forest energy density of the forest 
ecosystems in each province was the highest in the Tibet Autonomous Region (TAR) with 
2.87 × 1017 sej/hm2, followed by Qinghai, Fujian, and Jiangxi Provinces with 2.28 × 1017, 
2.21 × 1017, and 1.86 × 1017 sej/hm2, respectively. The average forest energy densities of the 
forest ecosystems in Shanghai, Jiangsu, and Shandong Provinces were the lowest at 8.31 × 1016, 
7.80 × 1016, and 6.84 × 1016 sej/hm2, respectively. However, in terms of the total forest emergy of 
the forest ecosystems in the provinces, there was a slight difference in the distribution of the 
forest emergy and forest emergy density. The province with the highest total forest emergy is 
Yunnan with 3.61 × 1024 sej, followed by TAR, Heilongjiang, and Sichuan with 3.59 × 1024, 
3.16 × 1024, and 2.92 × 1024 sej, respectively. The regions with the lowest forest emergy are 
Jiangsu Province, Tianjin Municipality, and Shanghai Municipality with 2.07 × 1022, 2.60 × 1021, 
and 2.99 × 1019 sej, respectively. It can be seen that the emergy of the forest ecosystem is affected 
not only by the density of the forest emergy, but also by the forest area. The spatial distributions 
of the total forest ecosystem emergy and the forest ecosystem service value had high consistency 
(Figs. 1 and 2).

Fig. 2.	 (Color online) (a) Density of forest emergy in China 1994 and (b) total forest emergy on every 0.1° × 0.1° 
grid of China in 1994.
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3.2	 Model construction for accounting the value of forest ecosystem services 

	 On the basis of the average forest ecosystem energy density data and the raster data of the 
forest service value in 1994, combined with latitude and longitude coordinates, the relationship 
between forest energy density and service value was established (Table 1). FSV is the forest 
ecosystem service value (unit: USD/hm2), X is longitude, Y is latitude, and DEN is the forest 
emergy density, i.e., EN(BIO) × Tr(BIO) (unit: 1 × 1015 sej/hm2). The significance test indicated a 
significant correlation at the 0.01 level (p < 0.01). The relationship between forest ecosystem 
emergy and service value was used to simulate the average FSV density in China in 1994. The 
simulation results showed that China’s FSV was 0.3–1011.19 USD/(hm2.yr) in 1994, and its 
change pattern was consistent with the results estimated by Costanza et al.(5) and Chen and 
Zhang(9) (Fig. 3). However, the mean value of the ecosystem services of the forest per unit area 
was lower than that estimated by Costanza et al.(5) and Chen and Zhang.(9) The roughness of the 

Table 1
Relationship between forest ecosystem emergy and service value.
Province Service Value − Emergy Equation n R
Anhui FSV = 14.403 × X − 32.850 × Y + 2.625 × DEN − 763.028 486 0.55**

Beijing FSV = − 61.249 × X + 202.436 × Y − 5.424 × DEN − 281.426 119 0.85**

Fujian FSV = 37.284 × X + 80.941 × Y − 0.153 × DEN + 2590.789 1009 0.77**

Gansu FSV = − 4.855 × X − 23.368 × Y − 0.230 × DEN + 1620.022 928 0.33**

Guangdong FSV = − 4.760 × X + 34.919 × Y + 0.255 × DEN − 160.495 1331 0.59**

Guangxi FSV = 57.016 × X + 38.484 × Y − 0.286 × DEN + 5541.518 1865 0.70**

Guizhou FSV = 52.239 × X − 53.432 × Y + 0.928 × DEN − 4023.813 1462 0.45**

Hainan FSV = 0.091 × X − 62.952 × Y + 10.826 × DEN − 400.617 216 0.44**

Hebeia FSV = − 9.994 × X + 27.163 × Y − 0.406 × DEN + 230.978 862 0.53**

Henan FSV = − 30.274 × X − 36.724 × Y − 1.536 × DEN + 4963.812 457 0.60**

Heilongjiang FSV = 24.491 × X + 33.580 × Y − 1.569 × DEN − 3983.125 3337 0.48**

Hubei FSV = 5.437 × X + 11.126 × Y + 0.792 × DEN + 1497.928 1293 0.61**

Hunan FSV = − 49.713 × X − 24.774 × Y − 1.605 × DEN + 6729.276 1763 0.25**

Jilin FSV = 34.312 × X − 43.649 × Y − 0.972 × DEN − 2218.864 1279 0.64**

Jiangsub FSV = − 12.536 × X − 13.358 × Y − 1.134 × DEN + 2112.845 84 0.42**

Jiangxi FSV = 12.287 × X − 11.455 × Y − 0.631 × DEN − 785.422 1346 0.28**

Liaoning FSV = 86.061 × X − 40.867 × Y + 3.122 × DEN − 8907.368 984 0.74**

Inner Mongolia FSV = − 8.023 × X + 49.801 × Y + 0.153 × DEN − 1002.052 3366 0.69**

Ningxia FSV = 4.796 × X − 12.272 × Y − 0.083 × DEN + 173.886 86 0.49**

Qinghai FSV = 15.046 × X − 11.582 × Y − 0.073 × DEN − 876.818 781 0.53**

Shandong FSV = − 7.055 × X + 18.402 × Y + 0.789 × DEN + 226.407 300 0.38**

Shanxi FSV = − 1.292 × X − 2.775 × Y + 0.204 × DEN + 407.927 823 0.25**

Shaanxi FSV = − 17.629 × X − 5.959 × Y + 0.671 × DEN + 2312.608 1052 0.60**

Sichuan FSV= − 21.732 × X − 4.793 × Y − 0.152 × DEN + 2704.639 3690 0.19**

Taiwan FSV = 06.024 × X + 122.685 × Y + 8.597 × DEN − 17051.409 227 0.35**

Xizang FSV =3.108 × X − 39.398 × Y + 0.205 × DEN + 1089.818 1560 0.44**

Xinjiang FSV = − 6.979 × X + 21.440 × Y + 0.193 × DEN − 194.805 1169 0.52**

Yunnan FSV= − 101.968 × X − 96.942 × Y + 0.011 × DEN + 13321.155 2971 0.72**

Zhejiang FSV = 41.664 × X − 107.529 × Y − 0.729 × DEN + 8435.438 762 0.63**

Chongqing FSV =42.034 × X − 15.042 × Y + 0.653 × DEN − 3995.561 556 0.49**

(1) a: including Tianjin; b: including Shanghai: (2) ** indicates significance at the 0.01 level; (3) n: number of forest grids; 
R: correlation coefficient.
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forest cover data and the small amount of biomass data are the main reasons for the deviation of 
the calculation results.

3.3	 Dynamic changes in Chinese FSV

	 On the basis of the relationship established between emergy and FSV in China in 1994, the 
densities of FSV in China in 1990 and 2009 were estimated. The total FSV was not estimated 
because China has not yet published data on the area occupied by each land use type in the raster 
for China’s land cover data after 2000.
	 Raster-by-raster calculation revealed that the number of rasters of the forested land 
nationwide increased by 14.02% in 2009 compared with that in 1990. Thirteen provinces and 
municipalities directly under the central government showed an increasing trend in the average 
FSV density, and 19 provinces and municipalities directly under the central government showed 
a decreasing trend in the average FSV density (Figs. 4 and 5). The national average density of 
FSV increased from 229.50 USD/hm2 in 1990 to 282.96 USD/hm2 in 2009. Among them, except 
for the three provinces of Heilongjiang, Inner Mongolia, and Liaoning, the forest services 

Fig. 3.	 (Color online) Model result of Chinese FSV in 1994.
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Fig. 4.	 (Color online) FSV of China in (a) 1990 and (b) 2009.

Fig. 5.	 (Color online) Change in FSV in China between 1990 and 2009.
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provided by the southern region are greater than those provided by the northern region, which is 
consistent with the spatial distribution pattern of China’s forests and biodiversity.
	 Until 2009, the highest average densities of FSV of each province and city were in Hainan, 
Taiwan, and Yunnan with 1689.19, 900.66, and 540.58 USD/hm2, followed by Liaoning, 
Heilongjiang, and Inner Mongolia with 433.88, 424.83, and 401.53 USD/hm2, and the lowest 
average FSV densities were in Tianjin, Beijing, Jiangsu, and Shanghai with 59.83, 50.42, 21.80, 
and 14.11 USD/hm2, respectively. In terms of the amount of change in the density of FSV, four 
areas, namely, Beijing, Hunan, Henan, and Heilongjiang, showed the least change in FSV 
density, whereas those in Hainan, Taiwan, Anhui, and Liaoning increased the most.
	 In terms of spatial distribution, forest ecosystems are most severely damaged in areas with 
high levels of urbanization. For example, in Shanghai, Beijing, Jiangsu, Tianjin, and Hebei, the 
average FSV density decreased by 86.87, 85.45, 81.99, 46.48, and 23.07%, respectively, followed 
by the middle and lower reaches of the Yangtze River and the lower reaches of the Yellow River, 
as well as the northern and central regions of Northeast China. The average FSV density in 
Henan, Hunan, Jilin, Jiangxi, Heilongjiang, and Zhejiang decreased by 71.35, 58.65, 52.70, 34.56, 
23.36, and 23.36%, respectively. In Henan, Hunan, Jilin, Jiangxi, Heilongjiang, and Zhejiang, the 
average FSV density decreased by 71.35, 58.65, 52.70, 34.56, 23.36, and 22.03%, respectively. In 
Guangxi, Tibet, Gansu, Inner Mongolia, Sichuan, Yunnan, and Ningxia, forest destruction is 
also relatively obvious; the average FSV density decreased by 22.36 to 2.89%. The FSV density 
in other regions increased to different degrees. The above results show that the main reasons for 
the decrease in FSV density are frequent human activities, continuous urban expansion, and the 
long-term development of agriculture in these areas. According to the 4th and 7th National 
Forest Inventory Reports, China’s forest area has continued to increase in recent years, but the 
FSV density is still in a declining trend, which indicates that forest ecosystems are recovering 
more slowly and also that the rate of destruction of the forest ecosystems in China is much 
higher than the rate of recovery, so that forest protection and sustainable development need to be 
carried out over a long period of time.

4.	 Discussion

	 The FSV has been emphasized, and there are more and more methods of assessment. 
However, the research on the service functions and value assessment of forest ecosystems in 
China still faces many challenges, such as insufficient theoretical research, an incomplete value 
assessment system, inconsistent assessment methods, and single data acquisition methods, 
which considerably affect the development of forest ecosystem services in China.(31,32) In this 
study, we only initially established the relationship between forest emergy and service function 
value referring to forest ecosystem emergy and service function value at the provincial level. We 
provided a new idea for future ecosystem service function value assessment: to determine the 
relationship between ecosystem emergy and service value, and then established the ecosystem 
service function value model for simplifying the cumbersome estimation method. In the course 
of this study, we found that although China’s forest area is large, its ecological environment is 
not ideal, and the impact of human activities on forest ecosystems is huge. The service value of 
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China’s forest ecosystems is slightly lower than the world average level. Although the economy 
is developing at a high rate, deforestation should be reduced, afforestation should be promoted, 
and the protection of forest ecosystems should be strengthened. There are still many 
shortcomings in the research process because the forest service function information is based on 
Costanza et al.’s(5) research results, which show the average global forest service value, and a 
functional relationship based on the forest type cannot be established. Secondly, there is a lack of 
data on forest roots and biomass, and there are also some errors in estimating forest emergy. In 
future research work, we will strive to obtain more diverse and accurate data for in-depth and 
detailed analysis, providing scientific methods and approaches to support the accounting and 
evaluation of the value of ecosystem services in China.

5.	 Conclusions

	 On the basis of emergy theory and ecosystem service function theory, we established a 
functional relationship between emergy and FSV density in China. Thus, a model for accounting 
forest ecosystem services in China was constructed and used to study the service value density 
of Chinese forest ecosystems and their changes in 1990 and 2009. The results of this study show 
the following:
(1)	�On the basis of forest emergy, service function value density, and coordinate data, the 

relationship between emergy and FSV in China was established, and significance tests 
showed a significant correlation at the 0.01 level. The average FSV density in China in 1994 
was simulated to be 0.3–1011.19 USD/(hm2.yr), and the pattern of change was consistent with 
the results estimated by Costanza et al.(5) and Chen and Zhang.(9) However, the average value 
of ecological services per unit area was lower than those estimated by Costanza et al.(5) and 
Chen and Zhang.(9)

(2)	�The analysis of the change in FSV per unit area in 1990 and 2009 showed that the national 
average FSV density in 2009 increased by 54.46 USD/hm2 compared with that in 1990. 
However, the results of the analysis of each province showed that, compared with that in 
1990, the average FSV density in 13 provinces (municipalities directly under the central 
government) in China in 2009 showed an upward trend and 19 provinces (municipalities 
directly under the central government) showed a downward trend. Among them, Beijing, 
Hunan, Henan, and Heilongjiang had the largest decreases in average FSV density, while 
Hainan, Taiwan, Anhui, and Liaoning had the largest increases.

(3)	�In terms of spatial distribution, forest ecosystems in areas with high levels of urbanization 
have been most severely damaged, with the average FSV density in Shanghai and Beijing 
declining by 86.87 and 85.45%, respectively, followed by the middle and lower reaches of the 
Yangtze River and the lower reaches of the Yellow River, as well as the northern and central 
parts of Northeast China. The average FSV densities in Henan, Hunan, Jilin, Jiangxi, 
Heilongjiang, and Zhejiang declined by 71.35–22.03%. Forest ecosystems in remote areas in 
the west and south were also damaged to varying degrees. The average FSV densities in 
Guangxi, Tibet, Gansu, Inner Mongolia, Sichuan, Yunnan, and Ningxia decreased by 22.36–
2.89%, and all other areas had increases of varying degrees.
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