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Abstract: Under the current background of carbon neutrality, the quantification of carbon neutrality
in Qinling Mountains, the calculation of the spatial service scope, and the estimation of economic
value are of great significance for the improvement of carbon neutrality spatial planning and the
carbon trading market. The Intelligent Urban Ecosystem Management System (IUEMS) was used
to calculate the carbon sequestration of the Qinling Mountains. The carbon emission of Qinling
Mountains was spatialized through model fitting, using the night light data and energy consumption
data of various cities. The static carbon content of the Qinling Mountains was obtained. Combined
with the common gas diffusion coefficient, under normal temperature and pressure, the service range
of the Qinling Mountains’ carbon neutralization to the surrounding area was calculated. The spatial
distribution of carbon sequestration in 2030 and 2050 was simulated using Patch generating Land
Use Simulation (PLUS) model and Net Present Value (NPV) model. Under two discount rates, the
model could calculate the carbon value in 2012, 2016, 2020, 2030, and 2050, respectively. The results
proved that the value of carbon in the Qinling Mountains is gradually increasing. Since 2012, the
service range of carbon neutralization in the Qinling Mountains was 175–262.63 km, and the service
range has been gradually expanded. The discount rate is inversely proportional to the carbon value.

Keywords: carbon neutralization; carbon sink; carbon emissions; IUEMS

1. Introduction

“Double carbon action” is part of an international effort to combat climate change. The
European Union is a pioneer of carbon neutrality and has pledged to achieve it by 2050 [1].
During the 14th Five-Year Plan period, China’s ecological civil construction entered a
critical period in which carbon reduction was the key strategic direction, synergy and
efficiency of pollution reduction and carbon reduction were promoted, the overall green
transformation of economic and social development was promoted, and the improvement
of ecological environment quality was realized, from quantitative to qualitative change [2].
According to the current situation of carbon emissions, how to achieve carbon neutrality is
the main research issue of China’s carbon reduction strategy.

Carbon neutrality research abroad has focused on carbon-neutral technology improve-
ments [3,4]. In 2008–2015 or so, the related research was relatively more common, such
as the Nordic outlook for a future carbon-neutral energy technology approach [5], the
use of renewable energy and development of carbon-neutral fuel research [6], and the
carbon-neutral infrastructure strategy research literature [7]. Research in recent years, both
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at home and abroad, about carbon-neutral energy technology has seen great development,
and many of the carbon-neutrality-related technologies have been widely used, including
the use of low-temperature energy storage technology in refrigeration and power supply
systems, the development of recycling, carbon-neutral bioplastics production method [8],
carbon-neutral town technology selection [9], and so on. In addition, in recent years,
there have been many studies on carbon-neutral transition in developing countries [10,11].
In general, many domestic and foreign studies on carbon neutrality focus on specific tech-
nology research and development and the macro-transformation development path, but
there have been no more ideas or studies on carbon neutrality in ecological planning, and
the ecological quantification of carbon neutrality needs to be vigorously developed. In this
context, combining carbon neutrality with ecology, the calculation of its space service scope
and value is helpful to promote the construction of an ecological civilization.

Carbon neutrality refers to anthropogenic carbon dioxide emissions (fossil fuel use and
land use) that are absorbed by anthropogenic activities (wood stock, soil organic carbon,
engineering sequestration, etc.) and natural processes (ocean absorption, carbon seques-
tration by erosion-deposition processes, carbon sequestration by alkaline soils, etc.) [12].
Thus, carbon emissions are anthropogenic emissions of carbon dioxide (fossil fuel use and
land use), and carbon sink is the amount of carbon absorbed by human activities (wood
stock, soil organic carbon, engineering sequestration, etc.) and natural processes (ocean
absorption, carbon burial by erosion-deposition, carbon sequestration by alkaline soil, etc.).
The forest ecosystem is the type of ecosystem with the highest proportion of carbon sink.
The simulation of a forest ecosystem’s carbon sink and quantitative analysis of its carbon
neutralization service range have important theoretical and practical significance in the
process of carbon neutralization.

The Qinling Mountains is the largest forest ecosystem in central China, which plays
an important role in neutralizing the carbon emissions of surrounding cities. At present,
the methods of forest carbon storage estimation include satellite remote-sensing data esti-
mation, the factor continuous function method, the growth equation and carbon storage
biomass transformation and expansion factor method, the stock volume method, the decom-
position method, the log-mean Divisia index (LMDI method), the sample plot inventory
method, and the regression model method [13,14]. Traditional carbon storage measure-
ment methods mainly include the micrometeorological method and sample plot survey
method, including the biomass method, stock volume method, and biological inventory
method [15]. In recent years, the commonly used carbon sequestration models have mainly
included the CASA model [16,17], BIOMe-BGC model [18,19], INVEST model [20–22],
and stand accumulation biomass model [23]. These models have been widely used in the
quantification of carbon sequestration and in the study of ecosystem carbon sequestration
services, for example, for spatial flow and pattern optimization of carbon sequestration
services [24], as well as the tradeoff synergy between carbon sequestration services and
other ecosystem services [25,26]. At present, there are many studies on carbon sink and
carbon emission calculation, but there are few studies on the calculation of the range of
forest carbon neutralization services.

Forests are one of the earth’s major carbon sinks, absorbing 20–40 tons of CO2 per
hectare and releasing 15–30 tons of O2 per year on average [27]. A study by Dr. Simon and
L. Nash of Leeds University concluded that forests absorb one-third of the world’s fossil
fuel emissions [28]. Therefore, in addition to absorbing carbon in the local region, forests
can also absorb carbon in a certain range of surrounding regions. Studying the spatial
service scope of forest carbon sinks is conducive to the realization of carbon neutrality and
spatial balance. At present, many scholars at home and abroad have adopted a variety of
methods to simulate the global transmission mode of CO2. Relevant studies show that the
global distribution characteristics obtained by Huang Aihua using the MJ98-CDTM model
are a high concentration in the northern hemisphere and low concentration in the southern
hemisphere, presenting hemispheric distribution characteristics. The global distribution
of CO2 has obvious seasonal variation characteristics, with the highest concentration in
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spring and the lowest concentration in summer [29]. From the perspective of the chemical
properties of CO2—which ideally, in the air, has a certain diffusion coefficient—and the
transmission rate, the CO2 air transmission rate is usually twice that of O2, and under exper-
imental conditions, the diffusion coefficient is 0.5698 [30]. However, the actual transmission
characteristics are affected by factors such as pressure and temperature; therefore, when
calculating the space of the forest carbon sink’s services range, the chemical characteristic
parameters under ideal conditions are considered.

The economic value measurement of forest carbon sink refers to monetizing the fixed
carbon storage of a forest. Different scholars have different research objects, influence
factors, and measurement methods, and the carbon sink price obtained varies greatly,
which has a great impact on the estimation of the economic value of forest carbon sink [31].
Through sorting out relevant literature, the current methods used by scholars to measure
the economic value of forest carbon sink mainly include artificial fixed carbon dioxide
method, carbon tax law [32], market price method [33], afforestation cost method [34], and
so on, but it is difficult to use these methods to accurately predict the future carbon value
based on market fluctuations. The net present value (NPV) model uses a cash discount
rate, considering the accounting value is the market value, to be able to estimate the future
long-term value. At the same time, this model also takes into consideration the planting
afforestation, the opportunity cost of carbon, one-time costs, and annual maintenance and
transaction costs [35]. Taken together, the net present value (NPV) model for accounting
carbon value is more in line with the actual situation.

The carbon sequestration and oxygen release model in the IUEMS system was used
to measure the carbon sink in the Qinling Mountains, and the carbon neutralization in
the Qinling Mountains was obtained by simulating the carbon emissions in the region
with night light data. Then, the spatial service range of the carbon sink in the Qinling
Mountains was calculated by combining the diffusion coefficient of common gases and the
CO2 density in the air. Meanwhile, the net present value (NPV) model is used to predict the
value of carbon sequestration in 2030 and 2050. The research results are expected to provide
a scientific basis for the dynamic change of carbon savings and carbon-neutral spatial
planning, and to provide a decision-making basis for related management departments.

2. Materials and Methods
2.1. Overview of the Study Area

The scope of the Qinling Mountains in this paper refers to the hinterland of the Qinling
Mountains in Shaanxi Province, China. It is bounded by Weihe River in the north, Hanjiang
River in the south, and Shaanxi Province in the east and west (Figure 1), covering an area of
5197 km2. The Qinling Mountains are an important geographical boundary between North
and South China. Their forest coverage has increased year by year. It is the birthplace of
many important rivers, such as Jialing River and Luohe River, the water source of major
cities in the Guanzhong area, and also an important ecological security barrier in China. The
average annual temperature is 12–17 ◦C, the average annual precipitation is 600–1200 mm,
the precipitation variability is large, and the seasonal distribution is uneven. In terms of
geological structure, the Qinling Mountains are an uplifted block, with a large fault cliff at
the north foot. The main ridge of the mountain is on the north side, the north slope is short
and steep, and the south slope is long and gentle [36]. The Qinling mountains gradually
rise from east to west. The ridge in Shaanxi is about 2000 m above sea level, the peak is
2000–3000 m, and the main peak of the Taibai Mountains is 3771.2 m. The north foot of
the Qinling Mountains belongs to deciduous broad-leaved forest vegetation in a warm
temperate zone (the east is relatively arid, and the vegetation changes to forest grassland).
The Hilly Basin to the south of the Qinling Mountains is made up of subtropical evergreen
broad-leaved forest vegetation, and there are also significant differences in agricultural
production characteristics between the north and the south. There are many kinds of
animals, plants, and mineral resources with high output.
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Figure 1. Overview of the study area.

2.2. Data Source

Data include: NPP data, land use data, NPP/VIIRS (Net Primary Productivity/Visible
Infrared Imaging Radiometer) data, and energy consumption statistics of 10 cities in Shaanxi
Province from 2000 to 2020. The NPP data from NASA’s LAADS [37] (http://ladsweb.
nascom.nasa.gov/data/search.html, accessed on 3 January 2021), with a resolution of
500 m. Annual NPP is derived from the sum of all eight-day net photosynthesis (PSN)
products (MOD17A2H) in a given year. The land use data comes from 30 m global land
cover data released by the Ministry of Natural Resources of the Chinese government
in 2020. NPP/VIIRS (Net Primary Productivity/Visible Infrared Imaging Radiometer)
data, updated monthly since April 2012, are from the NOAA website NGDC data center
(https://www.ngdc.noaa.gov/eog/download.html, accessed on 10 February 2021), and the
spatial resolution is 500 m. Energy consumption statistics are from the Statistical Yearbook
of Shaanxi Province.

2.3. Methods
2.3.1. IUEMS Model

The calculation method of carbon sink has become relatively mature. However, these
carbon sequestration models often need to adjust a lot of relevant parameters, and the
model accuracy is greatly affected by meteorological conditions. In this paper, the IUEMS
carbon sequestration and oxygen release model was used to calculate the carbon sink
in the Qinling Mountains. This model mainly adopted the net ecosystem productivity
estimation method, which combined the conversion coefficient of dry matter to carbon
and the conversion coefficient of NEP (net ecosystem productivity) and NPP (net primary
productivity) in different provinces and cities. At the same time, the ratio of carbon dioxide
to carbon molecular weight is also considered. This method is simple and convenient, and
it has strong applicability to the calculation of forest ecosystem carbon sink.

The calculation method of carbon sequestration in the IUEMS model adopts the NPP
method, the principle of which is that natural ecosystems absorb CO2 in the atmosphere
during photosynthesis to synthesize organic matter, fix carbon in plants or soil, and release

http://ladsweb.nascom.nasa.gov/data/search.html
http://ladsweb.nascom.nasa.gov/data/search.html
https://www.ngdc.noaa.gov/eog/download.html
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oxygen [38]. Based on this principle, the net ecosystem productivity estimation method is
adopted for the carbon sequestration function, and the formula is as follows:

Qco2 = Mco2 /Mc × NEP (1)

where Qco2 is the amount of carbon sequestration of terrestrial ecosystem, unit: T · CO2 /a;
Mco2 /Mc is the molecular weight ratio of CO2 to C, namely 44/12; and NEP is net ecosystem
productivity, in t · C/a. According to the conversion coefficient of NEP and NPP in each
province, NEP can be calculated according to NPP, as follows:

NEP = a × NPP × Mc/MCHO (2)

where NEP is net ecosystem productivity, unit: t · C/a; α is the conversion coefficient of
NEP and NPP; and NPP is net primary productivity in t · C/a.

2.3.2. Calculation and Simulation of Carbon Emissions

In this paper, the correlation between nocturnal light data (NPP/VIIRS image) and
energy consumption carbon emissions was established to simulate the carbon emissions
in the Qinling Mountains [39]. Because there is no light saturation and overflow in the
NPP/VIIRS data, but accidental noise is not eliminated and outliers exist, the method
proposed by Zhao et al. [40] is adopted to remove outliers from NPP/VIIRS data. The
calculation and simulation of energy consumption carbon emissions follows. Based on
the statistical data of energy consumption of 10 cities in Shaanxi Province [41], the carbon
emission is calculated, and the calculation formula is as follows:

CO2 =
44
12

×
9

∑
i=1

KiEi (3)

where i represents the type of energy; Ki is the CO2 emission coefficient of energy i
((10,000 tons of carbon)/(10,000 tons of standard coal)); and Ei represents the consumption
of energy i, calculated by standard coal (ten thousand tons). See [39] for carbon emission
coefficients of various energy sources. Energy consumption is from the Statistical Yearbook
of Shaanxi Province.

Correlations were established between corrected nighttime light data and carbon
emissions as measured by energy consumption statistics. Based on the municipal bound-
ary map of Shaanxi Province, the nighttime light data of 10 cities were divided into six
regions, including maximum value, minimum value, range of range, mean value, standard
deviation, and sum value. Linear regression fitting was carried out between the energy
consumption statistics of each city and the nighttime light value. Through the experiment,
it was found that the maximum value of nighttime light fitted the energy consumption
statistics to the highest degree, and its fitting regression parameters are shown in Table 1.
The energy consumption carbon emissions of Shaanxi province in 2012, 2016, and 2020
were calculated according to the highly fitting formula shown in Table 1.

Table 1. Carbon emission simulation regression parameters.

Year Fitting Formula R2

2012 Y = 0.430 7x + 6.743 0.8568
2016 Y = 2.0526x − 665.6 0.943
2020 Y = 1.501 9x − 490.93 0.8516

2.3.3. Calculation of Carbon Sequestration Service Scope

At room temperature and pressure, how much of the surrounding carbon can it
theoretically absorb and fix as a large carbon sink? In this paper, the service range of
carbon sequestration in the Qinling Mountains is calculated by combining the gas diffusion
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coefficient and the density of CO2 in the air. The gas diffusion coefficient represents the
physical quantity of the diffusion degree of a gas (or solid). Diffusion coefficient refers to
when the concentration gradient is classified as one unit per unit time through unit area
of the amount of gas. If the two parts of the gas are only 1 cm apart (or m), the density
difference is 1 g/cm3 (or per m3). In 1 s, in a 1 cm2 squared (or m2) area of the gas, the gas
diffusion coefficient can be measured (unit: cm2/s or m2/s). The service scope of carbon
sequestration can be calculated according to the gas diffusion coefficient (r), carbon dioxide
density (ρ), and carbon sequestration amount (Tc). The calculation formula is as follows:

Dis (m) =
Tc (kg/a)

r (m2/s)× ρ (kg/m3)
(4)

According to the data, the diffusion coefficient of most gases at room temperature and
pressure is 10−4–10−5 m2/s, and the density of CO2 in the air is 1.98 kg/m3. Therefore, cal-
culated by the carbon fixation distance formula, when R = 10−4 m2/s, Dis = 0.162374 × Tc;
When r = 10−5 m2/s, Dis = 1.62374 × Tc. Based on this, combined with the amount of
carbon sequestration, the spatial distribution value of carbon sequestration service range in
the Qinling Mountains can be obtained.

2.3.4. PLUS Model

The PLUS model is a patch-generated land use change simulation model developed by
HPSCIL@CUG Laboratory, whose development team is composed of members of the High-
Performance Spatial Computing Intelligence Laboratory (HPSCIL), School of Geography
and Information Engineering, China University of Geosciences (Wuhan) and the National
GIS Engineering and Technology Research Center.

This model applies a new analysis strategy, which can better explore the inducements
of various land use changes. It contains a new mechanism of multi-seed growth, which can
better simulate the patch level change of multi-land use. The model is coupled with multi-
objective optimization algorithms, and the simulation results can better support planning
policies to achieve sustainable development. Combined with random seed generation
and threshold-decreasing mechanism, the model can dynamically simulate the automatic
generation of a patch in time and space under the constraint of development probability.
For the mathematical principle of multi-type random seed generation, see references [42].

2.3.5. NPV (Net Present Value) Model

The commonly used calculation methods of carbon sequestration value in China
(such as afforestation cost method and carbon tax law, etc.) involve parameters such as
afforestation cost and carbon tax, which are greatly influenced by the market economy,
and do not consider factors such as discount rate, so the calculation results are quite
different. Net present value (NPV), as an indicator of profitability in international economic
assessment projects (investments), has been applied to the evaluation of ecological projects
such as air pollution control, soil fertility management, and greenhouse gas emission
reduction [43,44], as well as the calculation of economic benefits related to ecosystem
services. The NPV model incorporates discount rate into the estimation model, which
makes the calculation result more practical.

NPVijs = PVBij − PVCjs (5)

where NPVijs represents the current value of revenue, PVBij represents the current value
of carbon sequestration, and PVCjs represents the cost of each price scenario.

PVBij = ∑T

t=0

pi × qtj

(1 + r)t (6)
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where pi represents the price of carbon, qtj represents the annual carbon sequestration
capacity, r represents the annual discount rate, and t represents the time cycle. The carbon
price is based on the carbon price forecast in the China 2020 Carbon Price Survey Report [45],
which is jointly carried out by the China Carbon Forum, ICF International Consulting
Company, and Beijing Zhongchuang Carbon Investment Technology Co., Ltd. Through
the survey, the report provides the expectations of stakeholders regarding China’s future
carbon price. The average price in the national carbon market in 2020 is 49 CNY/ton,
93 CNY/ton in 2030, and 167 CNY/ton in 2050 [46]. In combination with the discount rate
used to calculate the value of standing trees in Europe [47] and China’s national conditions,
this paper adopts 3%, 5% and 7% discount rates as scenario parameters [48].

PVCjs = ECj +∑T

t=0

MC + PFEs

1 + rt (7)

where PFEs represents the opportunity cost of carbon for planting and afforestation, ECj is
one-time cost, and MC is the annual maintenance and transaction cost of carbon. For the
validation of the model, we compared the simulation results with the carbon value results
of actual years in this region in the relevant literature. If the values are similar, it indicates
that the model has certain credibility.

3. Results
3.1. Temporal and Spatial Distribution of Carbon Sequestration in the Qinling Mountains

The spatial distribution maps of carbon density in the Qinling Mountains in 2012, 2016
and 2020 were obtained by inputting NPP data and LUCC data of corresponding years
using IUEMS. As can be seen from Figure 2, the maximum carbon density in the Qinling
Mountains increased year by year and reached 432.324 tons/ha in 2020.

Figure 2. Spatial distribution of carbon density, carbon sequestration, and carbon sequestration rate
in Qinling Mountains.

The spatial distribution map of carbon sequestration in the Qinling Mountains was
obtained through the conversion of carbon density data and pixel area. The carbon se-
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questration also showed an increasing trend year by year. The regions with higher carbon
sequestration were distributed in the central and western regions of the Qinling Mountains,
while the northern and southern regions had relatively less carbon sequestration. Accord-
ing to the graded statistics of carbon sequestration (Table 2), it can be seen that the area
with carbon sequestration over 5000 tons will increase significantly in 2020, indicating that
the area with high carbon sequestration in the Qinling Mountains is constantly expanding.

Table 2. Classification statistics of carbon sequestration.

Carbon Density (t/ha) 2012 2016 2020

0–150 2.24% 2.93% 3.74%
150–300 93.55% 93.14% 91.67%

>300 4.21% 9.93% 4.59%

Carbon Sequestration (t) 2012 2016 2020

0–2000 1.58% 1.58% 3.23%
2000–5000 45.8% 48.11% 28.31%

>5000 52.62% 50.31% 68.46%

Rate of Carbon Sequestration (t/ha/a) 2012–2016 2016–2020 2012–2020

<0 1.71% 17.3% 2.2%
0–15 97.98 82.41% 97.79%
>15 0.31% 0.29% 0.01%

According to the carbon sequestration rate in Figure 2, the carbon sequestration rate
in 2012–2016 was relatively high, but slowed down in 2016–2020, and was relatively low in
the 20-year time scale from 2012–2020. On the whole, the carbon sequestration rate in most
regions of the Qinling Mountains showed an increasing trend. The area with an increasing
carbon sequestration rate from 2012 to 2016 accounted for 98.29%, and the area with an
increasing carbon sequestration rate from 2012 to 2020 was 97.8%.

3.2. Spatial and Temporal Distribution of Carbon Emissions and Calculation of Carbon Neutral
Spatial Service Range in Qinling Mountains
3.2.1. Spatial and Temporal Distribution of Carbon Emissions

By establishing a fitting model between night light data and energy consumption data
(see Section 2.3.2), we obtained the spatial distribution maps of carbon emissions in the
Qinling Mountains in 2012, 2016, and 2020 (Figure 3).

Figure 3. Temporal and spatial distribution of carbon emission in Qinling Mountains.

It can be seen from the figure that the carbon emissions in the Qinling Mountains are
all positive, and the lowest annual value of carbon emissions of the three values is 14.0278 t.
The low value of carbon emission showed an increasing trend year by year, and the low
value increased greatly from 2012 to 2016, while the high value of carbon emission showed
a change of decreasing first and then increasing from 2012 to 2020. In terms of space, the
carbon emissions in the Qinling Mountains are all low, accounting for 90% of the total
area in each year, and the areas with higher carbon emissions are mainly distributed in the
urban agglomeration areas on the Northern Slope.
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3.2.2. Calculation of Carbon Neutral Space Service Scope in Qinling Mountains

Based on the quantification of carbon sequestration and carbon emissions, the spatial
distribution diagram of static carbon neutralization in the Qinling Mountains was obtained
by subtracting carbon emissions from carbon sequestration and classified (Figure 4). It can
be seen from the spatial and temporal distribution diagram of carbon neutralization in
the Qinling Mountains that the areas with high carbon neutralization degree are mainly
distributed in the central and western parts of the Qinling mountains. As can be seen from
the grading diagram, the negative areas in carbon neutralization are mainly some urban
areas on the northern slope, and the negative areas are very small. The area of the region
with carbon neutralization less than 0 showed a gradually increasing trend. The proportion
of the region with carbon neutralization between 0 and 5000 tons was 46.75%, 61.69% and
60.11%, respectively. The proportion of the region with carbon neutralization greater than
5000 tons was gradually decreasing, as shown in Table 3. It can be seen that the carbon
sequestration in the Qinling Mountains is far greater than the carbon emissions, more than
96% of the regions are carbon neutral, and the area with more than 5000 tons of carbon
decreases slightly. The increased area of carbon emissions is mainly caused by the urban
expansion and development of the northern slope.

Figure 4. Temporal and spatial variation of carbon sink in Qinling Mountains.

Table 3. Classification statistics of carbon neutral.

Carbon Neutral (tons) 2012 2016 2020

<0 1.37% 1.38% 3.11%
0–5000 46.75% 61.69% 60.11%
≥5000 51.88% 36.93% 36.78%

According to the formula of carbon sequestration service range, the spatial service
range of carbon neutralization of each pixel in the Qinling Mountains was calculated
(Figure 5). As can be seen from the figure, the region with the larger service range is
distributed in the western Qinling Mountains. In terms of time, the maximum service range
decreases first and then increases. Based on the hierarchical statistics of spatial service
raster data of carbon sinks in the Qinling Mountains (Table 4), it can be seen that the area
with service scope of more than 5000 m decreases first and then increases from 2012 to 2020.
The regions with the service range of 0–5000 m account for 68.55%, 84.21%, and 75.98%,
respectively. Therefore, on the pixel scale, the service range of carbon sink in the Qinling
Mountains is mostly 0–5000 m, which increases first and then decreases. The region with
the service range of 0 is mainly carbon source, which occupies a very small area. However,
it also shows a trend of gradual expansion.

As a result, the Qinling Mountains can be seen as a large carbon sink, whose carbon
sequestration service is to absorb a large amount of carbon released by the human activi-
ties around them. Through the calculation of static carbon neutralization in the Qinling
Mountains, it is concluded that the carbon generated in the Qinling Mountains in 2016 can
provide 120.77 × 104 tons of carbon absorption after neutralizing the carbon emissions in
this region, and it will be 134.63 × 104 tons in 2020. On the whole, the amount of carbon
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absorbed by the Qinling Mountains is increasing year by year. Since the carbon sink of
the Qinling Mountains is much larger than the carbon emissions in the region, the Qinling
Mountains can be regarded as a large carbon sink. How much area can the Qinling moun-
tains serve? The service range of Qinling mountains carbon sink was calculated according
to the diffusion coefficient of gas and CO2 concentration in air at room temperature and
pressure. According to the calculation results, the service scope in 2012 is 175 km around
the Qinling Mountains; in 2016, 186 km around the Qinling Mountains; and in 2020, 200 km
around the Qinling mountains, with its radiation scope reaching Ningxia, Gansu, Sichuan,
Hubei, Chongqing, Henan, Shanxi, and other places. Looking at the time dynamic, its
service scope expands year by year (Figure 6).

Figure 5. Spatial and temporal distribution of carbon neutralization service range at pixel scale in
Qinling Mountains.

Figure 6. Diffusion range of carbon neutralization space services in the Qinling Mountains.
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Table 4. Qinling Mountains carbon neutral service scope grade division pixel ratio.

Carbon Neutral Service Range 2012 2016 2020

0 1.10% 1.38% 3.10%
0–5000 68.55% 84.21% 75.98%
≥5000 30.35% 14.41% 20.92%

3.2.3. Future Carbon Neutrality Spatiotemporal Simulation and Its Spatial Service Scope

For the prediction of carbon neutralization in 2030 and 2050, the PLUS model is
adopted. Through the plus model, the carbon neutralization in 2020 is simulated by
using the carbon neutralization spatial distribution data in 2012 and 2016, and then the
similarity between the simulation results and the actual carbon neutralization data in 2020
is compared. It is obtained that the kappa coefficient is 0.765, and its similarity is high,
which is verified. Based on the verification, the carbon neutralization in 2030 and 2050 is
simulated, and the prediction results are shown in Figure 7a.

Figure 7. Simulation of carbon neutrality spatial distribution (a) and its spatial service scope in 2030
and 2050 for the Qinling Mountains (b).

According to the calculation, the carbon neutralization amount in 2030 is 149.07 × 104 tons,
and the carbon neutralization amount in 2050 is 161.74 × 104 tons. According to the formula
of carbon neutralization space service range, the service range of carbon sink in Qinling
Mountains in 2030 and 2050 is 242.05 km and 262.63 km, respectively. From 2012 to
2050, the spatial service scope of total carbon sink in the Qinling Mountains gradually
expands (Figure 7b). It can be seen that under the continuation of the current conservation
measures, the total carbon sink in the Qinling mountains will gradually increase, its carbon
sequestration service function will also gradually enhance, and its carbon sink benefit area
will also gradually expand.

3.3. Spatial and Temporal Distribution of Carbon Sink Value Accounting

The NPV model was used to calculate the static carbon neutralization value of carbon
sequestration in the Qinling Mountains. According to a literature search, the annual carbon
sequestration economic value of forest ecosystem in Shaanxi province from 1999 to 2003 is
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328.27 × 108 CNY [49]. The carbon sequestration value calculated by using the NPV model
in 2016 is 185.2 × 108 CNY to 205.35 × 108 CNY. The carbon sequestration value of the
Qinling Mountains accounts for more than half of Shaanxi Province. It can be concluded
that the NPV model is reliable for calculating the carbon value in the Qinling Mountains.

Firstly, the spatial distribution maps of carbon neutralization value under three dis-
count scenarios in 2012, 2016, and 2020 were obtained through model calculation (Figure 8).
As can be seen from the figure, when the discount rate was 0.05 and 0.07, the carbon sink
value in 2012, 2016, and 2020 shows a trend of gradual increase. When the discount rate is
0.03, the carbon sink value shows a trend of gradual decrease. Spatially, the regions with
high carbon value are mainly distributed in the central and western regions of the Qinling
Mountains. Based on hierarchical statistics of spatial carbon sink value (Figure 8), it can be
seen that in 2012 and 2016, when the discount rate was 0.03, most of the carbon sink value
was above 15 × 104 CNY; when the discount rate was 0.05 and 0.07, most of the carbon sink
value was concentrated at the level of 5 × 104–10 × 104 CNY. In 2020, when the discount
rate is 0.03, the carbon sink value is mainly concentrated at the level of 10–15 × 104 CNY
and above 15 × 104 CNY. When the discount rate is 0.05, the carbon sink value is mainly
concentrated at the level of 10–15 × 104 CNY. When the discount rate is 0.07, the carbon
sink value is mostly concentrated at the level of 5–10 × 104 CNY and 10–15 × 104 CNY.

Figure 8. Spatial distribution of carbon sink value and grading proportion in Qinling Mountains in
2012, 2016, and 2020.
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Figure 9 shows the spatial value distribution of carbon sink in 2030 and 2050. From the
forecast results of 2030 and 2050, when the discount rate is 0.03, the carbon aggregate value
in 2050 is smaller than that in 2030. When the discount rate is 0.05, the total carbon sink
value in 2050 is greater than that in 2030. When the discount rate is 0.07, the total carbon
sink value in 2050 is significantly lower than that in 2030. As the discount rate increases,
the total value of carbon sinks decreases (Table 5).

Figure 9. Spatial distribution of carbon sink value in Qinling Mountains in 2030 and 2050.

Table 5. Carbon sink value of Qinling Mountains under different discount rates in 2030 and 2050.

r = 0.03 r = 0.05 r = 0.07

2030 689.05 × 108 CNY 469.94 × 108 CNY 483.82 × 108 CNY
2050 762.56 × 108 CNY 493.21 × 108 CNY 148.65 × 108 CNY

4. Discussion

The consultation project of “China Carbon Neutrality Framework Roadmap Research”
of the Chinese Academy of Sciences divides the process of realizing carbon neutrality into
emission end, carbon sequestration end, and policy promotion [50]. Firstly, IUEMS and
night light data were used to quantify the carbon sequestration and carbon emissions in
the Qinling Mountains. Based on this, the spatial and temporal distribution of static carbon
neutrality in the Qinling Mountains was obtained. Secondly, due to the Qinling Mountains
minimal carbon emissions, it can be seen as a large carbon sink. Using the gas diffusion
coefficient under the atmospheric pressure and CO2 density, and calculating carbon ser-
vice space of the Qinling mountains range in theory, the method in the current carbon
sequestration study has certain innovative features, and carbon neutral space planning
problems are put forward. Finally, the future value of forest carbon sink is simulated and
calculated based on the PLUS model and NPV model, which provides a scientific basis for
carbon sequestration to serve as an ecological compensation policy mechanism. The carbon
sequestration, spatial scope, and carbon value of the Qinling Mountains were analyzed
scientifically, which also provided a new idea for carbon neutralization research.

This study calculated the amount of static carbon as being neutral in Qinling Moun-
tains, due to the amount of Qinling Mountains carbon sink being far greater than carbon
emissions. Therefore, this article proposed and calculated the space of the carbon sink
service scope, which is of great significance to achieve the goal of carbon neutrality. The
author thinks that carbon neutrality is not only the only issue to mark, and more attention
should be paid to spatial equalization to avoid the problem of uneven spatial distribution
of carbon neutrality. This study is based in the process of calculating the gas diffusion
coefficient under the atmospheric pressure and CO2 density, but in practice, the diffusion
coefficient is not constant. The diffusion and desorption temperature and pressure change
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in the process [51,52]. Therefore, in the future, the question of how parameters such as
temperature and pressure are taken into account for different seasons and weather condi-
tions with regard to the carbon neutral service scope is very important to achieve carbon
neutrality quickly.

At present, most of the research related to carbon neutrality at home and abroad focus
on new technologies and energy transition, for example, the improvement of cryogenic
energy storage technology needed in the process of carbon neutralization in the refrigeration
and power supply industry [53], the development of biofuel production technology in
the European Union [54], the carbon-neutral transformation planning study of the power
system in New York [55], the evaluation study of the carbon neutral potential of CO2
removal in Europe [56], the realization method study of a carbon neutral campus [57], and
the carbon-neutral and livable health and urban transportation planning path [58]. Most
research in China is also focused on carbon-neutral technologies and energy transition [59].
For example, the development and comprehensive application of mathematical simulations
in a sewage treatment system under the trend of carbon neutrality [60]. A few recent studies
have involved the combination of carbon neutrality with carbon ecological security and
ecological compensation in China [61]. However, there are not many similar studies on the
spatial-temporal service scope and spatial planning of carbon neutralization, so the author
thinks that the quantitative research on carbon neutralization in this paper is relatively new
at home and abroad. The calculation of the service scope of a carbon sink is a new research
idea and method, which is worth discussing. Finally, the accounting and value of the
carbon amount is also a main aspect of forest carbon sink research. The future development
of carbon neutrality is closely related to the market economy. At the same time, it also
logically explains the problem of carbon amount and carbon value.

5. Conclusions

The amount of carbon sequestration and carbon emissions in the Qinling Mountains
were calculated by various means, and the scope of carbon sequestration service was
calculated. In addition, the economic value of carbon neutrality is calculated and predicted.
In the face of climate change, carbon neutrality is currently the best option for countries.
For China to achieve the goal of carbon neutrality, the establishment and improvement
of carbon market is the inevitable way in the future. Therefore, this study conducted
quantitative research and discussion from two aspects of spatial planning and economic
value of carbon neutrality, hoping to give some inspiration to relevant researchers and
promote the improvement of relevant methods. Finding an accurate accounting method
of carbon sequestration and carbon emissions is still the main problem to be solved at
present, which is also the basis of carbon neutrality. IUEMS was used to calculate the carbon
sequestration in the Qinling Mountains. Compared with other calculation methods, this
system is more convenient and faster. By establishing the fitting relationship between night
light data and energy statistics data, carbon emissions are simulated and spatialized. The
method can be applied to the spatial simulation of carbon emissions at large and medium
spatial scales. In summary, this study adopts a more advanced and convenient method to
quantify the carbon sink and carbon emissions of a certain region.

The economic valuation of forest carbon sink is of great significance for promoting
the establishment and improvement of a carbon trading market. Based on the calculation
of static carbon neutralization in the Qinling Mountains, this study used the NPV model
to predict the value of carbon sink in the future. This method converted the future value
into the current economic value through the discount rate. This method is suitable for the
long-term forecast of economic value. Its core issue is the determination of the discount
rate. The determination of the discount rate needs to be done according to the laws of
the market and combined with a lot of experience, and with national conditions. This
study estimates the carbon sink of two kinds of discount rate scenarios and found that
the discount rate changes and has a great effect on the carbon market value fluctuations,
This method can better marketize the value of carbon, and the results can also predict and



Forests 2022, 13, 407 15 of 17

reference the trend of the market value of carbon in the future, so as to establish a normal
and healthy carbon trading market, and further accelerate the pace of carbon neutrality by
economic means.
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