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Abstract: Land-use change is an important contributor to atmospheric carbon emissions. Taking
Jinhua city in eastern China as an example, this study analyzed the effects on carbon emissions by
land-use changes from 2005 to 2018. Then, carbon emissions that will be produced in Jinhua in
2030 were predicted based on the land-use pattern predicted by the CA-Markov model. Finally, a
low-carbon optimized land-use pattern more consistent with the law of urban development was
proposed based on the prediction and planning model used in this study. The results show that
(1) from 2005 to 2018, the area of land used for construction in Jinhua continued to increase, while
woodland and cultivated land areas decreased. Carbon emissions from land use rose at a high rate.
By 2018, carbon emissions had increased by 1.9 times compared to 2015. (2) During the 2010–2015
period, the total concentration of carbon emissions decreased due to decreases in both the rate of
growth in construction land and the rate of decline in a woodland area, as well as an adjustment
of the energy structure and the use of polluting fertilizer and pesticide treatments. (3) The carbon
emissions produced with an optimal land-use pattern in 2030 are predicted to reduce by 19%. The
acreage of woodland in Jinhua’s middle basin occupied by construction land and cultivated land is
predicted to reduce. The additional construction land will be concentrated around the main axis of
the Jinhua-Yiwu metropolitan area and will exhibit a characteristic ribbon-form with more distinct
clusters. The optimized land-use pattern is more conducive to carbon reduction and more in line
with the strategy of regional development in the study area. The results of this study can be used as
technical support to optimize the land-use spatial pattern and reduce urban land’s contribution to
carbon emissions.

Keywords: land-use change; carbon flow; CA–Markov; low-carbon optimization

1. Introduction

As human social and economic activities consume large amounts of resources, the
concentration of greenhouse gas emissions produced is growing rapidly. The resulting
climate warming problem has become a global issue that is critically related to the sustain-
able development of human society. The International Energy Agency (IEA) [1] showed
that, in the past 30 years, the total carbon emissions produced in China have continued to
rise. By 2018, the total carbon emissions had reached 9.5 billion tons. This concentration is
still rising, albeit at a low speed, so the peak value of carbon emissions has not yet been
reached. Therefore, in September 2020, at the United Nations General Assembly, China
renewed its commitment to increase its intended nationally determined contributions and
strive to achieve peak carbon dioxide emissions by 2030. “To widely promote green ways
of working and living and to reduce carbon emissions placidly after peaking” [2] was
listed as one of the important Chinese economic and social development goals for the 14th
Five-Year period.
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As the natural carrier of carbon emissions from terrestrial ecosystems and the spatial
carrier of emissions from human economic and social carbon activities [3], land use is
closely related to atmospheric carbon emissions. The fifth assessment report of the Inter-
governmental Panel on Climate Change (IPCC) shows that land-use change accounts for
about one-third of manmade carbon emissions, and land-use changes play an important
role in the increase in the global atmospheric carbon dioxide concentration [4]. Choices
regarding land-use structure by humans significantly impact atmospheric greenhouse gas
emissions [5]. Determining how to adjust spatial patterns of land use to achieve carbon
emission reduction targets is currently a research hotspot. Houghton et al. [6] summa-
rized and analyzed 13 methods for calculating net carbon emissions caused by land-use
changes. Lai [3] researched the mechanisms, characteristics, and factors contributing to the
production of carbon emissions due to land-use changes in China over the past 20 years.
Meanwhile, a comprehensive inventory of carbon emissions produced through land use
based on land use type was developed, and a linear programming model was used to
optimize land use planning to reduce carbon emissions. Liu et al. [7] constructed the LUCC
(Land Use and Land Cover Change)-climate-ecosystem research system to study the effects
of land-use changes on the global climate, and their results can help to determine the
impacts of large-scale LUCC factors on climate change through the initiation of a budget
change regarding greenhouse gases and through changes in land surface and atmosphere
processes. Zhu et al. [8] developed a land-use and land-cover transfer matrix based on
digital land use maps and then assigned a carbon density score to each land-use type.
Finally, they quantified the spatio-temporal patterns of LUCC carbon emissions produced
from 1970 to 1990 and from 1990 to 2010 in Zhejiang Province. Yang et al. [9] researched the
characteristics of spatio-temporal variation in carbon storage for different land-use spatial
patterns using two different scenarios in the Yellow River Basin based on the CA–Markov
model and the carbon storage module of the InVEST model.

Most studies in this field have focused on analyzing and evaluating the effects of
carbon emissions produced with various land-use patterns. Li et al. [10] analyzed the
effects of land use patterns on carbon emissions in Jiangsu province. Zhao et al. [11]
measured and analyzed the effects of land uses on carbon emissions and their spatial
patterns in the Hunan province. Sun et al. [12] estimated the carbon emission intensity
on land-use patterns of 31 provinces in China, revealing its rules of spatial-temporal
evolution and discussing its spatial association at provincial scale with the methods of
spatial autocorrelation. The law of carbon emissions produced with land-use changes and
existing problems in different areas have been revealed clearly. However, a few studies
have forecasted the variation trend in future carbon emissions from the perspective of the
spatiotemporal pattern of land use and predicted the optimized land-use pattern with the
consideration of planning objectives.

This study used Jinhua City as an example. The aim here was to provide a theoretic
basis for optimization of the territorial spatial pattern and to help carbon dioxide emissions
reach their peak:

(1) the carbon emissions produced from land use and the transfer matrix of land use
were calculated. Based on this, an explicit carbon flow model was used to calculate
carbon transfer between different land-use types. It contributed to revealing the
spatio-temporal variation rules of land-use carbon emissions.

(2) we simulated the land-use spatial pattern that will be present in Jinhua under a
natural change scenario in 2030 using the CA–Markov model and predicted the
carbon emission change characteristics. Based on this, suggestions for carbon emission
reduction from the perspective of land-use change can be proposed.

(3) the low-carbon quantitative structure obtained from multiple linear programming
models and optimization-oriented driving factors were added to the FLUS model
to optimize the land-use spatial pattern in Jinhua in 2030. The simulation results
meet both the requirements of urban development and carbon emission reduction,
providing a reference for the future green development of land use in Jinhua city.
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2. Study Area

This study used Jinhua City, which is located at the intersection of Dongyang River,
Wuyi River, and Jinhua River (Figure 1), as an example. Jinhua is adjacent to Taizhou in the
east, Lishui in the south, Hengzhou in the west, and Shaoxing and Hangzhou in the north.
Jinhua is surrounded by three mountains and contains three rivers. Most of the mountains
in Jinhua are 500–1000 m high, distributed on the north and south sides. The terrain is
high in the north and south while low in the middle. The total land area of Jinhua was
10,942 km2. The population was approximately 0.71 million [13], and its GDP was CNY
4703.95 billion in 2020 [14]. As one of the important bases for advanced manufacturing
industries south of the Yangtze River Delta and the central city of the central Zhejiang
urban agglomeration, Jinhua’s economy has been developing rapidly and relies on large-
scale professional trading markets such as Yiwu International Trade City and Yongkang
Hardware Technology City. National strategies, such as the integrated development of
the Yangtze River Delta, have brought unprecedented opportunities for development here.
However, in recent years, problems such as the extensive utilization of land resources,
unscientific spatial layout, and low-performance level have emerged, leading to a massive
expansion of construction land to provide land guarantees for economic construction. As of
2020, the total urban and rural land area exceeded that outlined in the planning objectives,
and the per capita land acreage far exceeded the upper limit set by the national standard. A
series of ecological and environmental problems have also emerged, including air pollution
and intensification of the urban greenhouse effect. Therefore, the aim of this study was to
explore the law of land-use carbon emissions in Jinhua City and to predict and optimize
the future spatial land-use pattern. The research results could have significant benefits in
terms of providing suggestions for reaching the carbon peak, which is vital for promoting
progress in ecological civilization in Jinhua City.
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3. Materials and Method
3.1. Data Acquisition

The data sets used in this study were as follows: (1) land use and cover raster images
(30 m) in 2005, 2010, 2015, and 2018 from Data Center for Resources and Environmental
Sciences, Chinese Academy of Sciences (RESDC) [15], which were reclassified into six
categories of cultivated land, woodland, grassland, water area, construction land, and
unused land based on the Land-Use and Land-Cover Change (LUCC) classification system;
(2) population density data in 2018 from Worldpop project data sets and Gross Domestic
Product (GDP) distribution data in 2015 from the Resource and Environment Data Center
of the Chinese Academy of Sciences; and (3) data on energy consumption and agricultural
material use including pesticide, chemical fertilizer, and agricultural film from 2005–2018
from Jinhua Statistical Yearbooks of corresponding years. The calculation parameters
related to energy consumption were taken from the 2006 IPCC National Greenhouse Gas
Inventory Guidelines and the General Principles for the Calculation of total Production
Consumption.

3.2. Methodology

The aim of this study was to contribute to optimizing the spatial pattern of land use
under the guidance of low carbon. We used the carbon emissions estimation model and
land-use change forecast model. With the consideration of low-carbon objectives and
strategies for regional development, the optimized land-use spatial pattern in 2030 in
Jinhua was obtained (Figure 2).
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3.3. Accounting Model Used to Assess “Carbon Flow”
3.3.1. Calculation of Carbon Emissions

(1) To determine the carbon emissions produced from construction land, this study
mainly considered the carbon emissions produced through energy consumption by the
industrial and mining enterprises and the transportation industry. In accordance with the
reference method proposed in the 2006 IPCC Guidelines for National Greenhouse Gas
Inventories, the carbon emissions from construction land were calculated as follows:

Ch = ∑
i

Qhi · NCVi· CCi · COFi ·
44
12

· 1
1000

= ∑
i

SCi · Fi (1)
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SCi = Qhi·CSi (2)

where SCi represents the quantity of standard coal converted from every kind of energy
source (kgce); Qhi represents the consumption of every kind of energy (kg); and CSi
represents the standard coal conversion coefficient from each energy source (kgce/kg),

Fi = CCi · COFi ·
44
12

· 1
1000

· 29.3076 (3)

where Fi represents the standard coal emission factor (kgCO2/kgce); CCi represents the
carbon content of fossil energy (kC/GJ); COFi represents the carbon oxidation factor; 44

12 is
the carbon content per molecule CO2(kgCO2/kg); 1

1000 is the unit conversion factor; and
29.3076 (MJ/kgce) is the low calorific value of standard coal per kg according to the general
rules of the GB/T2589-1990 comprehensive energy consumption calculation.

For cultivated land, because carbon emissions are produced over a long time scale,
changes in crop yield have little impact on carbon absorption and emissions by the ecosys-
tem [16]. Thus, only human-induced carbon emissions from agricultural activities were
considered. This included carbon emissions caused by the powering of agricultural ma-
chinery, through the use of fertilizers and pesticides, and through agricultural irrigation.
In accordance with Tristram O West [17] and the Institute of Agricultural Resources and
Eco-Environment Performance of Nanjing University, the carbon emissions produced from
cultivated land were calculated as follows:

Eb = U f N · AN + U f P·AP + U f K·AK + Um · B + Up ·C + Ua ·D + Si ·E + S·F (4)

where U f N represents the consumption of nitrogen fertilizer; U f P represents the con-
sumption of phosphate fertilizer; U f K represents the consumption of potassium fertilizer;

AN = 857.54 kgC
Mg , AP = 165.09 kgC

Mg and AK = 120.28 kgC/Mg are conversion coefficients of
types of fertilizer; Um represents the total power needed for agricultural machinery; Up
represents the consumption of pesticides; Ua represents the consumption of agricultural
film; Ua represents the area of agricultural irrigation; S represents the area of crop plant-
ing; and B = 0.18 kgC/kwh, C = 4907.25 kg/Mg, D = 5.18 kg/kg, E = 266.48 kgC/ha,
F = 16.47 kgC/ha are conversion coefficients.

(2) Carbon emissions from other land-use types were calculated using the following
direct carbon emission coefficient method:

Ci = Si × ki (5)

where Ci represents the carbon emissions produced from different land-use types; Si
represents the area taken up by each land-use type; and ki represents the carbon emission
coefficient of each land-use type.

In terms of the carbon emission coefficients of woodland and grassland, based on the
fact that the main vegetation type present in Jinhua is evergreen coniferous forest mixed
with a small amount of evergreen broad-leaved forest [18], we referred to the relational
expression CSE = carbon sink/NPP from the research results of Fang et al. [19] and Lai [3]
and selected −0.374 tC/ha·a as the carbon emission coefficient for woodland in Jinhua and
−0.021 t/ha·a as the carbon emission coefficient of grassland.

Regarding the water carbon emission coefficient, according to the research results of
Duan et al. [20], the carbon sink capacity of the lake wetland in the Eastern Lake Area
where Jinhua is located is −0.567 tC/ha·a. According to the research results of Lai Li, the
carbon sink capacity of the tidal flat is −0.236 tC/ha·a. The secondary classification of
waters in the LUCC classification system includes lakes, rivers, canals, reservoirs, ponds,
tidal flats, and beaches. For comprehensive consideration of the carbon sink capacity of
different types of water and the average carbon sink capacity of waters across the country,
the carbon sink coefficient of the study was taken as −0.28 tC/ha·a [21].
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Regarding the carbon emission coefficient of unused land, unused land includes sandy
land, Gobi, saline-alkali land, marshland, bare land, and bare rock land. Among these, the
carbon emissions are low except for swamps, which have a strong carbon sink capacity.
In accordance with the research results of Lai [3], the carbon sink coefficient was taken as
−0.005 tC/ha·a.

3.3.2. Analysis of Carbon Flow for Different Land-Use Types

In order to better explore the law of carbon transfer between different land-use types
and evaluate the impacts of carbon emissions from land-use changes more accurately, an
explicit carbon flow model was introduced [22]:

fij = ∆W·∆S (6)

∆W = Wj − Wi =
Vj

Sj
− Vi

Si
(7)

where fij represents the transfer of carbon from land type j to land type i; ∆W is defined
as the carbon metabolism density during the process of conversion from land type j to
land type i; ∆S represents the acreage over which the conversion occurs ; Wj and Wi
represent the carbon flow density of land type j and the land type i, respectively, which is
equivalent to the land carbon emission coefficient. Vj and Vi represent the carbon flow
of land type j and the land type i, respectively, which is equivalent to the land carbon
emissions. If ∆W > 0, the land type conversion is a positive process with an increase in the
carbon sink. If ∆W < 0, the land type transfer is a negative process with a reduction in the
carbon sink or an increase in carbon emissions.

3.4. CA–Markov Model
3.4.1. Principles of the CA–Markov Model

The Markov chain model is a Markov model with a discrete time and state. It is often
used to analyze the law of land-use changes. Cellular Automaton (CA) can be used to
simulate the process of natural changes with the influence of the surrounding space. In this
study, CA was utilized to simulate changes in any pixels in the land-use image affected by
the state of themselves and their neighboring pixels.

The traditional Markov model has difficulty predicting spatial changes in land-use
patterns. The CA model focuses on partial interactions between cells, which has obvious
limitations [23]. The CA–Markov model has the advantages of both the Markov model and
the Cellular Automata, as spatial neighboring elements and rules of spatial distribution
conversion are added to the Markov chain model. It can be used to predict spatial changes
of the land-use pattern with full consideration of spatial parameters.

3.4.2. Prediction Process Used by the CA–Markov Model

The CA–Markov module in IDRISI systematically integrates the Markov chain model
with the CA model. The Multi-Criteria Evaluation module can be used for the prediction
of land-use spatial patterns and the analysis of land transfer suitability. We simulated the
land-use pattern with the following steps:

(1) First, earlier and later land-use images were input into the Markov module to con-
struct a probability matrix of conversion between different land-use types.

(2) Then, we analyzed the land transfer suitability. This study mainly analyzed the
suitability of the spatial distribution of construction land, because the expansion of
construction land is fast and is greatly affected by human factors. First, we selected
the driving factors. The driving factors include constraints and influencing factors.
Constraints are expressed in the form of Boolean maps in which areas to be excluded
from consideration have the value 0 and those to be considered have the value 1. Here
we set existing construction land, water, and nature reserve as constraints. Water
includes lake, river, beach, reservoir, and pit. Nature reserve includes ecosystem



Land 2021, 10, 1020 7 of 18

type reserves, biological species reserves, and natural heritage reserves. Influencing
factors enhance or detract from the suitability of a location for the objective. All
influencing factor images must be measured on the same scale. In this study, the scale
0–255 is used where 0 is not at all suitable and 255 is perfectly suitable. Then the
weights of the influencing factors are produced follows the logic under the Analytical
Hierarchy Process (AHP). That is, we should provide a series of pairwise comparisons
of the relative importance of factors to the suitability of pixels for the activity being
evaluated. (Table 1). Second, the constraints were transformed into a binary image.
That is, areas with a construction land spatial distribution probability of zero were
assigned a value of 0. The factors were transformed into standard data in the range of
0–255 using the Fuzzy module, and the fuzzy set membership function was applied
to evaluate the effects of factors on suitability. Finally, the MCE module was used to
generate a construction land transition suitability image.

(3) Finally, the land-use spatial pattern in 2030 was predicted. We selected default
5 × 5 filters as the neighborhood scale, which is suitable for most simulation processes
to ensure accuracy and also avoid running the simulation too far into the future. Then
the number of iterations was set to 8. Land-use images from 2000 and 2010 were
regarded as earlier and later images, respectively. We input the land-use transfer
matrix and Transition suitability image collection so that we obtained a predicted
land-use image for 2018. Then, the Crosstab module was applied to compare this with
the actual image of land use in 2018 to get a kappa coefficient of 0.9243, indicating
that the simulation effect was good. Therefore, the actual land-use image in 2018
could be served as the early image to simulate the land-use image in 2030 using the
method above.

Table 1. Driving factors identified in the suitability analysis of construction land.

Constraints Influencing Factors Weights

Existing construction land Population 0.1672
Water GDP 0.1839

Nature reserve DEM 0.0712
slope 0.0661

Distance to construction land 0.0831
Distance to roadway 0.1387

Distance to the motorway 0.1500
Distance to railway 0.1397

3.5. Low-Carbon Optimization Model of Land Use
3.5.1. Multiple Linear Programming Model

Linear programming is a mathematical method that is used to solve the extremum of
a linear objective function under constrained conditions. It provides a scientific basis for
the rational utilization of limited resources. In this study, the carbon emission calculation
model was added to the multivariate linear programming model to achieve the goal of
minimizing carbon emissions. The constraint conditions were set according to the actual
situation in the study area. The general linear programming model used was as follows:

F(x) =
6

∑
i=1

kiXi (8)

where F(x) represents the total carbon emissions; ki represents the carbon emission
intensity of different land types; and Xi represents the decision variable, that is, the
acreage of different land types.

With the goal of minimizing carbon emissions from land use in Jinhua by 2030, a
multiple linear programming model was built. Cultivated land, woodland, grassland,
water area, construction land, and unused land were selected as decision variables Xi, and
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the carbon emission coefficient from land use in 2018 was selected as ki. The planning
model developed was as follows:

min = 365.35·X1 − 374·X2 − 21·X3 − 280·X4 + 261853.76·X5 − 5·X6 (9)

For the selection of decision variable constraints, we mainly referred to the Fourteenth
Five-Year Plan and Long-Range Objectives Through the Year 2035 (hereinafter referred to
as the Outline), National Land Planning Outline 2016–2030 (hereinafter referred to as the
Plan) with consideration of Jinhua’s socio-economic development and status of land-use.
The specific constraint conditions are as follows:

(1) With the rapid development of the economy and the acceleration of urbanization in
Jinhua, it is inevitable that the areas of cultivated land and woodland will reduce due
to the expansion of construction land. So, it is necessary to strengthen the protection of
cultivated land resources, strictly maintain the red line of cultivated land, and strictly
control the use of cultivated land for non-agricultural construction. The national
cultivated land reserves in 2020 and 2030 should not be less than 1.865 billion mu and
1.825 billion mu, respectively. Therefore, the annual rate of decrement in cultivated
land should not exceed 0.2%.

(2) Since 2005, the area of woodland in Jinhua was in a state of negative growth. In
order to prevent woodland from becoming occupied without limit, the annual rate of
decrement in woodland should not be greater than the rate of decrement over the last
decade (0.31%), which was set as the lower limit. In addition, the Plan points out that
the national forest coverage rate is predicted to increase from 21.66% in 2015 to more
than 24% by 2030. To achieve this goal, the annual rate of growth in woodland areas
needs to reach 1%. This represents the ideal state of land conversion in Jinhua, so it
was set as the upper limit.

(3) The acreage of water, grassland, and unused land have been decreasing to varying
degrees over the last 10 years. The Plan points out that it is necessary to strengthen
the protection and restoration of water source conservation areas to consolidate
the achievements related to the grain for green and the return of farmland to lake
strategies. Therefore, the annual rate of deceleration in grassland, water, and unused
land areas should not exceed the deceleration rate from the past decade.

(4) In the past decade, the annual GDP growth rate in Jinhua was close to 10%, and
the annual population growth rate over the past ten years was 2.78% according to
the seventh census. This led to a rapid expansion of construction land. The Outline
points out that we will continue to promote economic construction. Thus, the area
of construction land will inevitably continue to increase in the future. At the same
time, intensive and economic use of land should be strengthened. The Plan points out
that the land-use intensity in 2030 should be restricted to 4.62% based on a level of
4.02% in 2015. Thus, the growth rate of the construction land area should be capped
at 0.93% with consideration of the socio-economic situation present in Jinhua.

According to the analysis above, we set the following constraint conditions for the
decision variables set:

6

∑
i=1

Xi = 1092199.05, Xi ≥ 0 (10)

(1 − 0.2%)12·292914.63 < X1 (11)

(1 − 0.31%)12·655048.71 < X2 ≤ (1 + 1.0%)12·655048.71 (12)

(1 − 0.45%)12·21957.48 ≤ X3 (13)

(1 − 0.02%)12·15286.59 ≤ X4 (14)

(1 + 0.5%)10·92522.52 < X5 ≤ (1 + 0.93%)12·92522.52 (15)

(1 − 0.61%)12·363.42 ≤ X6 (16)
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3.5.2. Low-Carbon Space Optimization

The FLUS model is used to simulate changes and future patterns of land use, which
can aid in spatial optimization and assist decision-making [24]. The model uses the
artificial neural network (ANN) to calculate the transition probability of each land type
and then integrates the system dynamics model (SD) and the Cellular Automaton model
(CA) for further analysis. The self-adaptive inertia and competition mechanism are used
in the CA model to deal with complex competition and interactions between different
land-use types [25]. In this study, the low-carbon land-use allocation plan was used as
the quantitative target for land-use type change in the FLUS model. After that, with
the consideration of planning targets in the study area’s territorial space, we added the
following optimization-oriented driving factors (Table 2): First, the probability of land
around the main axis of the Jinhua-Yiwu metropolitan area converting to construction
land was improved by taking the Jinhua-Yiwu Expressway as a driving factor in order to
promote the intensive use of land resources. Second, the hilly area in the central basin was
taken as a constraint in order to create a green ecological zone in the central basin area.
Through the above method, the spatial pattern of land use after low-carbon optimization
was simulated.

Table 2. Optimization-oriented driving factors.

Optimization-Oriented Driving Factors Description

Jinhua-Yiwu Expressway
To improve the probability of land around the
main axis of the Jinhua-Yiwu metropolitan area

converting to construction land

Hilly area in the central basin To reduce the probability of the green
ecological zone in the central basin area

4. Results
4.1. Spatio-Temporal Patterns of Land Use in Jinhua

According to the land-use images from 2005 to 2018 (Figure 3), transfer matrix and area
changes of different land-use types in Jinhua City were obtained (Tables 3–6). During the
2005–2018 period, the main land-use type present in Jinhua City was woodland, followed
by cultivated land. During three periods, 2005–2010, 2010–2015, and 2015–2018, the total
land transfer area gradually increased, reaching a maximum of 58,554 ha in the third period.
This area was much larger than that present in the first two periods, indicating that the
degree of land use evolution in the study area has intensified in recent years. A total of
34.6% of the converted land area represented the transfer-out of construction land, and
31.9% represented the transfer-in of cultivated land. Other land types also changed to
different degrees. The acreage of cultivated land continued to decrease at a relatively
stable rate, and the proportion converted to woodland increased, while the proportion
converted to construction land decreased, thanks to the Grain for Green strategy. The
acreage of woodland continued to decrease, with the decrement rate being the smallest in
2010–2015 and the largest in 2015–2018: 0.03% and 0.61% respectively. The area converted
from woodland to cultivated land gradually increased. The acreage of construction land
continued to grow rapidly. More than 80% of new construction land came from the transfer
of cultivated land. The growth rate of construction land declined slightly from 2010 to
2015, but after 2015, it entered a period of rapid expansion and the proportion of woodland
occupation increased correspondingly. The acreage of water and grassland changed from
positive growth to negative growth after 2010 with increases in the decrement rates. As
a whole, cultivated land and woodland gradually reached a balance between occupation
and compensation from 2005 to 2018. However, the expansion rate of construction was
high, which seriously reduced the space of the areas absorbing carbon such as woodland,
grassland, and water.
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Table 3. Land-use transfer matrix for 2005–2010 ( km2).

Land-Use Types CuL WL GL W CoL UL

CuL 3096.3 14.9 1.0 7.0 92.8 0.0
WL 20.2 6575.5 4.8 0.6 14.3 0.1
GL 0.3 1.0 212.8 0.2 0.8 0.0
W 1.7 0.3 0.0 144.1 0.6 0.0

CoL 3.2 0.8 0.0 0.2 583.3 0.0
UL 0.0 0.0 0.3 0.0 0.1 3.7

Note CuL represents Cultivated land; WL represents Woodland; GL represents Grassland; W represents Water;
CoL represents Construction land; UL represents Unused land.

Table 4. Land-use transfer matrix for 2010 to 2015 ( km2).

Land-Use Types CuL WL GL W CoL UL

CuL 3003.6 26.5 0.9 2.2 88.3 0.0
WL 23.3 6559.3 1.7 0.7 7.5 0.1
GL 0.9 2.2 215.0 0.0 0.8 0.0
W 2.4 0.9 0.0 147.5 1.2 0.0

CoL 8.9 1.5 0.1 0.3 681.2 0.0
UL 0.0 0.1 0.0 0.0 0.0 3.7
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Table 5. Land-use transfer matrix for 2015 to 2018 ( km2).

Land-Use Types CuL WL GL W CoL UL

CuL 2742.5 128.4 4.4 9.2 44.6 0.0
WL 124.3 6398.1 13.7 5.1 8.8 0.4
GL 4.0 16.7 198.1 0.2 0.6 0.0
W 14.0 5.0 0.2 131.1 2.5 0.0

CoL 154.3 41.9 1.2 5.1 722.5 0.2
UL 0.0 0.5 0.0 0.0 0.0 3.1

Table 6. Area changes for different land-use types from 2005 to 2018.

Land-Use Types
2005–2010 2010–2015 2015–2018

Variable-Area
( km2 )

Rate
(%)

Variable-Area
( km2 )

Rate
(%)

Variable-Area
( km2 )

Rate
(%)

CuL −90.4 −2.8 −82.8 −2.6 −117.2 −3.8
WL −23.7 −0.4 −1.9 0.1 −163.1 −2.4
GL 4.3 1.9 −1.3 −0.6 −6.8 −3.0
W 5.4 3.6 −1.4 −0.9 1.1 0.7

CoL 104.8 17.8 87.4 12.6 145.1 18.6
UL −0.4 −8.6 0.0 −1.3 −0.1 −3.5

4.2. “Carbon Flow” of Land-Use in Jinhua

Through calculations, the land-use carbon sinks, carbon sources, and total carbon
emissions from Jinhua City from 2005 to 2018 were determined (Table 7). From 2005 to 2018,
the total carbon emissions first decreased and then increased. The growth rate reached up
to 121.3% from 2005 to 2010, and there was slight negative growth from 2010 to 2015 when
carbon emissions reduced by 4.3%. The growth rate of carbon emissions from 2015 to 2018
was 35.7%, a significant slow down when compared with the first stage. As for the main
carbon sources, the average carbon emission intensities of cultivated land and construction
land were 6.1% and 13.9% lower, respectively, in 2018 compared to 2005.

Table 7. Carbon emissions from different land-use types from 2005 to 2018 (MgC).

Years CuL WL GL W CoL UL Carbon Source Carbon Sink Total

2005 135.0 −252.0 −0.5 −4.1 8507.4 0.0 8642.5 −256.7 8385.8
2010 142.5 −251.2 −0.5 −4.3 18,671.0 0.0 18,813.5 −255.9 18,557.6
2015 125.2 −251.1 −0.5 −4.2 17,885.3 0.0 18,010.5 −255.8 17,754.7
2018 107.0 −245.0 −0.5 −4.3 24,227.3 0.0 24,334.4 −249.7 24,084.6

Through the explicit carbon flow model, the law of carbon transfer between different
land-use types in Jinhua from 2005 to 2018 was determined (Table 8, Figure 4). The results
show that the carbon flow was negative in all three periods, which had an adverse effect
on the reduction of regional carbon emissions. The positive carbon flow achieved in the
process of land transfer has mainly come from the carbon sink formed by the conversion
of construction land to other land types. This accounts for more than 98% of the positive
carbon flow. Secondly, the positive carbon flow caused by the transfer of construction land
continued to grow at a high rate. This indicates that the restoration of brownfield land and
the construction of green mines in Jinhua have made a difference to ecological civilization
construction. Negative carbon flow has mainly come from the carbon emissions generated
by the conversion of other land-use types to construction land. During the period from
2010 to 2015, due to using clean energy sources instead of high-pollution and high-carbon
emission energy sources and the treatment of pesticide and fertilizer pollutants, the carbon
emission intensity of construction land and cultivated land was under control. Thus, the
level of negative carbon flow was low and reached a minimum value. After that, the
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negative carbon flow started to increase at a high speed. Overall, during the 2005–2018
period, although the positive carbon flow gradually increased, the amount of negative
carbon flow was always much greater than the amount of positive flow, indicating that
the problem of extensive construction land expansion and the corresponding increase in
negative carbon flow still existed. Thus, the spatial pattern of land use was not yet optimal.
This shows that if the land-use spatial pattern continues to develop according to the current
evolution law, the imbalance in regional carbon metabolism will be further aggravated.

Table 8. Carbon flow from 2005 to 2018.

The Direction of Carbon Flow 2005–2010
(tC·a−1)

2010–2015
(tC·a−1)

2015–2018
(tC·a−1)

Cultivated land to Woodland 1135.9 2204.2 10,161.3
Cultivated land to Grassland 42.2 41.8 185.5

Cultivated land to Water 470.6 160.8 1012.3
Cultivated land to Construction land −2,497,282.7 −958,883.8 −4,034,420.0

Cultivated land to Unused land 0.2 0.5 1.2
Woodland to Cultivated land −1669.8 −1902.0 −9512.0

Woodland to Grassland −168.1 −60.4 −591.1
Woodland to Water −5.6 −7.2 −48.2

Woodland to Construction land −387,023.8 −82,125.8 −1,098,230.4
Woodland to Unused land −4.0 −2.1 −18.4

Grassland to Cultivated land −14.8 −41.4 −171.1
Grassland to Woodland 37.0 78.5 485.4

Grassland to Water 4.7 0.5 4.4
Grassland to Construction land −20,450.4 −8776.1 −31,322.8

Grassland to Unused land 0.0 0.0 0.0
Water to Cultivated land −123.1 −176.9 −589.1

Water to Woodland 3.0 8.4 51.9
Water to Grassland −0.1 −1.1 −3.9

Water to Construction land −17,241.0 −13,067.4 −133,833.7
Water to Unused land 0.0 0.0 0.0

Construction land to Cultivated land 96,500.0 239,242.5 484,289.8
Construction land to Woodland 22,998.5 40,784.5 96,445.3
Construction land to Grassland 766.6 2183.3 6685.1

Construction land to Water 6330.2 7260.2 27,728.9
Construction land to Unused land 0.0 48.5 117.8

Unused land to Cultivated land −0.2 −0.7 −1.5
Unused land to Woodland 1.4 3.6 16.0
Unused land to Grassland 0.5 0.0 0.0

Unused land to Water 0.0 0.0 0.0
Unused land to Construction land −3857.0 −58.9 −5043.4

Positive carbon flow 128,290.5 292,017.3 627,184.8
Negative carbon flow −2,927,840.4 −1,065,103.6 −5,313,785.5
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4.3. Prediction of the Land-Use Spatial Pattern

The predicted pattern of land use for 2030 shows that if the original land-use evolution
law remains unchanged, the acreage of forest land will decrease by 53,586 ha and the
acreage of construction land will increase by 25,719 ha compared to 2018. The acreage of
cultivated land, grassland, and water areas is also predicted to increase by 20,796, 3656,
and 1637 ha, respectively. The construction land area changed the most, reaching a growth
rate of 29%, while the rate of decrement in the woodland area reached 8.2%. According
to the land use transfer matrix, 28% of the reduced woodland area was converted into
construction land and 61% was converted into cultivated land. A total of 47% of the
increase in construction land came from cultivated land and 52% came from the conversion
of woodland. As for the spatial pattern of land use, the predicted results for 2030 (Figure 5)
show that the majority of new construction land is likely to be concentrated in the flat
central corridor, mainly due to a radiant expansion of the existing construction land to the
cultivated land around it. In the east and south, Yongkang and Dongyang have relatively
larger areas of new construction land. The intensity of land development on the secondary
development axis of the central Zhejiang urban agglomeration is greater.
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Based on the forecasted results for the land-use pattern in 2030, carbon emissions
were predicted. The carbon sources are expected to increase by 29.6% by 2030. Carbon
sinks are predicted to reduce by 7.8%, and total carbon emissions are predicted to increase
by 30% compared to 2018. Compared with the 2005-2018 period, the growth rate of
carbon emissions is predicted to drop significantly but still remain at a relatively high
level. With the gradual decrease in the average carbon emissions intensity of construction
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land after 2015, the continued rapid growth of carbon emissions will be largely due to the
unreasonable spatial layout of land use, which needs to be adjusted and optimized.

4.4. Optimization of the Land-Use Spatial Pattern

Through the linear programming model, we determined the land-use structure plan
after low-carbon optimization (Table 9). In terms of quantity, in the optimized scheme, the
construction land area is reduced by 18% compared with the predicted scheme, and the
grassland, water area, and unused land areas reduce in accordance with the law of land use
evolution in Jinhua. The woodland area increases by 11%, indicating that improving the
forest coverage is an important way to increase carbon sinks to achieve carbon reduction
and promote the green development mechanism. As for the direction of transfer, 59% of
the additional construction land from 2018 to 2030 comes from cultivated land and 38%
comes from forestland. In the optimized land-use pattern, the proportion of construction
land converted from woodland is smaller than in the predicted result.

Table 9. Carbon emissions in 2030 for the predicted and optimized land-use patterns.

Land-Use Types
Prediction for 2030 Optimization in 2030

Area
(km2)

Carbon Emission
(MgC)

Area
(km2)

Carbon Emission
(MgC)

Cultivated land 3137.1 114.6 2859.6 104.5
Woodland 6014.6 −224.9 6716.2 −251.2
Grassland 256.1 −0.5 208.0 −0.4

Water 169.2 −4.7 152.5 −4.3
Construction land 1200.4 31,433.4 982.3 25,721.6

Unused land 3.6 0.0 3.4 0.0

The quantitative targets and driving factors for low-carbon optimization were added
to the FLUS model to determine the optimized land-use spatial pattern for Jinhua in 2030
(Figure 6). The additional construction land area was shown to mainly come from the radial
expansion of existing construction land in the urban areas of Jinhua and Yiwu, but it was
more directional compared with the forecasted expansion in all directions. The proportion
of newly added construction land in the northeast of Jinhua city and the southwest of
Yiwu city of the central corridor area was found to increase, which is consistent with the
east–west expansion strategy of Jinhua and presents more obvious ribbon-form and cluster
characteristics. Compared with the forecasted results, the expansion of the construction
land area around Yongkang and Dongyang was predicted to decrease. The construction
land areas in the southwest of Jinhua and the northeast of Yiwu were shown to decrease
and concentrate more around the main axis of the Jinhua-Yiwu metropolitan area. They will
be distributed around the Jinhua-Yiwu Expressway, which will contribute to the addition of
production factors to the traffic arterial line. The green ecological zone in the central basin
will be less affected by the expansion of construction land, and the acreage of cultivated
land will decrease, and the acreage of woodland will increase. Total carbon emissions from
the optimized land-use pattern will reduce by 19% compared with the value shown by the
predicted results. Carbon sinks will increase by 11%. Carbon sources will reduce by 18%.
In the scenario of low-carbon optimization, the growth rate of land-use carbon emissions is
predicted to be only 6.2% from 2018–2030, lower than that of each period in the past.
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5. Discussion

As the problems of the greenhouse effect and global warming are becoming increas-
ingly serious, reducing carbon emissions has become an international consensus. Thus, in
this paper, we proposed suggestions for low-carbon optimization of the land-use spatial
distribution pattern based on an analysis of the effect of carbon emissions from land-use
changes and the prediction of future tendencies in Jinhua. Many studies have explored
the characteristics of land-use carbon emissions through coefficients of carbon emissions
of land use in different regions and analyzed the existing problems in the land-use pat-
tern [26–29]. Compared with previous studies, this study gives more practical advice on
carbon emission reductions and proposed an optimized land-use spatial pattern using a
multivariate linear programming model and a FLUS model with local driving factors.

In this study, we selected carbon emission coefficients in accordance with the actual
situation in the study area. For instance, the carbon emission coefficient of woodland was
selected with consideration of the carbon sink of the main forest vegetation types and the
carbon emissions produced through firewood collection, forest fires, and HWP emissions
of forest products in Zhejiang Province. This is more accurate than using the average
coefficient at the national scale. However, the temporal effects of carbon emissions from
changes in the age of stands, the site index, and the stand structure were still neglected. In
terms of calculation of the carbon flow, we just considered natural and manmade carbon
emissions but did not consider changes in carbon storage in land ecosystems. This may have
caused the results to deviate from the actual situation. In addition, land use was divided
into six types based on the first LUCC classification system, but the differences in carbon
emissions intensity among different land-use types under the secondary classification



Land 2021, 10, 1020 16 of 18

were not considered. Thus, the spatial distribution of carbon emissions was not accurately
described. Additionally, without driving factors, we were only able to perform pure
mathematical simulations through the CA–Markov and FLUS models. The results do not
reflect the influences of social and economic factors on the evolution of the land-use pattern
well. Thus, in this study, driving factors, such as population, economy, transportation,
and terrain were added to the models, and the impact of planning policies in the study
area was also considered. The optimized simulation result in 2030 in Jinhua shows that in
order to maintain stable economic performance under the premise of strictly controlling
the intensity of land development, we should not only aim to limit the rate of construction
land growth in terms of quantity but also to promote the construction of the Jinhua-Yiwu
New Area and Jinhua-Lanxi Innovation City guided by the development of axial belts and
a group layout. This will give full play to the connectivity of land development axes and
promote the compound use of land and the intensive use of resources from the perspective
of the spatial layout.

In future research, the carbon emission coefficient should be modified to improve the
accuracy of the accounting results. Additionally, the impacts of land-use change on both
carbon emissions and carbon storage should be considered. Our prediction models could
be improved by refining the land-use classification so that the method can be applied to
small-scale research more accurately in the future.

6. Conclusions

In this study, we analyzed the law of carbon emissions from land-use change in Jinhua
City and explored a land-use optimization model under the guidance of achieving low
carbon emissions. The specific conclusions are as follows:

(1) From 2005 to 2018, the land-use structure of Jinhua changed significantly. On the
whole, the acreage of construction land continued to grow. The acreage of woodland
and cultivated land areas continued to decrease. The acreage of grassland and water
areas first increased and then decreased. Most of the woodland was converted to
cultivated land, and most of the cultivated land was converted to construction land.
More than 80% of the construction land was formed through transfer from cultivated
land. In the process of land-use change, in 2018, the total carbon emissions were
1.9 times greater than in 2005. There was a trend for positive carbon flow to increase,
but negative carbon flow was always far greater than positive carbon flow, that is, the
carbon metabolism of land use was far from balanced.

(2) During the period from 2010 to 2015, carbon emissions in Jinhua showed negative
growth. At this stage, the rate of decrement in woodland and the rate of growth in
construction land were the smallest among the three periods. Accordingly, positive
carbon flow reached its highest value and negative carbon flow reached its lowest
value, indicating that changes in carbon flow due to land-use changes are closely
related to the intensity of the evolution of the land-use pattern. In addition, thanks to
the adjustment of the energy consumption structure and the treatment of fertilizer
and pesticide pollutants in Jinhua after 2010, the average carbon emission intensity of
construction land and cultivated land reduced, making the total carbon emissions of
this stage somewhat lower than in the previous period.

(3) The land-use prediction results show that on the basis of the law of original land-use
evolution in Jinhua, by 2030, the acreage of construction land will have increased by
25,719 ha and the woodland area will have reduced by 53,586 ha. Carbon emissions
are expected to increase by 30% compared to 2018. In the low-carbon optimization
scenario of land use, the expansion of construction land in 2030 will be restricted, while
the area of woodland will increase. Total carbon emissions will be reduced by 19%
compared with the predicted results. In terms of the spatial pattern, the additional
construction land present in the optimized land-use pattern will be concentrated
around the main axis of the Jinhua-Yiwu metropolitan area, consistent with the
strategy of focusing on developing the Jinhua-Yiwu metropolitan area. It is helpful to
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promote land agglomeration development and the efficient allocation of resources.
Therefore, this study proposed a macroscopic spatial land-use pattern that contributes
to carbon emission reduction with the consideration of regional planning objectives
and economic development.
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