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ABSTRACT: Countryside is an integral part of China’s social and economic systems. For a long time, the continuous growth of rural carbon emis-
sions has led to a series of social, economic and ecological consequences. Carbon emission reduction has become a critical task for rural revitaliza-
tion and sustainable development in China. Existing studies on low-carbon assessment mainly focus on urban areas, resulting in limited studies on
rural areas. What’s more, most of the planning strategies for low-carbon villages are also based on subjective evaluation and qualitative analysis,
lacking support from quantitative simulation. Combining relevant theories, the concept of a rural “carbon atlas” was proposed in this study. The cur-
rent rural carbon emissions and mathematics, graphics, and rationales of the temporal-spatial evolutionary characteristics were investigated using the
GIS system as the technical platform for information storage and processing. The spatial domain of carbon emission units based on microscopic res-
idential sites, factories and markets was defined and investigated. Carbon emissions of each unit were estimated according to energy consumptions
for life, production and transportation. Later, carbon emissions were expressed and presented visually within the “atlas”. Meanwhile, temporal and
spatial distribution patterns of carbon emissions in various types of rural areas dominated by different industries were analyzed to provide resources
and guidelines for building and planning low-carbon countryside and villages.

An empirical study was undertaken on four different village types dominated by different industries in the Yangtze River Delta. Results show
that the rural carbon atlas has apparent characteristics of tendentious distribution, periodical changes, and typified structures: (1) Different village
types have different regional tendencies of high carbon emission. This phenomenon is most evident in industrial villages, where most of the carbon
emissions happen in large factories or family workshops with large homestead areas. Traditional fishing and agricultural villages are the least repre-
sentative in this regard because rural industries are mainly small fishing and agricultural families, and the industrial link among families is weak.
(2) Due to the industry’s cyclical nature, the fluctuation of carbon emissions in different types of villages is significantly different. Since the leisure
tourism industry is greatly affected by festivals and seasons, the carbon emissions in leisure tourism villages fluctuate the most. Carbon emission of
professional markets is the most stable, which is attributed to their immunity to seasonal and climatic changes. (2) The rural carbon emission map
has prominent typified structural characteristics, including the scattered homogeneous pattern (traditional fishing and agricultural village), the group
infiltration pattern (industrial production village), the dissipative fragmentation pattern (leisure tourism village), and the kernel domain recursive
pattern (professional market village). Different industrial types lead to noticeable regional differences in the temporal-spatial characteristics and
trends of carbon atlas. Hence, there is an urgent need to develop an overall optimization strategy and mechanism model. The outcomes from the cur-
rent study explore the method and practical application of a rural carbon emission atlas, yet more extensive research exploring various facets of the
atlas are still required.
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Introduction

In the past few decades, China’s rapid economic
growth has been closely related to the growth of fossil en-
ergy consumption and carbon emissions. Statistics show
that China’s carbon emissions increased from 1.50 tons per
capita in 1980 at the beginning of the reform and opening
up to 10.12 tons in 2020[ 1], with an average annual
growth rate of 6.58% . The rapid economic growth of near-
ly 10% per year came at the cost of resources and envi-
ronment. China has already surpassed the United States as
the world’s largest carbon emitter, and there is a long way
to go to achieve the Paris Agreement’s goal of reducing
carbon dioxide emissions by 60% -65% by 2030 compared
to the figures from 2005[2].

Agriculture, farmers, and rural areas are important
components of China’s social and economic systems[ 3].
According to statistics, there are millions of villages and
tens of thousands of townships in the country, with a large
quantity and wide area. The resident population in rural
areas accounts for 36.11% of China’s total population[ 4],
and the per capita GDP in rural areas accounts for about 1/
4 of the country[ 5]. However, the society’s acknowledge-
ment of sustainable and low-carbon development in rural
areas has always been insufficient, and investment in rural
ecological protection and low-carbon development is rela-
tively low. Increasing carbon emissions in rural areas have
become an ecological issue that cannot be ignored. On the
one hand, the current rural energy use model has formed a
solid “carbon locking effect”, and the technological loc-
king and path dependence of energy use have led to “car-
bon degradation barriers”. On the other hand, with the
gradual infiltration, transfer, and agglomeration of urban
“high energy consumption, high pollution, and high in-
vestment” industries from cities to rural areas, the total
carbon emissions in rural areas have seen an “irreversible”
growth [ 6].The continuous growth of rural carbon emis-
sions has led to a series of social, economic, and ecologi-
cal consequences, such as the deterioration of the agricul-
tural ecological environment, the physical health of villag-
ers being affected, and the intensification of urban-rural
conflicts[ 7]. From this, it can be seen that rural construc-

tion in the low-carbon context is an inevitable trend and

mission, and it is also an urgent demand for rural transfor-
mation and development under the “new normal”. The
low-carbon development of rural areas has also become an
unfrivolous part of China’s low-carbon process.

However, the current research on low-carbon ecologi-
cal rural assessment and planning strategies mostly focus
on subjective evaluation and qualitative analysis [ 8], lac-
king quantitative measurement of rural low-carbon devel-
opment, and the evaluation indicators and planning strate-
gies lack support from objective quantitative carbon emis-
sion data. At present, research on calculating greenhouse
gas emissions in spatial regions using quantitative meth-
ods mainly focuses on the national, provincial, or city lev-
els, with relatively little interest in smaller administrative
units such as towns and villages[ 9]. The differences be-
tween urban and rural areas in China in terms of industry
types, land layout, residents’ lifestyles, and energy input
methods make it difficult to effectively apply measures de-
signed to measure urban carbon emission to rural evalua-
tion, planning, and construction. Therefore, how to effec-
tively identify the carbon emission characteristics of rural
areas, construct a carbon emission evaluation model with
regional suitability, and achieve a balance between sus-
tainable development and carbon cycling is the focal point

of current rural planning research and practice.

1 The current state of research on low-carbon villages

and atlas studies

1.1 Theoretical research and empirical evidence of low car-

bon villages

From the perspective of historical development, the
Danish low-carbon organization GAIA first proposed the
concept of “low-carbon rural” in 1991 and clarified the
three necessary conditions for low-carbon rural areas: low-
carbon agricultural production supplies, advanced low-car-
bon planting and breeding technologies, and a diversified
clean energy structure [ 10]. Afterwards, low-carbon rural
practices were further expanded in other countries, and di-
verse characteristics were put forward: O the “zero car-
bon emission” township communities in Beddington, UK
[11]; @ The low-carbon rural construction strategy of
“Green France” in France; @ The ecological tourism de-

velopment of Jeju Island’s Seongeup Folk Village in South
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Korea [ 12]; @ The natural environment protection base
in Hezhang Village, Shirakawa-go, Japan [ 13]. The re-
search on low-carbon rural areas in China is still in its ear-
ly stages, and there are still the drawbacks of being imma-
ture and unsystematic in the exploration of low-carbon ru-
ral areas. Representative examples include Wu Liangyong
from Tsinghua University’s pilot exploration of rural eco-
logical living in Zhangjiang, Liu Jiaping from Xi'an Uni-
versity of Architecture and Technology’s practice of rural
indigenous architecture in Yunnan and other regions, and
Wang Zhu from Zhejiang University’s research on the tra-
ditional wisdom of green kiln dwellings on the Loess Plat-
eau.

By consulting relevant literature, it can be found that
research on low-carbon rural areas is gradually becoming
a focus and hotspot in the academic community. Among
them, quantitative research using mathematical methods
mainly pursues the following directions: D construction
and evaluation of accounting models for rural carbon e-
missions [ 14,15]; @ the spatio-temporal differences in
and influencing factors for rural carbon emissions [16];
@ the carbon spatial form and construction strategy of
low-carbon rural areas [ 17]; @ construction and practice
of the evaluation index system for low-carbon rural areas
[18]. The academic achievements of relevant scholars
provide ideas and methodological references for research.
However, existing research has paid less attention to issues
at the level of individual rural areas. In fact, as the smal-
lest administrative unit in China, the micro characteristics
and spatial patterns of carbon emissions in towns and vil-
lages can serve as an important basis for formulating low-
carbon control strategies. Therefore, there is an urgent
need for targeted research and exploration on the micro
spatial status of low-carbon rural areas and their influen-

cing factors.
1.2 Concept of atlas and application of spatial atlas

Atlas is a systematic methodology that uses graphs,
spectrum, and other methods to extract and express com-
plex phenomena [ 19]. A graph is a representation of static
features of an object, used to describe its current state;
spectrum is a description of the dynamic laws of objects,

reflecting the evolutionary process and the typified char-
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acteristics of spatiotemporal sequences. Tracing back to
the source, atlas has been adopted in fields such as acupoint
maps in medicine, gene maps in biology, spectra and spectros-
copy in physics, all of which rely on graphs and spectra to
analyze a series of complex phenomena and problems
[20]. The concept of atlas was first applied to the study of
spatial objects in Academician Chen Shupeng’s book At-
las Methodology for Geo-Information Science published in
2001 [21], which used examples to reveal how to con-
struct and apply spatial information altases with the sup-
port of spatial databases, and proposed concepts such as
“hydrological atlas”, “urban atlas”, and “landscape atlas”.
Afterwards, the specific theory and application of spatial
altas continued to evolve, mainly focusing on the follow-
ing aspects: D exploration of the concept and theoretical
evolution of spatial atlas [22]; @ exploring the methods
and expression patterns of spatial atlases [ 23, 24]; @ ex-
ploring the regional practice and application strategies of
spatial atlas [25].

Overall, although the theoretical system, method
models, and practical applications of spatial atlas are rela-
tively mature, they are rarely applied to the analysis of
spatial patterns of rural areas or carbon emissions. On this
basis, the concept of rural carbon atlas is innovatively pro-
posed here, using geographic information systems (GIS)
as a technical platform for information storage and pro-
cessing. The current situation of rural carbon emissions
and the characteristics of spatiotemporal evolution are ex-
plored mathematically, graphically, and causally, and re-
flected in spatial graphical expression, thus achieving intu-
itive analysis of the spatial pattern of rural carbon emis-

sions (Figure 1).

2 Construction of carbon atlas model for low-carbon

villages
2.1 Research sample selection and data sources

The Yangtze River Delta region has a large and ex-
tensive number of rural communities-over 3,100 of them-
accounting for 9.4% of the total number of rural commu-
nities in China. This provides a large number of case sam-
ples for the research and practice of rural communities
[26]. As a rural area with relatively complete infrastruc-

ture and industrial models, villages in the Yangtze River
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Delta have significant regional characteristics such as di-
versified industrial models, modernization of construction
technology, and urbanized lifestyles[ 18]. These character-
istics make the trend of “high carbon” emissions in rural
arecas of the Yangtze River Delta increasingly obvious. Es-
pecially in recent years, the non-agricultural transforma-
tion of rural industries has led to the implantation of a
large number of “high carbon emission” industries led by
processing and manufacturing industries and leisure serv-
ices into rural areas, resulting in a sharp increase in overall
carbon emissions in rural areas and severe damage to the
ecological environment.

Based on the different types of dominant industries in
rural areas of the Yangtze River Delta, typical villages are
selected as research samples according to theclassifications
of traditional fishing and agriculture, industrial production,
leisure tourism, and professional market[ 27]. The data
sources involved in this study mainly include statistical
data and field research. The statistical data mainly comes
from the “Rural Energy Yearbook”, environmental quality
reports, online statistical databases, etc. Empirical data are
collected through two methods: department visits and on-
site research. Department visits refer to collecting data
from the administrative departments where the villages are
located. The content of on-site research can be divided in-
to three parts: behavioral and cognitive surveys, spatial
form surveys, and energy consumption surveys. (1) Be-
havioral and cognitive surveys record the daily production
and living activities of villagers through questionnaires
and interviews; (2) Patial form surveys clarify the unit
boundaries of rural carbon emissions; (3) Nergy utiliza-
tion and consumption survey combines a questionnaire
survey with visits to administrative departments to obtain
corresponding energy consumption data. The emission
factor data of energy consumption data refer to the “IPCC
Guidelines for National Greenhouse Gas Inventories”
[28] and the “China Energy Statistical Yearbook” [29],
while the electricity sector is based on the “China Region-

al Grid Baseline Emission Factors” [30].
2.2 Composition and calculation of carbon emissions

In rural areas, the process results of energy input,

transfer, and output are ultimately reflected in the terminal

composition of carbon emissions, which includes carbon
emissions from domestic use (cooking, lighting, electrical
appliances, heating), direct or indirect carbon emissions
from industrial energy in functional spaces, and carbon e-
missions from transportation within and between villages
[14] (Table D).

(1) Measurement of carbon emissions from produc-
tion and residential use: the 2006 IPCC National Green-
house Gas Inventory Guidelines (referred to as the Guide-
lines) published by the Intergovernmental Panel on Cli-
mate Change (IPCC) established a basic framework sys-
tem for carbon emission accounting [ 31-32].The Guide u-
ses the product of ctivity ata and mission actors as the
basic calculation formula for greenhouse gas emissions.

The formula is as follows:

Eh: ELOE,’ . E,‘

Among them,E,, is the total emission of CO,, and i is
the i-th energy source, €; is the CO, emission coefficient
of the i-th energy source, E; is the consumption or usage
of the i-th energy source, and n is the number of energy
types.

(2) Calculation of transportation carbon emissions:
mainly including internal and external transportation in
villages. The calculation formula for carbon emissions of
different transportation modes is:

Ev= 2], ,(Ci;+ Dy« P

The estimated E,, is the total carbon emissions calcu-
lated based on the distance traveled by the vehicle, where i
represents the vehicle type (such as cars, motorcycles,
etc.) and j represents the fuel type (such as gasoline,
diesel, etc.). C;; is the number of vehicles, D;; is the num-
ber of kilometers traveled per year by each type of vehicle
(km), P;; are the average carbon emissions of the vehicle
(kg/km).

In summary, the formula for calculating the total car-
bon emissions of rural residential units is:

E= E,+ E,
2.3 Construction and generation of carbon atlas

(1) Clarifying the boundaries of carbon emission u-
nits. The units of rural carbon emissions include rural

homesteads, factories, markets, etc., usually with clear spa-
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tial boundaries. In addition, there is a common phenome-
non in rural areas, which is the encroachment and use of
public spaces in front and behind houses. Through on-site
spatial morphology research, the specific usage of these

semi-public spaces is clarified and incorporated into the

carbon emission boundary [ 33] (Figure 2).

(2) Calculating unit carbon emissions. Based on the
calculation method of carbon emissions, the carbon emis-
sions of each unit was calculated, and a rural carbon emis-

sion database was established.

), S o L ) (5 D D O G SO S S L]
i : Construction of rural ! : Rural carbon :
R1'1ra. Carbor} Data | _ carbon atlas model 1 atlas outcome |
Emission Spatial processing: Carbon emission :Visualization: :
Atlas Database ; 1 measurement U i 1 . . 1
I and calculation 1 > Spatial analysis ]
N : Ctz;rbortli emission : ) § : Time analysis :

1 oundary unit
Collection of : Generation of carbon : : Features of each type :
information 1 emission atlas 1 ] I
o - —— - 4 o o - —————— - o

Figure 1 Schematic diagram of the generation process of rural carbon emission atlas

[] Homestead, factories, = Homestead, factories,|

and markets and markets
Space in front and Encroached space
behind Homestead

[ Basic units
Extendedsion units

Figure 2 Schematic diagram of rural carbon emission unit boundaries

Table 1 List of energy consumption and carbon emissions in rural areas [ 14]

Energy usage type

Emission source

Activity level data

Consumption of commodity energy A,

Electricity, heat, gas, and coalconsumption

Daily energy consumption A

Consumption of straw and firewood A,

Consumption of straw and firewood

Biomass energy consumption such as biogas Aj

Biogas usage

Fishing and agricultural production B;

Electricity, diesel, and fertilizer usage

Production energy consumption B Industrial production B,

Electricity, heat, gas, coal, straw and firewood usage

Tertiary industry Bs

The usage of electricity, heat, straw and firewood

Transportation energy consumption C Private cars C,

Gasoline and diesel usage

(3) Classification of carbon emissions data. Based on
the carbon emission database, the mean and standard devi-
ation of the data within each sample were calculated, and
then a hierarchical graph distribution was performed: low
carbon[ min, mean standard deviation ], low to medium
carbon emissions (mean standard deviation, mean |, medi-
um to high carbon emissions (mean, mean + standard de-
viation ], high carbon (mean + standard deviation, max ],
all mean and standard deviation are taken as integers.

(4) Carbonatlas generation. According to the classi-
fication of carbon emission data, different depth color
blocks are used to calibrate rural units with different car-
bon emission levels [ 34], and ultimately form a carbon e-

mission spatial atlas of the entire rural area (Figure 3).
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3 Analysis of spatiotemporal characteristics of carbon

atlas in low-carbon villages

3.1 “Tendency” distribution characteristics of carbon atlas

Relevant literature points out that industrial planning
in cities and towns has a “top-down” characteristic. Gen-
erally speaking, the carbon emission spatial pattern of the
secondary industry shows a significant increase from the
inner circle to the outer circle, while the high carbon emis-
sion spatial pattern of the tertiary industry is mostly con-
centrated in the urban area. Therefore, the spatial distribu-
tion of carbon emissions in cities has a strong tendency
and similarity. In comparison, the distribution of industries in

rural areas often has a “bottom-up” spatial tendency, and the
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influencing factors of different industries in rural areas (such as
rural roads, environmental resources, village patterns, etc.) dif-
fer significantly between villages, reflecting the different spatial

distribution characteristics of industries in each village, as well

as the different tendencies and agglomeration of carbon emis-
sion patterns. There are significant differences in the character-
istics of carbon emission spatialatlas among the four types of

rural areas, as follows:

» ‘ &'\ V/L?‘\

Selecting sample cases and
conducting research

Clarifying the boundaries
of carbon emission units

Generatinge
carbon emission atlas

Figure 3 Schematic diagram of the generation process of rural carbon emission atlas

(1) The carbonatlas of traditional agriculture and
fisheries has a weak spatial “tendency” and no obvious
high carbon regions. Almost every household in this type
of rural areas is engaged in the fishing and agricultural in-
dustry, with similar industrial models and little impact
from the location of homesteads, so the spatial differences
in carbon emissions are not significant. Taking Lupu Vil-
lage as an example (Figure 4-a), rural industries are most-
ly dominated by small fishing and agricultural households,
with weak industrial links between each household. There
are no large-scale production and processing factories, and
therefore no obvious high carbon emission areas.

(2) The spatial “tendency” of the carbon atlas for in-
dustrial production is significant, and the morphology of
high carbon emission regions is mostly clustered and
blocky. There is a “industrial chain” dependency relation-
ship between carbon emission units in this type of rural
area, and some units will spontaneously form a “produc-

”

tion alliance” that integrates manufacturing, processing,
transportation and other functions [ 36 ]. Therefore, the in-
dustrial form often expands in a “imitative” manner within
the cluster, and thus has a clear regional tendency. Taking
Dazhuyuan Village as an example (Figure 4-b), high car-
bon emission areas appear near large factories or family
workshops with large homesteads. At the same time, be-
cause the carbon emissions of each link in the “industrial
chain” are different between high carbon emissions of

rough processing in the early stage of bamboo processing

and production and the relatively low carbon emissions of

fine processing such as weaving in the later stage of pro-
duction, the carbon emissions differences between house-
holds are also relatively significant.

(3) The carbon atlas of leisure tourism has a clear
spatial “tendency”, with high carbon areas concentrated
near the sides of roads or landscape centers with conven-
ient transportation. Due to the obvious dependency on
tourist sources, the agglomeration effect of agricultural,
fishing and foreigner-friendly resorts is significant. They
are mostly distributed in areas with convenient transporta-
tion along the streets or in areas with better scenery, which
can attract more tourists. Therefore, the carbon emissions
of these areas are obviously higher. Units with weak ac-
cessibility and poor natural resources can only intermit-
tently receive tourists during peak tourist seasons due to
low passenger flow, resulting in lower carbon emissions.
From the spatial distribution of Zhangluwan Village (Fig-
ure 4-c), the difference in carbon emissions decreases
from the street to the interior of the village, and the differ-
ence between inside and outside is very obvious.

(4) The spatial “tendency” of the professional mar-
ket-oriented carbonatlas is more obvious, with high carbon
areas concentrated in the main streets or near the market.
Commercial households are mainly distributed along the
main street and both sides of the river in the settlement,
and the cellular organization is characterized by linear ag-
gregation. The large market is the “growth pole” of rural
areas, which has a significant driving effect on the region-

al economy and living space. Taking Nanbei Lake Village
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as an example (Figure 4-d), high carbon emission areas
appear near main streets or markets, in the form of inte-
grated units of shops and houses, while distant homesteads

may only serve residential purposes, resulting in lower

3.2 “Cyclical” variation characteristics of carbon atlas

The specific content and nature of rural industries de-

termine the differences of periodic changes in energy con-

sumption and carbon emissions, as well as the fluctuation

carbon emissions.

of such changes:

a.Lupu Village Village b.Dazhuyuan Villag
homestead
Bamboo
product -
y factor '\
i ’ . ) #=—— Auditorium
Monthly average Monthly average
carbon emissions | [gamboo carbon emissions
W >685 kg product a = >1295kg
o 1 544-685 k; factor 982-1295 kg
Vill g
home.ad | 403-544 kg i 669-982 kg
0 20m Forestry factories <405kg 0 20m <669 kg
¢.Zhangluwan Villag d.Nanbeihu Lake Village oo o0 o Village
Village homestead store  homestead
Village
homestead -
Village 1
—_—
homestead Y agritainment . ‘
| | l"_ = | Agricultural
B resor Monthly
L -l | average
agritainment Monthly average ket carbon
Agricultural = carbon emissions Market Supermarket . ohe
resor - = >952kg m >875 kg
756-952 kg 682-875 kg
560-756 kg 489-682 kg
0 20m <560 kg 0 20m <489 kg
Figure 4 Carbon emission atlas of typical low-carbon villages
spring(Mar-May) summer(Jun-Aug) autumn(Sept-Nov) winter (Dec-Feb)

In spring, the carbon emis-
sions of forestry factories
are relatively high, and the
carbon emissions of rural
residents are also appro-
priately increased. The

In summer, the carbon emis-
sions of rural residents'
household energy increase
significantly with the use of
air conditioningnin, and,. the
carbon emissions of agricul-

In autumn, the carbon

emissions of forestry fac-
tories are relatively high,
and the carbon emissions
of rural residents are also
appropriately increased. ,

In winter, the carbon
emissions from villagers'
domestic energy use in-
creases with the use of
air conditioning, and the
carbon emissions of for-

carbon emissions of ture and forestry are rela- The carbon emissions estry factories are also
household energy are rela- tively low from fishing have also in- relatively large
tively low creasesd.

Figure 5 The “periodic” change characteristics of the carbon atlas in Lupu Village

(1) Traditional fishing and agricultural rural areas
have the smallest total carbon emissions and less fluctua-
tion. The carbon source composition of this type of rural
area is mainly composed of rural residential energy, fish-
ing and agriculture. The peak period of carbon emissions

from agriculture and forestry is mainly concentrated in

http: / www.viserdata.com/journal/jsa

spring and autumn (planting and harvesting seasons),
while the peak period of carbon emissions from fishing is
from October to April of the following year (fishing sea-
son), and the low period is concentrated in May to Sep-
tember (non-fishing season). The peak period of carbon

emissions from rural residential energy is concentrated in
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summer and winter (Figure 5), and the overlap time of the
three carbon emission peaks is short. Therefore, the overall
fluctuation of carbon emissions is relatively stable, with a
fluctuation range within 50% of the total. Meanwhile, due
to the characteristics of the industry, its total carbon emis-
sions are relatively low, and the carbon sink of green
plants is significant, resulting in its total carbon emissions
being the lowest among the four rural types.

(2) Industrial production oriented rural areas have
the highest total carbon emissions and significant fluctua-
tion. The carbon source composition of this type of rural
community mainly includes industrial production, trans-
portation energy, and domestic energy. Due to the alloca-
tion arrangement of industrial chain division of labor,
there is a near-fixed pattern in the distribution of produc-
tion in rural areas. In response to the increase or decrease
in product demand and changes in order rhythm, produc-
tion intensity will undergo certain periodic changes (Fig-
ure 6). The peak of carbon emissions is usually concen-
trated in summer (peak production season), while the low
peak is in winter (off-season production), with fluctua-
tions within 80% of the total. The total carbon emissions
may vary significantly depending on the specific products
produced and processed in different rural areas, but over-
all, they are still higher than other types of rural areas.

(3) The total carbon emissions of leisure tourism o-
riented rural areas are relatively large and have the highest
fluctuation. The carbon source composition of this type of
rural areas is mainly composed of service industry and
transportation. Due to the significant impact of festivals
and seasons on the leisure tourism industry, the fluctuation
of carbon emissions is also the most significant, even reac-
hing a fluctuation of 300% , exceeding the “critical value”
that the environment can withstand. The peak is mostly
concentrated in February (Chinese New Year), May (La-
bor Day), October (National Day), and winter and sum-
mer (Figure 7). Especially during the “Golden Week of
Tourism” when lodging prices are rising, families not run-
ning agricultural, fishing and foreigner-friendly resorts
make forays into these businesses. Therefore, the increase
in carbon emissions will be very significant, and the car-

bon emissions at these two periods will even surpass those

of industrial rural areas. The development of agricultural,
fishing and foreigner-friendly resorts is accompanied by a
large amount of high carbon emissions due to activities
like cooking, barbecue, refrigeration and heating, and mo-
tor vehicle driving, resulting in a relatively large total car-
bon emissions in rural areas.

(4) The total carbon emissions of professional mar-
ket oriented rural areas are relatively low and have the
least fluctuation. The carbon source composition of this
type of rural area is mainly composed of domestic energy
and service industries. The periodic changes in carbon e-
missions of professional market-oriented enterprises are
not significant, and the differences in production and oper-
ation conditions throughout the year are relatively small
(Figure 8). However, there are also large-scale “trade
fairs” and other activities that will sharply increase rural
carbon emissions in the short term, with fluctuations ran-
ging from 50% to 100% . For e-commerce villages such as
Taobao Village, the stability of carbon emissions is higher
and is basically unaffected by climate and season. Moreo-
ver, due to the fact that this type of rural areas mainly uses
electricity, thermal energy, and transportation energy, its
carbon emissions are not high, and the total amount is on-
ly about 1.3 to 1.5 times that of traditional fishing and ag-

ricultural rural areas.

3.3 “Typological” structural characteristics of the carbon

atlas

Using GIS software for spatial data integration analysis of
carbonatlas can more intuitively discover the spatial typological
structural characteristics of their carbon emissions:

(1) Cluster-based infiltration pattern: industrial pro-
duction-oriented rural areas can reduce commuting con-
sumption and improve the efficiency of public supporting
facilities and services through moderate concentration, in-
filtration, and scaling of production and operation.

From an empirical perspective, a large number of in-
dustrial “small production” clusters rely on transportation
and river economic lines, forming a concentrated and
dense clustered spatial form. When reflected in the carbon
spatialatlas (Figure 9-A), there are obvious carbon emis-
sion centers in rural areas, gathering a large number of

high carbon emission units. At the same time, high carbon
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emission areas have a trend of infiltration and expansion along secondary transportation lines.

spring (Mar-May) summer (Jun-Aug) autumn (Sept-Nov) winter (Dec-Feb)

In spring, bamboo pro-
cessing factories and
household workshops
have moderate carbon
emissions, and villagers
domestic energy use has
low carbon emissions.

In summer, bamboo pro-
cessing factories and
home workshops have the
highest production and
carbon emissions peak ac-
cordingly. Villagers'
carbon emissions also in-
crease significantly with
the use of air condition-
ing.

In autumn, carbon emis-
sions from bamboo pro-
cessing factories and
household workshops
gradually decrease rela-
tive to summer, and
carbon emissions from
villagers' domestic energy
use significantly de-
crease.

In winter, the factories
and household workshops
reduce their production or
partially stop working,
and the carbon emissions
decrease accordingly.
Carbon emissions from
residential houses in-
crease due to heating and
other activities.

Figure 6 The “periodic” change characteristics of carbon atlas in Dazhuyuan Village

spring(Mar-May) summer(Jun-Aug) autumn(Sept-Nov) winter (Dec-Feb)
In spring, the business of In summer, 'the nux'nber of In autumn, the business of In winter, The carbon
agricultural and fishingre-  PeOPle visiting agricultural agricultural and fishing emissions of agricultural
sorts gradually develops, and fishing resorts agritain- resorts agritainment, and fishing resorts agrit-
with moderate carbon ment, Fishing Village Fishing Village Tourism ainment , Fishing Village
emissions. Residents have ~ 1ourism received Le in- tends to stabilize slightly. Tourism are basically
creases rapidly, and carbon After the "Golden Week" similar to those of ordi-

relatively less carbon
emissions in their daily
lives.

emissions also increase rap-
idly. At the same time, due
to the hot weather, resi-
dents' carbon emissions also
increase significantly.

of National Day in
October, carbon emis-
sions are Significantly re-
duced

nary villagers, and the
carbon emissions in rural
areas are minimized

Figure 7 The“periodic” change characteristics of carbon atlas in Zhangluwan Village

spring(Mar-May) summer(Jun-Aug) autumn(Sept-Nov) winter (Dec-Feb)

In autumn, there are relatively
more bazaars and fairs, with
relatively high carbon emis-
sions. Residents' carbon emis-
sions are relatively low

In winter, and market busi-
ness is stable and carbon
emissions are moderate.
Residents' carbon emissions
increase

In summer, and market busi-
ness is stable and carbon emis-
sions are moderate. Residents'
carbon emissions increase

In spring, there are relatively
more bazaars and fairs, with
relatively high carbon emis-
sions. Residents' carbon
emissions are relatively low

Figure 8 The “periodic” change characteristics of carbon atlas in Zhangluwan Village
(2) Dissipative fragmentated pattern: Due to the high agricultural, fishing and foreigner-friendly resorts, the car-

spatial distribution of “transportation dependence” among bon atlas structure characteristics of leisure tourism orien-
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Figure 9 The “typified” structural characteristics of rural carbon atlas

ted rural areas are obvious. According to Figure 9-B, the
peak carbon emission areas of this type of rural areas are
mostly concentrated at the intersection of “road network”
and “river network”, and there is a trend of outward ex-
tension and expansion [ 37]. However, due to the fact that
most of the business owners of agricultural, fishing and
foreigner-friendly resorts are self-built or renovated by
villagers without clear spatial planning, they are mainly
distributed in rural areas in a scattered and dissipative
manner. Therefore, the high carbon emission concentration
areas of the carbon emission atlas also exhibit a pattern of
being “small, scattered, and fragmented”.

(3) Core domain recursive pattern: in professional
market-oriented rural areas, large commercial markets are
often used as the core domain to coordinate surrounding
commercial and residential villages. The core new area
formed by industrial alliances and transaction clusters is
based on a single or several economic centers, with out-
ward divergent growth and recursive dissemination (Fig-
ure 9-C). Analysis shows that high carbon emission cells
are concentrated near the comprehensive market and trans-
portation main roads and form a “core domain” of high
carbon emissions within a range of 2-5km. The farther a-

way from the “nucleus domain”, the lower the carbon e-

missions of the village, and the overall rural area features

a “radial” carbon emission spatial structure.
Conclusion

The construction of low-carbon rural areas is an im-
portant component of green and sustainable development
in society and economy. Establishing a spatial pattern
method that can quantitatively evaluate rural carbon emis-
sions can help government decision-makers, designers, and
even the public strike the balance point between low-car-
bon emissions and life and production. It is an important
basis for rural planning, improvement, and revitalization
based on the low-carbon premise. The study provides a
technical method that takes small and micro rural units as
the research subject, takes carbon emissions generated by
energy consumption in daily life and production as the re-
search object, uses geographic information system plat-
forms as research support, and uses carbon emission atlas
as research tools. Finally, through the practical application
of four different industrial types of rural areas in the Yan-
gtze River Delta, the spatiotemporal characteristics of the
carbon atlas were obtained: (D different types of rural are-
as have different tendencies towards high carbon emis-

sions, with industrial production rural areas being the most

http: / www.viserdata.com/journal/jsa



20 Journal of South Architecture 1:(2024) 10-21

significant and traditional fishing and agriculture rural ar-
eas being the least significant; @ due to periodic changes
in industries, there are significant differences in the fluctu-
ation of carbon emissions among different types of rural
areas. Leisure tourism-oriented rural areas have the highest
fluctuation, while professional market-oriented rural areas
have the lowest fluctuation. The carbon emission atlas of
rural areas has obvious structural characteristics of “typi-
fication”, including scattered homogeneous pattern in ag-
ricultural and fishing areas, cluster-based infiltration pat-
tern in industrial areas, dissipative fragmented pattern in
leisure tourism areas and core domain recursive pattern in
professional market-oriented areas.

The study only provides a preliminary exploration of
the methods and practical applications of rural carbon e-
mission atlas, and there are still many research directions
that can be extended [ 38, 39]: @ multiple dimensions of
the carbon atlas (spatial, temporal, and spatiotemporal
combinations); @ multiple types of carbon atlas (symp-
toms, diagnosis, implementation); (@ multi-level hierarchy
of carbon atlas (macro-, meso-, and microscope). In addi-
tion, the study may also focus on the characteristics of per
capita carbon emissions, ground average carbon emissions,
and time average carbon emissions in rural areas, and pay
attention to the efficiency analysis of “time-space-individ-
ual” carbon emissions as a development and extension of
the study. Of course, this requires a long-term accumula-
tion and will be the focus of future research. Due to space
limitations, various details and data in the study cannot be
fully elaborated. This study is only used as an academic
starting point to provide ideas and references for other
scholars’ related research.
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