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Abstract: Based on the composite perspective of environment-building-resource(EBR), influencing
factors of the greenness of rural buildings were sorted out by brainstorming and expert consultation,
an innovative comprehensive evaluation system was constructed and the weight ofthe impact
factors were calculated by fuzzy analytic network process(FANP). The EBR greenness
comprehensive scoring standards of each influence factor were established by means of
questionnaire, field measurement and numerical simulation. As a typical representative of human
populated areas in southwest China, 13 villages in the second circle of Chengdu were selected as
case study areas by means of the regional average distribution theory and minimum sampling
criteria. Innovative combination of obstacle degree model and spatial interpolation analysis, the key
factors affecting the greening of rural buildings were diagnosed. The results showed that, indoor
thermal environment(E21), indoor light environment(E22), popularity of biogas facilities (R12),
green building material usage(R13) have a significant impact on the EBR greenness score. The EBR
score of study area shows a spatial distribution pattern of high in the west and low in the east, with
extremely uneven scores in various dimensions. According to the key factors obtained from the
systematic evaluation, the refined exploration of promotion strategies and measures was carried
out, the greenness improvement suggestion was put forward.

Keywords: rural residential building; building greenness score; fuzzy analytic network process
(FANP); obstacle degree analysis

1. Introduction

In 2022, the rural residential area in China exceeded 26 billion square meters [1], and the per
capita residential construction area was 4.8 times that of 1978 (Han et al., 2022) [2]. Compared with
the rapidly growing residential area, the comfort of rural housing has not been effectively improved.
Rural housing causes a huge environmental burden throughout its entire lifecycle, but fails to provide
comfortable living conditions (Aisikaer et al., 2023; Han et al., 2022) [3,4]. Solving the problems of
high energy consumption and low comfort has become a major challenge for the green development
of rural housing (Li et al., 2020; Wang et al., 2022) [5,6].

In this context, the low energy consumption and high comfort characteristics of green buildings
are in line with the concept of sustainable development (Zi et al., 2018; Cai and Guo, 2023) [7,8], and
have become a necessary support for building green living environments in rural areas and a guiding
paradigm for improving rural living conditions under carbon reduction and carbon neutrality goals
(Ding et al., 2018; Zhu et al., 2023; Gan et al.,2023) [9-11].

Researchers have conducted a series of evaluation studies on the two important characteristics
of green buildings, energy efficiency and comfort. Among them, in research focused on energy
efficiency, more attention is paid to the energy-saving renovation of existing buildings, and the
performance improvement of building envelope structures such as roofs(Hu et al., 2021) [12] and
exterior walls(Deng et al., 2023) [13] is explored in depth, but most of them ignore the differences in
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energy structure in rural areas; However, research focused on comfort focuses more on thermal
comfort(Yue and Chen, 2023; Zhang et al., 2023) [14,15] and light environment [3], and there is a lack
of discussion on other indoor physical environments such as acoustic and air environments.

The exploration of local building components and indoor single physical environment in the
above studies has gradually become sufficient, but comprehensive evaluation research is slightly
insufficient, mainly manifested in the failure to fully consider the openness of rural residential
environment, the diversity of construction, and the complexity of energy structure. There is still a
certain research gap in the sorting and improvement path of rural green building factors under the
comprehensive framework.

Based on the above issues, this study integrates the boundary environment, structural
characteristics, and energy structure of rural buildings, establishes a comprehensive evaluation
system for rural green buildings, and selects the second circle of rural areas in Chengdu as a
representative research object to reveal the differences in green degree factor scores and influencing
mechanisms, explore the spatial differentiation characteristics of green degree in rural buildings,
diagnose green degree obstacle factors, and finally propose targeted measures to improve the green
degree of rural buildings, providing relevant basis for the development of green buildings in rural
areas.

2. Research Technical Routes and Methods

The research framework mainly consists of the following three stages: in the construction stage
of the evaluation system, literature mining and brainstorming methods are used to determine the
preliminary influencing factors of rural green buildings, and then the final evaluation indicators are
determined through the Delphi method. The weights of each indicator are calculated using the fuzzy
analytic network process (FANP), and the indicator scoring standards are determined through
numerical simulation combined with fuzzy mathematics theory; Collect data in the form of
interviews and actual measurements during the implementation phase; In the result analysis stage,
spatial interpolation method is used to reveal the spatial distribution differences of green degree in
rural buildings. Then, based on the obstacle degree model, the green degree obstacle factors are
diagnosed and identified. Finally, targeted improvement strategies are proposed based on the
obstacle degree diagnosis results, as shown in Figure 1.
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Figure 1. Research framework.

2.2. Construction of Evaluation Models

2.2.1. Construction of Indicator System

When constructing the indicator system, full consideration was given to the building boundary
environment and the unique energy structure of southwestern rural areas. An environment-building-
resource (EBR) model was established, and these three dimensions were used as criterion layers to
sort and decompose, preliminarily determine and refine evaluation indicators. According to the
requirements of the Delphi method, 12 experts in relevant fields were invited to conduct two rounds
of questionnaire surveys. Finally, 6 sub criterion layer indicators and 25 factor layer indicators were
determined. The specific evaluation indicators are shown in Table 1 criterion layer column, sub

criterion layer column, and factor column.
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Table 1. Comprehensive evaluation index system of rural green residential buildings.
L Subcriteria ) . .. .
Criterion layer layer Indicator layer Indicator Description Weight
Village terrain ~ The terrain where the village is located is 0.007
(E11) plain, hilly, or mountainous '
Vill t
1age WAt water quality level of villages, ponds, rivers,
environment and lakes 0.039
level(E12)
Village green
Outdoor Forest and grass coverage by the water,
. coverage . 0.042
environmental houses, roads, and villages
(E1) rate(E13)
Degree of rural The degree of improvement in the
farmland construction of high standard farmland in  0.015
construction(E14) villages
i £
Environmental Conve'znlence © Village road hardening rate, road density
conditions (E) village and flatness 0.011
roads(E15)

indoor thermal PMYV (Predicted Mean Vote), APMV
environment (adaptive predicted mean vote), and thermal 0.093

(E21) comfort
I ligh
Indoor ndF) or light Daylighting coefficient and satisfaction with
. environment L . 0.063
environmental (E22) lighting environment
E2
(E2) Indoor acoustic . . . . .
. Noise level and satisfaction with acoustic
environment environment 0.082
(E23)
Indoor air Formaldehyde content and air quality 0.052
quality (E24) satisfaction ]
o Influence of building orientation on indoor
Building nvironment and building ener 0.052
orientation (B11) envirohmenta HIGIng enetgy '
consumption
building shape = The influence of building shape coefficient
g .. s . 0.046
Building  coefficient (B12) on building energy consumption
design (B1 Rationality of 1 i
esign (B1) Building Graphic | ationa %ty o room. space layout anc.i 1t§
. impact on indoor environment and building 0.012
Design (B13) )
energy consumption
Building Style  Satisfaction with the exterior and cultural
. . . s 0.024
Design (B14) heritage design of buildings
Building Roof Influence of roof material, thickness and
performance construction  color on indoor environment and building  0.039
(B) (B21) energy consumption
Exterior wall Influence of material, thickness and color of
construction exterior wall on indoor environment and  0.030
Building (B22) building energy consumption
Construction _ Influence of window frame material and
Window . . .
(B2) . window floor area ratio on indoor
construction . o 0.040
(B23) environment and building energy
consumption
il . he i ¢ buildi
Affiliated parts Main y consu.ier the 1mRact of building
(B24) shading on indoor environment and 0.035

building energy consumption
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The ownership and usage level of solar
Solar energy

utilization (R11) facilities (solar water heaters, photovoltaic  0.033

panels, passive solar houses, etc.)

Resource Popularity of  The construction and usage level of biogas
promotion  biogas facilities facilities (traditional biogas digesters, 0.060
(R1) (R12) modern biogas treatment facilities, etc.)
Green.bulldmg Degree of use of green building materials in
material usage rural residential buildings 0.060
(R13) &
R Land resource Per capita residential land level of rural 0.033
) 'esoTJrce utilization (R21) households )
utilization (R) . .
water resources Types of domestic water use and per capita
R . . 0.021
utilization (R22) water consumption level in rural households
Resource Power Per capita living electricity consumption
savin consumption  level of rural households in the hottest or ~ 0.075
(RZ)g (R23) coldest month
Gas electricity . .
) Per capita gas consumption level of rural
consumption households 0.052
(R24)
Fuel wood usage The frequency of using firewood for cooking 0.048
frequency (R25) per household in rural households ]

2.2.2. Method for Calculating Indicator Weights

Considering the numerous quantitative difficulties in the rural building system and the
tendency towards complex network structures in the interrelationships between indicators, FANP is
chosen to calculate indicator weights to ensure the objective and accurate evaluation results(Chai et
al., 2024; Alkabaa et al., 2024;Erfan et al., 2019; Pereira A.F.C. and Sousa ], 2023; Feyzi et al., 2019; He
et al.,, 2021) [16,21].

The FANP process mainly includes four parts: (1) modeling the indicator network relationship
through expert consultation, as shown in Figure 2; (2) determining the local weights of factors using
paired comparison judgment matrices. (3) Using fuzzy scaling to determine the degree of internal
correlation between each factor and other factors, a dependency matrix is constructed. (4) The final
weight is obtained by combining local weights and dependent weights. The organized results are
shown in the weight column of Table 1.
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Figure 2. Network hierarchical database model hiagram of comprehensive evaluation indicators for
rural green residential buildings.

2.2.3. Indicator Scoring Rules

Divide indicator types into three categories: subjective indicators, objective indicators,
and subjective objective composite indicators. The subjective indicator grading is mainly
based on existing literature and normative standards, and the scoring method is based on

the fuzzy hierarchy theory, as shown in Table 2.

Table 2. Scoring rules for subjective indicators.

Evaluation criteria and score allocation
100 80 60 40 20

Indicator layer

Degree of rural
farmland Excellent Good Average Poor very poor
construction(E14)
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Convenience of Very . Less .
. . Convenient Average . Inconvenient
village roads(E15)  convenient convenient
Building Graphic
Design (B13) Excellent Good Average Poor very poor
Building Style
Design (B14) Excellent Good Average Poor very poor
Solar energy Excellent Good Average Poor very poor
utilization (R11) & yP
Popularity of
biogas facilities Excellent Good Average Poor very poor
(R12)
Green building
material usage Excellent Good Average Poor very poor
(R13)
‘ Low frequency The frequency The frequency
Fuel wood usage ~ Not using . of using  Frequentuseof  of using
) of using . . . . .
frequency (R25) firewood . firewood is firewood firewood is
firewood .
average very high

The classification of objective indicators is mainly based on reference standards, numerical
simulation results, and statistical yearbooks. The scoring method is linear interpolation, as shown in
Table 3.

Table 3. Scoring rules for objective indicators.

Indicator Evaluation criteria and score allocation
layer (D) 100 80 60 40 20
Vi.llage Plain/Basin Small undu.lating hills mount.ainous plateau
terrain (E11) mountains region
Village water
Environment  Class1 Class 11 Class I Class IV Class V
level(E12)
Village green
coverage X13=285.71R¢-11.43  Rgis the green coverage rate
rate(E13)
Building [65°,85°),[115°, [135°165°), [175 [25°,65 °), [195
orientation [85°,115°), 135°),[165°,175°), °195°),[225°,245  °,225°),[315 [205 °,215 °),
(B11) [265 °, 285 °) [245°,265°),[285 °), [295°,315°),[355 °,325°),[345 [325 °©,345 ©)
©,295 °) °,25°) ©,355 °)
Building
sha.lp.e X12=-63.45+98.34 S is the building shape coefficient
coefficient

(B12)
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Roof
A ile /F1
construction Resin tile Color steel tile sbestos tile /Flat Cement tile Grey tile
roof
(B21)
Exterior Wall Sintered Clay solid bricks Sintered shale  Clay solid
construction  porous Adobe wall  and sintered porous brick bricks
(B22) bricks bricks
Window
construction X23=400Ac/Ad-24  Ac/Aqis the window to ground ratio
(B23)
Affiliated
15,2 1.2,1. 9.12 .6,0. ,0.
parts (B24) (1.52] (1.2,1.5] (0.9.1.2] (0.6,0.9] (0,0.6]
Land
resource
utilization (20,30] (30,50] (50.70] (70,90] (90,°]
(R21)
Mainly using

water ~ Monthly per Monthly per  well water, or

Monthly per capita Monthly per capita

resources capita water . .
water consumption water consumption

utilization consumption

capita water only using
consumption L > well water

2t<L< <L<1

(R22) L<2t t St >t 0t 10t without tap
water

Month%y per Monthly per capita Monthly per capita Monthly per Month?y per
Power capita electricity clectricit capita electricity capita

consumption electricity consumption Y consumption electricity
; consumption 55 ;
(R23) consumption 30KWh<Q< 75KWh<Q< consumption
KWh £ Q <75KWh
Q <30KWh 55KWh 95KWh Q=95 KWh

Monthly per

G Monthl Monthl
s Oty pet Monthly per capita Monthly per capita  capita gas Oty pet
electricity ~ capita gas . . . capita gas
consumption consumption gas consumption 2 gas consumption consumption 9 consumption
Nm? <N <55Nm? 5.5 Nm3<N<9Nm?* Nm3<N<
(R24)  N<2Nm?® m m meam N > 12.5Nm?

12.5Nm3

The composite indicator combines the grading criteria and scoring methods of the above two
indicators, and assigns a weight of 1/2 to each indicator before adding them up to obtain the rating
of this type of indicator, as shown in Table 4.

Table 4. Scoring rules for Composite indicators.

Indicator Evaluation criteria and score allocation (Subjective/objective)
layer (D) 100 80 60 40 20
tlkrllecli)r(::l Comfortable conﬂlci}tl:lble Normal uncorslﬂilttable / Uncomfortable
. /IPMV 1<0.5, /1<IPMV I<1.5, 0.5<IPMV <1,
environment | APMV <05 /0.5<IPMV <1, 1<| APMV |<1 0.5<IPMV <1, 0.5<| APMV |<1
(E21) 0.5<|APMV <1 0.5<|APMV <1
IndF) or light Comfortable Slight Slight Uncomfortable
environment 1C=6 comfortable Normal /C=3.6 uncomfortable /C=12
(E22) /C=4.8 /C=2.4
Indoor
acoustic ~ Satisfied/ Laeq  Slight satisfied Slight unsatisfied =~ Unsatisfied

1/(4
environment (0,40] /(40,45] Normal /(45,55]

(E23)

/(55,70] /(70,%]
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Satisfied /  Slight satisfied / Normal/  Slight unsatisfied Unsatisfied /
Indoor air Formaldehyde Formaldehyde Formaldehyde /Formaldehyde Formaldehyde
quality (E24) concentration concentration concentration concentration  concentration
(0,0.02] (0.02,0.035] (0.035,0.05] (0.05,0.065] (0.065,0.08]

The numerical simulation part establishes a typical rural building standard model in Chengdu
area through BIM software, inputs external environmental parameters and sets various building
material information to visualize building energy consumption and lighting information. The specific
process is shown in Figure 3.

Establish a standard model Building Orientation

Modeling of asbestos tile, Modeling of flat roof Modeling of grey tile roof
color steel tile, resin tile rool

b - - - . 1

Figure 3. Numerical simulation process.

2.2.4. Calculation of EBR Comprehensive Score

The weighted sum method is used to obtain the comprehensive score (EBR) of rural building
green degree, and the specific calculation formula is as follows:

EBR = Z?leij X Wl] (1)

Where, Xij represents the specific score value of a sub indicator, and Wij represents the
corresponding weight value.

2.2.5. Obstacle Degree Model

The obstacle model is a mathematical statistical method based on relevant comprehensive
evaluation, which effectively identifies the main obstacles that hinder the development of things and
goals. It has been widely used in key factor analysis and research in various disciplinary fields(Cui
etal., 2023 ; Lv et al., 2024; Li et al., 2024) [22,24]. The specific steps are as follows:

Firstly, standardize the indicators using Formulas (2) and (3) respectively.
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When Xjj is a positive indicator:
N Xij—minX;j
Zyy = maxX;j—minX;; &)
When Xjj is a negative indicator:
o maxXij—Xij
Zyy = maxX;j—minX;; ®)
Where, Zij is the standardized value of a single indicator
Obstacle degree formula:
Pij = [(1 — ZU) X Wl]/Z;l=1(1 - ZU) X Wl]] X 100% (4)

Where, Pj is the obstacle degree of a single indicator to the EBR of rural housing, Zj is the
standardized value of a single indicator, Wi is the global weight of a single indicator, and n is the
total number of indicators.

2.3. Study Area and Data Sources

Chengdu is located on the western edge of the Sichuan Basin, as one of the economic centers in
southwestern China, it has certain representativeness in natural climate, rural architectural form, and
resource structure. Therefore, Chengdu is chosen as the research area.

Empirical research will be conducted using on-site investigation of receipt data. Considering
that the main urban area of Chengdu has been highly urbanized and there are relatively few
traditional rural areas, in order to meet the needs of the research sample, five suburban areas in the
second circle with a large number of villages, including Xindu, Pidu, Wenjiang, Shuangliu, and
Longquanyi, as well as Pengzhou City in the third circle, were selected as the research area. This has
formed a comprehensive coverage effect around Chengdu in terms of geographical location. Using
Chengdu’s annual “Rural Revitalization” demonstration villages and “Sichuan’s Most Beautiful
Villages” as the overall sample range, 13 villages were randomly selected as research villages at a
10% sampling ratio, including 6 new rural resettlement communities and 7 traditional villages. The
sampling quantity meets the requirements, and the distribution of sample villages is shown in Figure
4.
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Figure 4. Location of the case selection area and survey sites.

In order to obtain indoor environmental measurement values, subjective feelings of residents,
and energy consumption under the most unfavorable conditions, the research group conducted four
field investigations in the hottest and coldest months of Chengdu. The subjective indicators were
collected through questionnaire interviews, as shown in Figure 5a. The objective indicators were
collected through on-site measurements, as shown in Figure 5b—d. The comprehensive indicators
were collected through both interviews and on-site measurements. The measuring instrument used
is shown in Figure 5f. 391 questionnaires were ultimately collected, and after sorting and screening
out invalid questionnaires, 386 valid questionnaires were obtained, with an effective questionnaire
rate of 98.72%.

(c) Intdoor environmental
surveying measurement

L) 7

£

: (R (- 7
(d) Outdoor environmental (e) Record the types of rural
measurement building materials

(f) Measuring instruments

Figure 5. On site research and data measurement.

3. Results
3.1. Analysis of Subjective Indicators

Subjective indicators are distributed in all three dimensions of EBR, among which the three
indicators in the resource utilization dimension, solar energy utilization (R11), Popularity of biogas
facilities (R12), and green building material usage (R13), have relatively high weights of 0.03, 0.06,
and 0.06, respectively. The score of R11 ranges from 20.11 to 40.25, the score of R12 ranges from 21.54
to 51.64, and the score of R13 ranges from 20.48 to 59.64. The average score is relatively low.

The impact of R12 and R13 on the total EBR score is more significant. For example, Jiulong
Village in Xindu District has a score rate of over 75% in both environmental conditions and building
performance dimensions, which is higher than the first ranked Zhangi Village and the second ranked
Xingfu Village. However, due to the scores of only 30.21 and 32.55 for the two indicators R12 and
R13, the total EBR score is 64.46, which is lower than the average of 66.17.

The main reason for the generally low levels of these three subjective indicators is the biased
lifestyle habits of residents. Rural residents are more inclined to choose low-cost and easily accessible
building materials, and lack attention to the green performance of building materials. The survey
results show that 65.47% of residents have no understanding of the concept of green building
materials, as shown in Figure 6a. The proportion of using green building materials is only 24.9%, as
shown in Figure 6b.
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0,
2l 4.5%

9.1%

1.2% 2.6% 6.5%

65.5%

75.1% 14.6%

15.7%

[ ] Very understand

[ IRelatively understand
[ | General understand
I Less understand
I Not understand

[ ] Usage ratio greater than 80%
[ ] Use ratio 60%-80%
[ ] Use ratio 40%-60%
I Usc ratio 20%-40%

B s ratio 0-20%
(a) Understand the situation (b) Usage

Figure 6. Understanding and Using Green Building Materials.

In terms of energy utilization, residents place greater emphasis on comfort, convenience, and
hygiene when choosing energy, and therefore tend to prefer the use of convenient commodity energy.
43.78% of rural households only use commodity energy, and only 4.93% of households have
renewable energy facilities and use them normally.

3.2. Analysis of Objective Indicators

The objective indicators are mainly composed of indicators from the dimension of building
performance, with the factors with significant differences mainly coming from the two indicators of
the sub criterion level building structure, namely roof structure (B21), exterior wall structure (B22),
and window structure (B23). The weights of the three indicators are 0.039, 0.04, and 0.04 respectively,
with small differences. The evaluation results range from 40.63 to 87.19, 38.12 to 89.47, and 41.27 to
92.22, with a wide distribution range. Zhangi Village in Pidu District has the highest B21 score at
89.67, while Xingfu Village in Wenjiang District has the highest B22 and B23 scores at 90.25 and 92.22,
respectively. The B21 and B22 scores of Jingshan Village in Shuangliu District are both the lowest,
with 47.75 and 49.76 respectively. The B23 score of Hongguang Village in Longquanyi District is the
lowest, at 41.27.

Figure 7 shows the annual energy consumption of various types of roofs, exterior walls, and
windows in the study area, as well as their proportion to the total sample. The high energy
consumption roof types are mainly small green tile roofs, cement tile roofs, and asbestos tile roofs,
with heat transfer coefficients of 1.85 W/(m?K), 1.71 W/(m?-K), 1.52 W/(m?K). The main types of high-
energy consumption walls are clay solid brick walls and sintered shale brick walls, with heat transfer
coefficients of 1.89 W/(m*K), 1.26 W/(m?K). The main types of windows with high energy
consumption are single glass aluminum windows and single glass plastic steel windows, with heat
transfer coefficients of 5.75 W/(m?K), 4.7 W/(m?-K).

gy o] | 24000 il ] 19900

10800 F

{23005
S H 20

- 22000 19700

11000 7 19600

4 20000 9500

Moo 19400

19000

(a) roof (b) exterior wall (cywindow

Figure 7. Annual energy consumption and proportion of roof, exterior wall and window.

Due to the fact that most of the heat loss in buildings is dissipated through the outer surface of
the enclosure structure facing the surrounding environment, the thermal performance of these
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enclosure structures with high heat transfer coefficients is poor, resulting in high energy consumption
that reduces the green performance of the building.To further explore the impact of the
difference in scores between B21 and B22 indicators on the total EBR score, two residential
properties in Liyuan Village, Xindu District were selected for comparison. The difference in
scores for other indicators between the two residential areas in Figure 8a,b is relatively small.
The B21 score for residential area a is 89.21, the B22 score is 92.14, and the total EBR score is
70.24; The B21 score for residential B is 40.21, the B22 score is 45.17, and the total EBR score
is only 64.59.

(a) Better building performance (b) Poor building performance

Figure 8. Photos of Two Rural Residential Buildings in Pidu District.

3.3. Analysis of Composite Indicators

The Composite indicators (Indicators have both subjective and objective attributes) consist of
four indicators: indoor thermal environment (E21), indoor light environment (E22), indoor sound
environment (E23), and indoor air quality (E24). The trend of the subjective and objective evaluation
results of the four indicators is shown in Figure 9.
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Figure 9. Comparison between subjective evaluation and objective evaluation.

Among the four indicators, the scores of E23 and E24 are between 57.66-81.01 and 65.33-81.07,
with a small range of distribution and consistent subjective and objective evaluation results. As the
most weighted indicator in the evaluation system, the indoor thermal environment E21 has an overall
score between 69.87 and 81.1, with an average score of 74.94, providing a significant contribution to
the total EBR score. This is mainly reflected in the fact that the scores of indoor thermal environment
in the top 5 villages in the total score are all greater than 74.

Compared with the evaluation results of the other three comprehensive factors, there is a
significant discrepancy between the subjective and objective results of indoor light environment E22.
From Figure 9b, it can be seen that the trend of subjective satisfaction with the change of lighting
coefficient is not significant. The lighting coefficient of residential buildings in the research area
ranges from 1.2 to 4.8, with 85.49% of the total sample being below 4.8. The subjective satisfaction
score ranges from 77.02 to 90.17, with satisfaction and relative satisfaction accounting for 70.21%. The
higher subjective satisfaction balanced the disadvantage of lower objective evaluation results, and
the comprehensive evaluation results of indoor lighting environment ranged from 65.41 to 80.83, with
a moderate impact on EBR.

3.4. Overall Characteristics of EBR

The overall and sub scores of EBR for rural residential buildings around Chengdu are shown in
Figure 10. Among them, the overall EBR score of rural buildings ranges from 76.65 to 58.86, with an
average of 66.17, slightly higher than the median value of 65.21.

From the perspective of spatial distribution, the EBR spatial distribution of rural buildings
around Chengdu shows a spatial gradient pattern with two high value centers, Pidu District and
Wenjiang District, decreasing towards the edge. The green level of rural buildings in the surrounding
areas of Chengdu varies greatly, with significant spatial differentiation.
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3.5. Local Spatial Features of EBR
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To further reveal the local spatial characteristics of the EBR of rural buildings in Chengdu, spatial
interpolation analysis was conducted on the scores of the EBR criterion layer and sub criterion layer.
The results indicate that there are certain differences in the spatial distribution of scores in each

dimension, as shown in Figure 11.
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3.5.1. Spatial Distribution of Environmental Conditions

(i) Resource saving

16

The spatial distribution pattern of the environmental dimension shows a pattern of high in the
north and low in the south, especially in the indoor environment of the subcriteria layer. The analysis
results of the previous indicators indicate that indoor thermal environment (E21) is a key influencing
factor of indoor environment. Due to the openness of rural residential environments, indoor thermal
environment is not only related to the structural performance of buildings, but also influenced by the
outdoor environment of residential areas. The Chengdu region has a unique traditional settlement
village form - the forest panel. The forest panel system consists of four units: forest, house, water, and
field. Vegetation and water system elements help reduce solar radiation and greenhouse effect,
thereby regulating indoor thermal environment. The specific path is shown in Figure 12.
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Figure 12. The Elements of Linpan and the Path of Microclimate regulation.

The data in Figure 13a shows that traditional villages in the forest system have a better indoor
thermal environment compared to new rural resettlement communities, mainly manifested by the
fact that the absolute value range of APMV in traditional villages is more concentrated within the
comfortable range of 0.5. The subjective statistical comparison results of indoor thermal comfort also
assist in proving this phenomenon, as shown in Figure 13b. In the subjective feelings of traditional
village residents, the proportion of comfortable and more comfortable is larger, while the evaluation
of new rural resettlement communities residents is more inclined towards general. From the
perspective of forest distribution location, the forest distribution in the northern areas of Pengzhou,
Pidu, and Xindu is more dense, while the villages in Shuangliu and Longquanyi districts in the south
are concentrated in hills and mountains, with fewer forest clusters. The indoor thermal environment
score is lower than that of Pidu and Xindu, resulting in a spatial differentiation of high temperature
scores in the north and low in the south in the living environment.

2.0 50

[ Traditional village
s | [ I New rural resettlement communities|
.5
40
LOF l I
0.5 F[] H g . . C
30 H
- o 5
£ ook T
=4
0.5 - 0n
-1.0F
10
L5 Traditional village
|:| New roral CcolLnunitics
2.0 Pidu | Wenjiang | Shuangliu I Longquanyi | Xindu | Pengzhou 0 T T
Comfortahle  Slightly comfortable ~ Normal — Slightly uncomfortablemncomfortable
(a) APMYV for each region (b) Satisfaction with indoor thermal environment

Figure 13. Statistical situation of two types of villages.

3.5.2. Spatial Distribution of Building Performance

The score difference in the dimension of building performance is significant, and the spatial
differentiation effect is significant. Among them, the highest score for building performance is 88.33
(Xingfu Village, Wenjiang District), and the lowest score is 45.78 (Jingshan Village, Shuangliu
District). Due to the systematic planning and design of the architectural layout and structure of the
new rural resettlement communities, the performance dimension of the building is better than that
of traditional villages mainly relying on self built houses. Therefore, each district presents a
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distribution pattern of gradually decreasing from the high value center of the new rural resettlement
communities to the low value area of traditional villages. From the analysis results in 3.2, it can be
seen that the two indicators of roof structure B21 and exterior wall structure B22 are important factors
affecting the spatial differentiation of building performance dimensions. The comparison of specific
indicator scores further proves this point, as shown in Figure 14.

Bl1 —#— Traditional villages
—@— New rural resettlement communities

85

! \ b
by L L L g g B13
B22 —~_ >~ B4

B21
Figure 14. Comparison of Building Performance Index Layer Scores.

3.5.3. Spatial Distribution of Resource Utilization

The score of resource utilization dimension is generally low, and the spatial differentiation
shows a distribution pattern of low center and high edge. In the sub criterion layer, the R2 weight for
resource conservation is relatively high, but the score range of the R2 indicator layer is small, so the
R2 score is relatively uniform in spatial distribution. The previous analysis results indicate that the
acceptance rate of biogas facilities in resource promotion R1 is R12, and the usage rate of green
building materials is R13, which are key indicators affecting the sub criterion layer R1 and the total
EBR score.

From a spatial perspective, villages near the centers of each district are affected by urbanization,
with more complete energy infrastructure construction and a predominantly commodity energy
structure. High power electrical appliances are used more frequently, resulting in a greater demand
for energy. Among them, the most obvious is Songjialin Village in Pidu District. Songjialin Village is
located in the center of Pidu District and belongs to the urban-rural integration type village. The
residents mainly use electricity and natural gas for energy, and the utilization of renewable energy is
relatively weak. The R12 score is 24.07, and the R13 score is 25.88, both of which are in a relatively
low value.

4. Discussion

4.1. Analysis of Obstacle Factors

In order to further identify the key obstacle factors that affect the overall EBR, an obstacle degree
model was used to comprehensively diagnose and analyze EBR, and targeted improvement
strategies were proposed based on the analysis results.
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4.1.1. Spatial Distribution of Environmental Conditions

The diagnostic results in Figure 15a show significant differences in the degree of obstacles in the
three dimensions of the criterion layer. When there is only one criterion layer with an obstacle degree
greater than 30%, it is designated as a single dominant obstacle type, and when there are two criterion
layers with an obstacle degree greater than 30%, it is designated as a double dominant obstacle type.
The villages in the sample that belong to the single dominant obstacle type include Jingshan Village,
Shuangba Village, Yinding Village, Baosheng Village, Xingfu Village, and Liyuan Village. Among
them, the obstacle degree of environmental conditions exceeds 40% in single dominant obstacle type
villages. Villages belonging to the dual dominant obstacle type include Huoshiyan Village, Youyi
Village, Hongguang Village, Helin Village, Zhangqi Village, Songjialin Village, and Jiulong Village.
Among them, 71.4% of villages are dominated by environmental conditions and resource utilization
as obstacles, indicating that. The environmental situation is a crucial obstacle dimension.
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Figure 15. Obstacle analysis.

The obstacle diagnosis results of the subcriteria layer are shown in Figure 15b. In the sub
criterion layer, the obstacle level of indoor environment (E2) is the most significant, with 69.23% of
villages having an obstacle level exceeding 30%, indicating that the obstacle level of environmental
situation E is mainly contributed by E2.

4.1.2. Obstacle Analysis of Indicator Layer

The diagnostic results of obstacle degree in Figure 15c indicate that the top four indicators of
overall obstacle degree are E21, E22, R13, and R12, which are basically consistent with the analysis
results of the previous indicators.

The score range of indoor thermal environment (E21) is relatively small, and its obstacle degree
mainly comes from the high weight of the indicator itself. The obstacle level of indoor light
environment (E22) is due to the significant difference between subjective and objective evaluations,
resulting in a low overall score and a more significant obstacle level.

Overall, the obstacles in the dimension of building performance are relatively average, and there
is no obvious clustering. The weight distribution of indicators in this dimension is relatively uniform.
The difference in scores between the two indicators of roof construction (B21) and exterior wall
construction (B21) is significant, but it has not become a significant obstacle factor. The main reason
is that B21 and B21 have relatively small weights and are weaker in obstacle priority compared to
high weight indicators such as E21 and R12..

In the dimension of resource utilization, there are significant obstacles in the popularity of biogas
facilities (R12) and green building material usage (R13). The weight and score range of R12 and R13
is significant, with 69.23% of villages having low scores in R12 and R13, showing significant
clustering on the obstacle heatmap.

4.2. Strategies for Enhancing Rural Green Residential Buildings

The diagnostic results of EBR obstacle factors in rural buildings around Chengdu indicate that
indoor thermal environment (E21), indoor light environment E22, popularity of biogas facilities (R12),
and green building material usage (R13) are key obstacle factors. Based on the characteristics of the
above four factors, balancing the relationship between energy efficiency, comfort, and economy,
targeted improvement strategies are summarized as follows:

(1) Improve indoor thermal environment

The indoor thermal environment, as the most significant obstacle factor, needs to be given
priority consideration when improving the EBR of residential buildings. Taking Wenjiang District
and Lin Village as an example, the indoor thermal environment of the village reached 15.19%. Field
research has found that the thermal performance of residential buildings in Helin Village is poor and
cannot meet the thermal comfort requirements of residents. Passive energy-saving technology can be
used to transform the enclosure structure of existing residential buildings.

Taking a residential building in Helin Village as an example, the original enclosure structure of
the building was wooden doors, single glass plastic steel windows, and the roof and exterior walls
were not insulated, resulting in significant heat loss. Considering economic and regional feasibility,
a numerical simulation was conducted to determine the renovation plan, as shown in Figure 16. The
renovation results show that by replacing the windows with double-layer hollow plastic steel
windows and changing the method of roof exterior walls, the indoor thermal environment score has
been increased from 64.39 to 72.45, and the unit energy consumption has been reduced by 25.34%
compared to the original. At the same time, it meets the requirements of comfort and energy
efficiency.


https://doi.org/10.20944/preprints202405.2021.v1

Preprints.org (www.preprints.org) | NOT PEER-REVIEWED | Posted: 30 May 2024

d0i:10.20944/preprints202405.2021.v1

Tl o e 4{ Exterior wall construction I

Roof construction

fiish coat

finish coat

20mm extruded polystyrene board

20mm ccment mortar

240mm clay soid bricks

20mm cement mortar

Hellow double-layer glass External  Inernal

Llcat-transfer cocfficient:2.5( W/m? K) Lxternal Tnernal

waterprool layer

20mm extruded polystyrene board

20mm cement maortar

120mm concrete slab

20mm lacing layer

Figure 16. Residential structural renovation plan.

(2) Optimize indoor lighting paths

The obstacle level of indoor lighting environment is second only to indoor thermal environment.
Taking Huoshiyan Village in Shuangliu District as an example, the obstacle level of indoor lighting
environment in the village is 10.52%, with an average lighting coefficient of 1.8%. From the numerical
simulation results in Figure 17, it can be seen that when the window to ground ratio is 0.4, the annual
energy consumption is the lowest and good lighting effects can be achieved. The indoor lighting
environment evaluation score can be increased from 52.37 to 65.25. In addition to increasing the
window area, setting up lighting wells and roofs can increase the average lighting coefficient to 2.9%
and 2.6% respectively, and the indoor lighting environment evaluation score can be increased from

52.37 to 64.15.
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Figure 17. The relationship between indoor lighting environment parameters and energy
consumption.

(3) Strengthen the utilization of green resource

The R12 and R13 scores of Zhangi Village in Pidu District are the highest, and Songjialin Village
in the same area can learn from Zhangi Village’s green ecological development model in terms of
resource utilization. In terms of energy utilization structure, promote renewable energy facilities
according to local conditions, comprehensively prohibit straw incineration in resource utilization,
and promote the energy utilization of crop straw through methods such as biogas gasification,
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vaporization, and solidification; In the use of building materials, reducing the use of traditional clay
building materials can replace traditional solid clay bricks with sintered porous bricks. By following
the above path to optimize the energy structure and building material selection, the resource
utilization dimension score of Songjialin Village can be increased from 40.79 to 68.14, and the total
score of EBR can be increased from 60.07 to 68.88.

5. Conclusions

A greenness evaluation system for rural residential buildings was constructed based on three
dimensions of environment, building, and energy consumption. The main indicators affecting EBR
were analyzed, and spatial interpolation analysis was used to explore the spatial distribution pattern
of rural building EBR. Based on the obstacle degree model, obstacle factors were identified and
diagnosed, filling the gap in rural green building evaluation research in Southwest China and
providing a foundation for the development of green buildings in similar regions. The main
conclusions are as follows:

(1) An innovative comprehensive evaluation system was constructed based on the composite
perspective of EBR, and the weight ofthe impact factors were calculated by FANP. The results show
that the system has a certain universality in rural settlements in southwest China, which will lay a
foundation for the study of similar areas, and form a basic research framework and preliminary data
support.

(2) The EBR greenness comprehensive scoring standards of each influence factor were
established by means of questionnaire, field measurement and numerical simulation. In particular,
the numerical simulation work based on BIM technology has been successfully adopted in the
greenness scoring standard and case analysis, which provides new means to try and path exploration
for the development of work in this direction.

(3) By innovative combination of obstacle degree model and spatial interpolation analysis, the
key factors affecting the greening of rural buildings were diagnosed. It provides the basis for the leap
from qualitative recognition to quantitative accurate evaluation, and realizes the further analysis of
scientific problems, which has great social value.
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