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Abstract: It is of great theoretical and practical significance to optimize and improve the design
of rural human settlement units through system ecology analysis based on emergy evaluation
indices. From the perspective of system ecology, the rural living environment system is multivariate
and complicated, with strong correlations and obscure boundaries between levels. Therefore, the
definition of a rural human settlement unit in China is proposed in this research and can be divided
into three scales: the microcosmic scale, mesoscale, and macroscopic scale. This research adopted
a new method for the design of rural human settlement units by adopting emergy as a common
dimension in order to solve the problem of dimensionality disunity between resource environment
elements and society economy elements. Through the establishment of the static emergy analysis
model and dynamic emergy prediction model, qualitative and quantitative analysis approaches of
the rural human settlement unit were combined. According to the design orientations of industry-
invigorative, environment-friendly, and ecology-balanced, corresponding with production-living-
ecology integration, emergy evaluation indices including the emergy self-sufficiency ratio, emergy
investment ratio, net emergy yield ratio, environmental load ratio, and emergy sustainable indices
were calculated and predicted by means of system dynamics simulation. The dynamic emergy
prediction results showed that the emergy self-sufficiency ratio and emergy sustainable indices
basically presented a decreasing tendency, from 0.34 to 0.15 and from 0.76 to 0.57, respectively,
with the passage of time; the values of the emergy investment ratio, net emergy yield ratio, and
environmental load ratio basically presented an increasing tendency, from 2.13 to 2.78, from 1.66 to
2.12, and from 2.23 to 3.61, respectively, with the passage of time. In practice, the evaluation method
based on the emergy analysis of the technical strategies and spatial arrangements of the rural human
settlement unit can provide data support for designing standards, planning guidelines, and creating
constructional instructions for the rural living environment of China.

Keywords: emergy; production-living-ecology; human settlement unit; system dynamic; emergy
evaluation indices

1. Introduction

Since the new socialist countryside construction policy was proposed in China, local
governments have paid great attention to the construction of rural living environments
and have advanced fruitful pilot demonstration projects [1,2]. Thus, significant progress
has been made in terms of the urban development in rural areas and the construction
of new rural communities [3,4]. Since the strong promotion of local government was
the main approach to accelerate the pace of rural human settlement construction, we
found few research or reports in the academic sector [5]. Most of the research focused
on the relationship between human and land utilization [6]. The existing construction
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pattern blindly imitates the pattern of urban human settlement construction, which has
a lack of adequate scientific and specific guidance and leads to the relatively premature
advance of the construction practice process and a series of ecological issues [7,8]. The
grim situation of the rural ecological environment can be specifically summarized as the
disequilibrium utilization of natural resources, serious rural environmental pollution, and
the weak ecological awareness of rural construction.

In the human settlement research domain, urban human settlement as the research
object has been more popular than rural human settlement, and policy making, as the
research hotspot, has been seen as more interesting than construction design. Xue et al. [9]
conducted an analysis of the temporal and spatial changes in the suitability and charac-
teristics of urban human settlements in which the urban real human settlements index
and pseudo-human settlements index was proposed. These research results can help
decision-makers to identify the key factors influencing urban human settlements and make
better decisions. Musakwa [10] presented data on the land and spatially integrated urban
human settlements in strategic locations in South Africa. These data were used to facilitate
decision-making on the land reform of human settlements as well as requirements for land-
use management. Researchers of rural human settlements usually pay attention to three
major areas: spatial utilization [11,12], agricultural production [13,14], and economic activi-
ties [15,16]. In conclusion, most social scientists have considered rural human settlement
as a whole for qualitative results, other than hierarchic systems with explicit boundaries
and detailed energy/mass circulation. Hence, the application of system ecology analysis
and the conception of unitization for quantitative technical results should be considered in
further studies.

The purpose of rural living environment optimization is to solve the practical problems
facing human settlement quality and to provide reasonable territory design strategies and
technological update methods in order to promote the “beautiful countryside” construction
and the creation of a modern livable rural environment. “Promoting Beautiful Countryside”
means integrating ecological construction by vigorously conducting afforestation activities,
continuously improving the rural living environment, focusing on toilet upgrading and
garbage treatment, accelerating the long-term mechanism for household sewage treatment,
and building an ecological environment with a blue sky, green land, green mountains, and
clean water [17]. The key measures for realizing rural revitalization are also in connection
with the advanced and scientific design of rural human settlements, with strong maneuver-
ability in protecting the natural pastoral style, continuing the rural regional culture, and
elevating the quality of the rural living environment. Agricultural production, the living
habitat, and the ecological environment are the three important components of the rural
living environment system, among which there are mutualistic symbiotic relationships [18].
Present research on “production-living-ecological” are usually focused on the coupling
coordination analysis of rural space [19–21]. Although the “production-living-ecological”
concept contains research categories from different disciplines, it is necessary to combine
the production, living, and ecological systems for interdisciplinary research to propose
appropriate academic theories to guide the construction of rural human settlements and
living environments. A framework of water consumption prediction and optimal allocation
for “production-living-ecology” was put forward in the paper by Xu et al. [22]; taking the
Zhangye Basin as an example, the water consumption for “production-living-ecology” was
predicted and optimized in three scenarios: an economic development priority scenario, an
environmentally sustainable development scenario, and a conventional development scenario.
The work of Liao et al. [23] took the administrative village as the evaluation object, conducting
an evaluation system from the angle of “production-living-ecology” optimization, and the
ordered weighted average operator was introduced to weigh the functional potential of low-
slope hills in a cultivated land protection ecological protection preference and urbanization
development in Dali City. In another work, the value evaluation and classification model
of land use function was established by Zou et al. [24] in rural land use planning and man-
agement in China based on the function of “production-living-ecology”. The disunity of the
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evaluation system and the variableness of the evaluation criteria are common characteristics in
existing studies. Introducing common indices for quantitative evaluation based on the system
ecology theory for the “production-living-ecological” analysis of rural human settlement can
effectively remedy the disunity and variableness issue.

To study the relationship between the natural environment and human society, schol-
ars conducted quantitative research on the limited resources, considering energy as the
common scale, which is confined to the same form of energy analysis [25,26]. Different
types of energy are derived from different sources, where there is a fundamental difference
between energy quality and value. Thus, incomparability between different forms of en-
ergy occurred in the quantitative research on the sustainable development of the resource
environment and social economic system, defined as an organic community [27]. Emergy
analysis and evaluation is the core method of system ecology research [28]. Considering
the fact that different types and sources of energy possess different energy qualities, which
cannot be directly compared and calculated, Odum proposed the conception of “solar
emergy” as a metric to break through the barrier of different energy qualities in traditional
energy analytical methods [29]. Emergy creates a uniform dimension of energy flow, mass
flow, and information flow, providing a new perspective for the quantification of essential
data in the quantitative evaluation and understanding of the relevance of the resource
environment system and social economy system [30].

Research findings related to the emergy analysis of ecological systems recently concen-
trated on agricultural systems [31,32] and production, such as vegetable production [33],
crop production [34], and green tea production [35]. As for the rural human settlement
and living environment field, there are two research orientations: technical strategy and
cultural feature. A diachronic emergy method was proposed by Zhu et al. [36] to integrate
the social development model, social-ecological factors, and emergy assessment into the en-
vironmental history research framework. Some suggestions for the sustainable eco-tourism
model, eco-agriculture technology, and social-ecological integrated governance were es-
tablished. Methods for standardizing natural and economic inputs were developed by
Falkowski et al. [37] to allow for a more comprehensive evaluation of the system. Emergy
values for the transfer of traditional ecological knowledge, maintenance, and creation were
assessed at the individual and community levels. The findings highlighted the importance
of protecting the sustainability of knowledge transfer systems that produce traditional
ecological knowledge and developing a practical education system. Table 1 shows the
existing methods for comprehensive sustainability assessments with evaluation indicators
on rural human settlements.

Table 1. Existing methods for sustainability assessments with evaluation indicator comparisons.

Assessment Orientations Assessment Methods Assessment Goals

Agricultural production [38] System dynamics [39] Spatial planning and
management [40]

Living habitat arrangement [41] Emergy analysis [42] Energy source utilization [43]
Ecological environment [44] Analytic hierarchy process [45] Cultural revitalization [46]

From the perspective of system ecology, the rural living environment system is mul-
tivariate and complicated, with strong correlations and obscure boundaries between all
levels of the system. Drawing lessons from the concept of a “unit”, with dual proper-
ties that are systematic and self-contained, the definition of a rural human settlement
unit of China was proposed which can be divided into three scales: the microcosmic
scale (courtyard unit), mesoscale (cluster unit), and macroscopic scale (village unit). En-
ergetic flow diagrams were drawn and the total energy inputs/outputs of each scale
were calculated through static emergy analysis. According to the design orientations of
industry-invigorative, environment-friendly, and ecology-balanced, corresponding with
production-living-ecology integration for different spatial arrangements and technical
strategies, respectively, emergy evaluation indices including the emergy self-sufficiency
ratio (ESR), emergy investment ratio (EIR), net emergy yield Ratio (EYR), environmental
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load ratio (ELR), and emergy sustainable indices (ESI) were analyzed and predicted by
means of a system dynamics simulation. The technical framework of this research is shown
in Figure 1.

Figure 1. The technical framework of this research.

2. Methodology
2.1. Conception and Hierarchy Division of the Rural Human Settlement Unit
2.1.1. Rural Human Settlement Unit with the Integration of Production-Living-Ecology

It is necessary to establish a series of appropriate social organization patterns, metabolic
technology systems, and spatial layout frameworks to support and coordinate with the
sustainable development process of the rural human settlement. A “unit” is the result of the
conceptualization of this appropriate scheme [47]. A unit is a self-contained system with
clear boundaries, complete structure, proper scale, and specific function, which operates
independently. Moreover, the element configuration is function-oriented, and the elements
are mutually associated, interactive, and restrictive in a certain manner, forming an organic
and orderly integrated unit. The most important feature of the unit is hierarchical, indicat-
ing that a smaller-scale unit is generally subordinate to a larger-scale unit, and the existence
of a minimum unit that cannot be divided [48].

Due to the accelerating urbanization process in recent decades, the decline of the coun-
tryside has become an unavoidable objective reality, leaving dilapidated village houses and
facilities as well as deserted farmland. Based on this, the government has been vigorously
promoting the mergence and relocation of the villages, causing a great change in the rural
human settlement form in China. In addition, capital injection has also led to unprece-
dented diversity in the form and substance of the countryside, such as the emergence
of leisure and sightseeing agricultural parks and agricultural residences integrated with
enterprises [49]. On the other hand, the inherent attribute that determines the potential
scale hierarchy of the unit can be as small as a single courtyard or as large as a whole village.
For this reason, unitary construction is the most appropriate analyzing approach for the
classification, organization, and conceptualization of rural human settlements. Different
from highly industrialized and globalized cities, rural areas are closely related to the local
geography, climate, culture, and resource environment, which are so diversified that they
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cannot be summarized by applying a standardized formula. The unitary construction of
rural human settlements means that on the basis of universal research, strategies must
be generated according to the actual conditions, which is the realistic pathway necessary
to implement the sustainable development of rural human settlements and the living
environment [50].

Unitization is the ecological strategy frame of the rural human settlement. Based
on the role definition mentioned above, rural areas must adopt innovative production-
living-ecology integration strategies to reduce their dependence and impact on the local
environment. The most effective and direct mode is to establish each functional unit accord-
ing to ecological principles and minimize or even eliminate the input of resources/energy
and the output of waste through complementary symbiosis and integrated coordination
among elements in the unit. In this interaction mechanism, the unit of the smallest scale
(basic unit) with a relatively simple structure still needs external material transport and
waste elimination. The main function of the smallest scale unit is to satisfy the requirement
of people’s activities in the unit. As the collection of the smallest scale units, the unit of
intermediate scale with better functional characteristics needs to not only satisfy the require-
ment of people’s activities but also improve the overall operational efficiency of the unit
and reduce the input and output of external substances. The largest scale unit consists of
intermediate scale units with various functional patterns and complementary relationships,
which can reasonably achieve self-sufficiency to the maximum extent, completely handle
self-generated waste, and realize independence.

According to the current investigations of the rural living environment, this research
selected and trimmed statistical data from the 2017–2020 yearbook of China, including
natural information (altitude, water resources, solar radiation, air temperature, precipita-
tion, etc.), economy information (GNP, tourist income, investment, energy consumption,
etc.), social information (demographic change, salary income, social goods and services
consumption, etc.), and ecological information (construction land change, water and soil
loss, waste emission and disposal, etc.), to establish the typical rural human settlement
unit model of China. Considering the circulation mode of mass and energy among the
agricultural production, living habitat, and ecological environment, with different em-
phasis, the rural human settlement unit can be divided into three scales on basis of the
“unitization” conception (Figure 2). The hierarchy division of the rural human settlement
unit is according to the ecological self-circulation radius; the radius of the macroscopic
scale is 6.25 km, which is approximately the village scale, then the mesoscale scale and
microcosmic scale are defined by the rural living habitat radius, respectively [51].

• Microcosmic scale (courtyard unit)
• Mesoscale (cluster unit)
• Macroscopic scale (village unit)

Figure 2. Schematic diagram of the hierarchical division of the rural human settlement unit. (a) Court-
yard unit; (b) Cluster unit; and (c) Village unit.
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2.1.2. The Hierarchy Division of the Rural Human Settlement Unit

(1) The element composition and system circulation of the microcosmic scale (courtyard unit)
The courtyard unit is the basic unit of life and production. Since the planting area is

relatively small, fertilizer can be supplied from the biogas residue generated by the biogas
digester. Scattered planting and breeding provide food for people, and agricultural waste
such as the remaining stems and leaves can be utilized as fodder for poultry and livestock.
The feces of poultry and livestock along with the organic refuse and fecal waste generated
by people are the raw materials put into the biogas digester; water resources are mainly
from external transportation and rainwater collection. The water resources from external
transportation should experience a step utilization process, while the water resources
from the rainwater collection can be used as domestic water in daily life and planting
water. Eventually, the water resources will flow into the sewage purifier for filtration
before gradually seeping into the underground. The energy demand includes electric
energy and heat energy; electricity resources are mainly from external transportation and
photovoltaic power generation. Through the fermentation of the household biogas digester
and the continuous flow of nutrients, biogas can be continuously obtained for cooking and
a solar water heater can provide hot water for daily washing. The energetic flow diagram
according to the element composition and system circulation of the courtyard unit is shown
in Figure 3.

Figure 3. Energetic flow diagram of the courtyard unit.

(2) The element composition and system circulation of the mesoscale (cluster unit)
The cluster unit consists of several courtyard units. In addition, the cluster unit

contains large areas of agricultural production space, road transportation infrastructure,
and public space outside the living area. Centralized agricultural production activities such
as crop planting and livestock breeding can be engaged in the agricultural production space.
Feces from the centralized breeding along with the organic refuse and fecal waste generated
by people are collected and discharged into the biogas field for biogas, biogas residue,
and biogas slurry production through fermentation. Part of the biogas is directly supplied
to the dwellers for cooking, and the other part is transferred to the biogas generator as
raw material and converted into electricity. The biogas residue and biogas slurry are
then returned to the farmland as fertilizer. The domestic sewage is discharged into the
constructed wetland through a sewage network, which can not only purify the water source
but also create a public leisure landscape in the unit. The impounding reservoir collects
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and stores rainwater within a certain range in the cluster unit as water for agricultural
plating and greening, which can save a large part of the water resources. The energetic flow
diagram according to the element composition and system circulation of the cluster unit is
shown in Figure 4.

Figure 4. Energetic flow diagram of the cluster unit.

(3) The element composition and system circulation of the macroscopic scale (village unit)
Compared with the cluster units, the village unit is larger in scale, more diversified

in production factors, and has great differences in spatial form. In this unit, the living
community is formed by high-density residential areas in which the agricultural production
space basically does not exist. The agricultural production space in the form of a modern
agriculture park owns plenty of biomass resources, due to its main responsibility of large-
scale planting and breeding along with its partial tourism and manufacturing function.
Meanwhile, a medium-sized biogas field and biogas generator are not capable of meeting
the requirements of human settlement, so a multifunctional biogas factory is selected
for energy supplement. The circulation of the village unit consists of two systems: a
living system in the high-density community and a production system in the modern
agricultural park. The energetic flow diagram according to the element composition and
system circulation of the village unit is shown in Figure 5.
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Figure 5. Energetic flow diagram of the village unit.

2.2. Analytical Procedures of the Ecological Emergy Theory

Emergy refers to the past available energy use to measure the flow of matter or energy
into and out of a thermodynamic ecosystem account. It is the available solar energy
or the energy contained in solar concrete energy used directly or indirectly to provide
a service or product [29]. The unit of emergy is emjoule, to distinguish it from joule,
referring to the available energy of one kind consumed or produced in transformations. For
example, sunlight, fuel, electricity, and human services can be put on a common basis by
expressing them all as the emjoules of solar energy required to produce each one. Different
forms of energy contain different energy qualities, and energy conversion work plays a
dominant role in resolving the amount of emergy. The following two terms of integration
enable values that differ from other environmental accounting metrics: the “available”
portion of energy volume and the contribution of memory “indirect” energy transfers. The
thermodynamic basis of the emergy theory has a particular emphasis on the availability
of energy resources since availability determines the distance from the thermodynamic
equilibrium of the ecosystem under observation and thus the ability of the target system to
do work in relation to its surroundings.

2.2.1. Static Emergy Analysis Model

The emergy of a product or service can be calculated by the multiplication of an
inefficiency factor (named transformity) and the quantity of available energy input or
output. Hence, the total emergy can be obtained by the summation of the emergy value of
each transformation process, which is expressed by Equation (1):

Em =
n

∑
i=1

(Ei · Tri) (1)

where Em represents solar emergy, Ei is the energy or mass input and output, and Tri is the
transformity referring to the specific emergy value of the input and output. Transformity
measures the quality of energy, which is the intensive unit of emergy. A higher transformity
indicates a higher location in the energy hierarchy chain. The unit of transformity is sej/unit
(J, kg, or g). The transformity value can be obtained from emergy databases and previous
research or it can also be derived from the global baseline. Thus, transformity becomes a
matter of the ecosystem components and a sort of property of energy simultaneously [52].
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The expression of the total emergy input of natural resources is as follows (Equation (2)):

I = R + N (2)

where R represents the emergy input of renewable natural resources and N represents the
emergy input of non-renewable natural resources. The expression of the total emergy input
of auxiliary resources is as follows (Equation (3)):

U = P + O (3)

where P represents the emergy input of non-renewable purchased resources and O repre-
sents the emergy input of organic resources. Then, the expression of total emergy input is
as follows (Equation (4)):

T = I + U (4)

Researchers have conducted a large number of original studies to propose various
emergy evaluation indices for assessing the sustainability of the system or products accord-
ing to the emergy concept. Odum established the definition of emergy evaluation indices,
named the emergy self-sufficiency ratio (ESR), emergy investment ratio (EIR), net emergy
yield ratio (EYR), environmental load ratio (ELR), and emergy sustainable indices (ESI) [53].
These emergy evaluation indices are defined as follows (Equations (5)–(9)):

ESR =
I
T

(5)

ESR is generally applied to analyze and evaluate the external exchange as well as the
economic development level of the system. A higher value of ESR indicates more abundant
internal resources, a stronger self-sufficiency capacity, and a weaker external exchange
capacity of the system.

EIR =
U
I

(6)

EIR is also known as the ratio of economic emergy to environmental emergy, which is
applied to measure the economic development level and the environmental stress of the
system. A higher value of EIR indicates a higher economic development level and less
dependence on the natural environment of the system.

EYR =
Y
U

(7)

where Y is the total emergy output of the system.
EYR is adopted for measuring the ability of production processes to exploit internal

resources. This indicator also shows the amount of gross emergy required in order to
maintain the production. The higher the EYR value, the greater the return obtained from
the emergy contributed to the system.

ELR =
(U + N)

R
(8)

ELR reflects the pressure of production activities on the internal environment due to
the excessive exploitation of internal non-renewable resources and/or investment from the
external environment compared with renewable resources. The higher the ELR value, the
more environmental pressure and negative impacts the system has.

ESI =
EYR
ELR

(9)

ESI is the ratio of EYR to ELR, measuring the pressure on the internal environment,
the ecological sustainability, and the net benefit to the society of the system. The system is
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not sustainable with an ESI value of less than 1 and is moving toward a more sustainable
direction with an ESI value between 1 and 10. The sustainability of the system is profound
when the ESI value is greater than 10.

2.2.2. Dynamic Emergy Prediction Model

The formulas of the system dynamics model are from the combination of mathematical
expressions which accurately describe the relationship among the factors in a system.
Figure 6 shows the system dynamics causal relationship diagram of the rural human
settlement unit. According to the influencing factors that affect the emergy evaluation
indices, simplified as U (total emergy input of auxiliary resources), R (emergy input of
renewable natural resources), and Y (total emergy output), and the influencing logic
(dynamics causal relationship), this study adopted system dynamics simulation software
Vemsim to edit the system dynamics formulas of the rural human settlement unit with
different design orientations for the variation tendency prediction of the emergy evaluation
indices (2021–2035).

Figure 6. System dynamics causal relationship diagram of the rural human settlement unit.

The technical strategies and spatial arrangements of three design orientations, namely,
ecology-balanced, industry invigorative, and environment-friendly, were set for the com-
parative analysis of the variation tendency prediction of the emergy evaluation indices.

• Ecology-balanced design orientation

The principle of ecology-balanced design orientation is to achieve a highly adaptive,
coordinated, and unified state through energy flow, material circulation, and information
transfer between people and the environment within a certain period of time. When rural
human settlement units attain equilibrium, the relationship among each composition inside
of the system maintains a certain proportion. The input and output of energy and materials
tend to be equal for a comparatively long time, and the structure and function are relatively
stable. In addition, the system can return to the initial state through self-regulation when
interfered with from the outside, according to the concept of sustainable development.

(1) Technical strategies
The technical strategies of ecology-balanced design orientation are identical to the

technical strategies of the initial settings for static emergy analysis. In the courtyard
unit, technical strategies include a biogas digester, solar water heater, photovoltaic panel,
sewage purifier, and rainwater collector; in the cluster unit, technical strategies include a
medium-sized biogas field, small-sized biogas generator, constructed wetland with sewage
concentrated disposal functions, and impounding reservoir for rainwater collection; and
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in the village unit, technical strategies include a biogas factory, wetland landscape, and
impounding reservoir.

(2) Spatial arrangements
The spatial arrangements of ecology-balanced design orientation are identical to the

spatial arrangement of the initial settings for static emergy analysis. In the courtyard
unit, spatial arrangements include roof planting, facade planting, courtyard planting, and
courtyard breeding adjacent to the biogas digester; in the cluster unit, spatial arrangements
include a centralized living area (courtyard units) surrounded by agricultural production
space, a medium-sized biogas field combined with small-sized biogas generator adjacent
to centralized breeding, and a public space consisting of constructed wetland and a leisure
square; and in the village unit, spatial arrangements include a living area (cluster units)
adjacent to a wetland landscape, away from large-scale breeding, combined with a biogas
factory and modern agricultural park adjacent to the manufacturing infrastructure.

• Industry invigorative design orientation

The principle of industry invigorative design orientation is to maximumly exploit
the potential of rural human settlement units regarding landscape design, crop planting,
livestock breeding, energy manufacturing, tourism development, and the service industry,
enhancing the efficiency and speed of the internal energy flow. The main purpose of
the design orientation is to realize the maximum emergy output. Of course, this design
orientation will also lead to an increase in the utilization rate of non-renewable resources
and the emission of pollutants.

(1) Technical strategies
The technical strategies of the industry invigorative design orientation are more

suitable for agricultural-related production. Compared with the technical strategies of
ecology-balanced design orientation, technical strategies are added that include automatic
irrigation with more electric power consumption in the courtyard unit, a wind power
generator for energy supply in the cluster unit, and geothermal energy utilization for
leisure tourism and investment attraction in the village unit.

(2) Spatial arrangements
Compared with the spatial arrangements of ecology-balanced design orientation, roof

planting, facade planting, and courtyard planting are replaced with greenhouse planting
adjacent to buildings in the courtyard unit; the public space consisting of a constructed
wetland and leisure square is replaced with distributed sewage disposal in the cluster unit;
and the modern agricultural park adjacent to the manufacturing infrastructure is replaced
with a modern agricultural park combined with a manufacturing infrastructure adjacent to
leisure tourism in the village unit.

• Environment-friendly design orientation

The principle of environment-friendly design orientation is to establish a positive
interactive relationship between people and the environment. The core objective of the
design orientation is to regulate the production and consumption activities inside of the
rural human settlement unit within the ecological carrying capacity and environmental
capacity limitations, formulating critical feedback mechanisms of effective control of the
production and consumption activities through the quality and state variation of the eco-
logical environment elements. By analyzing the mechanism and pathway of the metabolic
waste flow generation and discharge especially, this design orientation tends to effectively
monitor the whole process of production and consumption activities. Multiple measure-
ments are then adopted in order to reduce the amount of pollution production, ultimately
realizing harmless pollution and lowering the adverse impact on the external ecological
environment system.

(1) Technical strategies
The technical strategies of the environment-friendly design orientation are more

suitable for environmental protection. Compared with the technical strategies of the
ecology-balanced design orientation, the technical strategy sewage purifier is replaced with
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geothermal heating in the courtyard unit; the small-sized biogas generator is replaced with
solar power generation in the cluster unit; and the wetland landscape is eliminated in the
village unit.

(2) Spatial arrangements
Compared with the spatial arrangements of ecology-balanced design orientation, roof

planting and facade planting are eliminated in the courtyard unit; the leisure square is
eliminated in the cluster unit; and the manufacturing infrastructure is eliminated in the
village unit.

The dynamic variation tendency prediction of the emergy evaluation indices of the
rural human settlement then can be applied in the following aspects: On the one hand, the
dynamic emergy evaluation indices prediction can assist designers to analyze approaches
to improve the energy efficiency levels by assessing the suitability under different design
orientations, while on the other hand, the dynamic emergy evaluation indices prediction can
assist administrators and developers to formulate a reasonable scheme for both economic
and environmental benefits.

3. Results and Discussions
3.1. Static Emergy Analysis of the Rural Human Settlement Unit
3.1.1. Static Emergy Analysis of the Courtyard Unit

(1) Emergy input and output of the courtyard unit
Table 2 shows the emergy input and output of the courtyard unit in 2020. The emergy

input consisted of renewable natural resources (R), non-renewable purchased resources
(P), and organic resources (O). The total emergy input value was 4.30 × 1016 sej, in which
the R input, P input, and O input accounted for 53.67%, 33.80%, and 12.53%, respectively.
The emergy output consisted of planting, breeding, and photovoltaic power. The total
emergy output value was 5.77 × 1016 sej, in which the planting output, breeding output,
and photovoltaic power output accounted for 30.94%, 66.03%, and 3.03%, respectively.

Table 2. Emergy input and output of the courtyard unit.

Item Raw Data Unit Transformity
(sej/Unit)

Solar Emergy
(sej)

Renewable natural resources (R)

Sunlight 2.30 × 1016 J 1 2.30 × 1016

Rain chemical 3.68 × 109 J 3.05 × 104 1.12 × 1014

Rain potential 4.77 × 107 J 4.70 × 104 2.24 × 1012

Total 2.31 × 1016

Non-renewable purchased resources (P)

Construction 3.50 × 103 $ 3.40 × 1012 1.19 × 1016

Maintenance 2.00 × 102 $ 3.40 × 1012 6.80 × 1014

Equipment 5.80 × 102 $ 3.40 × 1012 1.97 × 1015

Municipal electricity 60.40 $ 3.40 × 1012 2.05 × 1013

Municipal water 16.30 $ 3.40 × 1012 5.54 × 1012

Total 1.46 × 1016

Organic resources (O) Labor force 7.45 × 108 J 7.24 × 106 5.39 × 1015

Total input 4.30 × 1016

Planting (Y)

Bean 5.49 × 109 J 6.90 × 105 3.79 × 1015

Vegetable 1.35 × 1011 J 8.30 × 104 1.11 × 1016

Fruit 2.54 × 109 J 5.30 × 105 1.35 × 1015

Potato 1.96 × 1010 J 8.30 × 104 1.63 × 1015

Total 1.79 × 1016

Breeding (Y)

Pork 6.38 × 109 J 4.00 × 106 2.55 × 1016

Beef 1.73 × 109 J 4.00 × 106 6.92 × 1015

Poultry 2.12 × 109 J 1.70 × 106 3.60 × 1015

Dairy 4.12 × 108 J 2.00 × 106 8.24 × 1014

Egg 6.31 × 108 J 2.00 × 106 1.26 × 1015

Total 3.81 × 1016

Others (Y) Photovoltaic power 1.06 × 1010 J 1.65 × 105 1.75 × 1015

Total output 5.77 × 1016
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(2) Emergy evaluation index calculation of the courtyard unit
As can be seen from Table 3, the EIR value of the courtyard unit was 86.34%, indicating

that the exploitation and utilization level of the natural resources of the unit at the microcosmic
scale was comparatively low. The courtyard unit still depended on the construction and
production facilities of urbanization and industry. Thus, the growth space of this evaluation
index was relatively large in terms of ecological and self-sufficient development goals. The
EYR value was 289.48%, which means that the emergy output of the unit itself was capable
of compensating for the purchase of emergy and gaining emergy profit. Few manpower
resources with high emergy value were invested in this unit except for the maintenance of
buildings, equipment, and facilities, reflecting the acceptable production efficiency of the
ecosystem. The ELR value was at an absolutely low level of 86.34%; the consumption of
environmental resources and emission of wastes and pollutants were well regulated, and
the environment loads lay in a secure range. The ESR value was 53.67%; on the one hand,
the natural resources in this rural human settlement unit were relatively abundant, and the
resource base and security level for economic development were comparatively high. On the
other hand, this index also reflected the current situation of the insufficient emergy purchasing
power of the recycling system under the goal of self-sufficiency. The ESI value was 3.35, with
powerful renewability and the promising prospect of sustainable development.

Table 3. Emergy evaluation index calculation of the courtyard unit.

Item Value

Emergy input of renewable natural resources (R) 2.31 × 1016

Emergy input of non-renewable natural resources (N) ——
Total emergy input of natural resources (I) 2.31 × 1016

Emergy of non-renewable purchased resources (F) 1.46 × 1016

Emergy input of organic resources (O) 5.39 × 1015

Total emergy input of auxiliary resources (U) 1.99 × 1016

Total emergy input (T) 4.30 × 1016

Total emergy output (Y) 5.77 × 1016

Emergy self-sufficiency ratio (ESR) 53.67%
Emergy investment ratio (EIR) 86.34%
Net emergy yield ratio (EYR) 289.48%

Environmental load ratio (ELR) 86.34%
Emergy sustainable indices (ESI) 3.35

3.1.2. Static Emergy Analysis of the Cluster Unit

(1) Emergy input and output of the cluster unit
Table 4 shows the emergy input and output of the cluster unit in 2020. The emergy

input consisted of renewable natural resources (R), non-renewable natural resources (N),
non-renewable purchased resources (P), and organic resources (O). The total emergy input
value was 1.34 × 1019 sej, in which the R input, N input, P input, and O input accounted for
36.57%, 0.97%, 45.82%, and 16.64%, respectively. The emergy output consisted of planting,
breeding, and biogas energy. The total emergy output value was 1.81 × 1019 sej, in which
the planting output, breeding output, and biogas energy output accounted for 53.59%,
41.26%, and 5.15%, respectively.
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Table 4. Emergy input and output of the cluster unit.

Item Raw Data Unit Transformity
(sej/Unit)

Solar Emergy
(sej)

Renewable natural resources
(R)

Sunlight 4.84 × 1018 J 1 4.84 × 1018

Rain chemical 2.01 × 1012 J 3.05 × 104 6.13 × 1016

Rain potential 4.23 × 1010 J 4.70 × 104 1.99 × 1015

Total 4.90 × 1018

Non-renewable natural
resources (N) Net topsoil loss 7.56 × 1011 J 1.7 × 105 1.29 × 1017

Non-renewable
purchased resources (P)

Construction 1.05 × 106 $ 3.40 × 1012 3.58 × 1018

Maintenance 7.31 × 104 $ 3.40 × 1012 2.49 × 1017

Equipment 6.80 × 105 $ 3.40 × 1012 2.31 × 1018

Municipal electricity 9.74 × 102 $ 3.40 × 1012 3.31 × 1014

Municipal water 5.82 × 102 $ 3.40 × 1012 1.98 × 1014

Total 6.14 × 1018

Organic resources (O) Labor force 2.93 × 1011 J 7.24 × 106 2.23 × 1018

Total input 1.34 × 1019

Planting (Y)

Bean 4.78 × 1011 J 6.90 × 105 3.30 × 1017

Vegetable 6.52 × 1011 J 8.30 × 1019 5.41 × 1016

Fruit 1.09 × 1011 J 5.30 × 105 5.78 × 1016

Potato 1.96 × 1012 J 8.30 × 104 1.63 × 1017

Corn 8.36 × 1012 J 4.90 × 105 4.10 × 1018

Wheat 9.73 × 1012 J 5.10 × 105 4.96 × 1018

Oil plant 5.14 × 1010 J 6.90 × 105 3.55 × 1016

Total 9.70 × 1018

Breeding (Y)

Pork 1.02 × 1012 J 4.00 × 106 4.09 × 1018

Beef 5.68 × 1011 J 4.00 × 106 2.27 × 1018

Poultry 4.35 × 1011 J 1.70 × 106 7.40 × 1017

Dairy 8.26 × 109 J 2.00 × 106 1.65 × 1016

Egg 1.77 × 1011 J 2.00 × 106 3.54 × 1017

Total 7.47 × 1018

Others (Y) Biogas energy 5.65 × 1012 J 1.65 × 105 9.32 × 1017

Total output 1.81 × 1019

(2) Emergy evaluation index calculation of the cluster unit
As can be seen from Table 5, the EIR value of the cluster unit was 166.48%, indicating

that the exploitation and utilization level of the natural resources of the unit at the mesoscale
was distinctly higher than that of the unit at the microcosmic scale. Compared with the
courtyard unit, the dependency and the quantity demanded of the external resources were
lower. Generally speaking, the growth space of this evaluation index was still relatively
large in terms of ecological and self-sufficient development goals. The EYR value was
215.76%, lower than that of the courtyard unit. More manpower resources with high
emergy value were invested in this unit, mainly for the construction of the impounding
reservoir and the maintenance of the wetland. The ELR value was 170.84%, higher than that
of the courtyard unit. The consumption of environmental resources and emission of wastes
and pollutants were both strengthened, and the secure range of the environmental loads
was extruded. The ESR value was 37.53%, lower than that of the courtyard unit. On the one
hand, this was a reflection of the reduction in the natural resource utilization in this rural
human settlement unit; on the other hand, this index also indicated that in order to realize
the goal of self-sufficiency, the unit needed the supplement of external resources. The ESI
value was 1.26, which means that the renewability is lower than that of the courtyard unit,
therefore, internal resource utilization for the purpose of sustainable development should
be promoted.
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Table 5. Emergy evaluation index calculation of the cluster unit.

Item Value

Emergy input of renewable natural resources (R) 4.90 × 1018

Emergy input of non-renewable natural resources (N) 1.29 × 1017

Total emergy input of natural resources (I) 5.03 × 1018

Emergy of non-renewable purchased resources (F) 6.14 × 1018

Emergy input of organic resources (O) 2.23 × 1018

Total emergy input of auxiliary resources (U) 8.37 × 1018

Total emergy input (T) 1.34 × 1019

Total emergy output (Y) 1.81 × 1019

Emergy self-sufficiency ratio (ESR) 37.53%
Emergy investment ratio (EIR) 166.48%
Net emergy yield ratio (EYR) 215.76%

Environmental load ratio (ELR) 170.84%
Emergy sustainable indices (ESI) 1.26

3.1.3. Static Emergy Analysis of the Village Unit

(1) Emergy input and output of the village unit
Table 6 shows the emergy input and output of the village unit in 2020. The emergy

input consisted of renewable natural resources (R), non-renewable natural resources (N),
non-renewable purchased resources (P), and organic resources (O). The total emergy input
value was 2.02 × 1020 sej, in which the R input, N input, P input, and O input accounted for
31.99%, 0.87%, 49.27%, and 17.77%, respectively. The emergy output consisted of planting,
breeding, biogas energy, processing product, and service. The total emergy output value
was 2.37 × 1020 sej, in which the planting output, breeding output, biogas energy output,
processing product output, and service output accounted for 31.14%, 46.20%, 2.66%, 7.51%,
and 12.49%, respectively.

Table 6. Emergy input and output of the village unit.

Item Raw Data Unit Transformity (sej/Unit) Solar Emergy (sej)

Renewable natural resources (R)

Sunlight 6.36 × 1019 J 1 6.36 × 1019

Rain chemical 3.32 × 1013 J 3.05 × 104 1.01 × 1018

Rain potential 4.64 × 1011 J 4.70 × 104 2.18 × 1016

Total 6.46 × 1019

Non-renewable natural resources (N) Net topsoil loss 1.02 × 1013 J 1.70 × 105 1.74 × 1018

Non-renewable purchased resources (P)

Construction 1.42 × 107 $ 3.40 × 1012 4.84 × 1019

Maintenance 8.95 × 105 $ 3.40 × 1012 3.04 × 1018

Equipment 8.40 × 106 $ 3.40 × 1012 2.85 × 1019

Municipal electricity 2.73 × 104 $ 3.40 × 1012 9.28 × 1016

Municipal water 7.48 × 103 $ 3.40 × 1012 2.54 × 1016

Total 9.95 × 1019

Organic resources (O) Labor force 4.96 × 1012 J 7.24 × 106 3.59 × 1019

Total input 2.02 × 1020

Planting (Y)

Bean 6.57 × 1012 J 6.90 × 105 4.53 × 1018

Vegetable 8.05 × 1012 J 8.30 × 104 6.68 × 1017

Fruit 2.13 × 1012 J 5.30 × 105 1.13 × 1018

Potato 4.24 × 1013 J 4.90 × 105 2.08 × 1019

Corn 5.10 × 1012 J 1.48 × 105 7.55 × 1017

Wheat 8.67 × 1013 J 5.10 × 105 4.42 × 1019

Oil plant 2.03 × 1013 J 8.30 × 104 1.68 × 1018

Total 7.38 × 1019

Breeding (Y)

Pork 1.71 × 1013 J 4.00 × 106 6.85 × 1019

Beef 8.95 × 1012 J 4.00 × 106 3.58 × 1019

Poultry 4.35 × 1011 J 1.70 × 106 7.40 × 1017

Dairy 1.05 × 1011 J 2.00 × 106 2.09 × 1017

Egg 2.12 × 1012 J 2.00 × 106 4.24 × 1018

Total 1.09 × 1020

Others (Y)

Biogas energy 3.83 × 1013 J 1.65 × 105 6.32 × 1018

Processing product 5.24 × 106 $ 3.40 × 1012 1.78 × 1019

Service 8.71 × 106 $ 3.40 × 1012 2.96 × 1019

Total 5.37 × 1019

Total output 2.37 × 1020

(2) Emergy evaluation index calculation of the village unit
As can be seen from Table 7, the EIR value of the village unit was 204.16%, indicating

that the exploitation and utilization level of the natural resources of the unit at a macroscopic
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scale continuously increased. Compared with the courtyard unit and cluster unit, the
dependency and the quantity demanded of external resources continuously decreased. In
other words, the growth space of this evaluation index was even larger in terms of ecological
and self-sufficient development goals. The EYR value was 174.98%, lower than that of
the courtyard unit and cluster unit. The proportion of manpower resources purchased
continuously increased, mainly for the construction of manufacturing facilities and the
management of tourism. The ELR value was 212.36%, higher than that of the courtyard
unit and cluster unit. The environmental loads became heavier because of the increasing
consumption of environmental resources and the emission of wastes and pollutants. The
ESR value was 32.88%, lower than that of the courtyard unit and cluster unit, which
indicates that it was impossible to realize the goal of self-sufficiency. Lastly, the ESI value
was 0.82, which means the danger of unsustainability was emerging in this unit.

Table 7. Emergy evaluation index calculation of the village unit.

Item Value

Emergy input of renewable natural resources (R) 6.46 × 1019

Emergy input of non-renewable natural resources (N) 1.74 × 1018

Total emergy input of natural resources (I) 6.63 × 1019

Emergy of non-renewable purchased resources (F) 9.95 × 1019

Emergy input of organic resources (O) 3.59 × 1019

Total emergy input of auxiliary resources (U) 1.35 × 1020

Total emergy input (T) 2.02 × 1020

Total emergy output (Y) 2.37 × 1020

Emergy self-sufficiency ratio (ESR) 32.88%
Emergy investment ratio (EIR) 204.16%
Net emergy yield ratio (EYR) 174.98%

Environmental load ratio (ELR) 212.36%
Emergy sustainable indices (ESI) 0.82

3.2. Dynamic Emergy Prediction of the Rural Human Settlement Unit
3.2.1. Dynamic Emergy Prediction Model Verification

This research adopted a historical data verification method for the dynamic emergy
prediction model verification. The fractional error between the simulation value and the
actual value was the validation criteria for whether the model passed the historical data
verification. When the fractional error is smaller than 10%, the model can be considered as
passing the verification. The fractional error is expressed as the following Equation (10):

δt,k =

∣∣∣∣St,k − At,k

At,k

∣∣∣∣ (10)

where δ denotes the fraction error; t denotes the year of the simulation; and k denotes the
variable attributes. When k = 1, the variable is ESR; k = 2, the variable is EIR; k = 3, the
variable is EYR; k = 4, the variable is ELR; k = 5, the variable is ESI; S denotes the simulation
value; and A demotes the actual value.

Considering the availability of the historical data, the ESR, EIR, EYR, ELR, and ESI
of 2017–2020, calculated from the emergy data, were selected as the historical data to be
compared with the simulation data of the village unit for the verification of the prediction
model (Table 8). The results showed that the maximum fractional error between the actual
historical data and the simulation data of the village unit was 8.96%, which is within the
acceptable range. In view of the scientific reliability of the prediction model certifiably passing
the verification process, the dynamic emergy evaluation indices prediction was proven to be
capable of reflecting the development tendency of the rural human settlement unit.
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Table 8. Dynamic emergy prediction model verification.

Item Year Simulation Value Actual Value Fractional Error

ESR

2017 0.38 0.36 5.56%
2018 0.36 0.34 5.88%
2019 0.35 0.34 2.94%
2020 0.33 0.33 0%

EIR

2017 1.97 1.92 2.60%
2018 2.02 1.95 3.59%
2019 2.05 2.01 1.99%
2020 2.08 2.04 1.96%

EYR

2017 1.74 1.7 2.35%
2018 1.75 1.72 1.74%
2019 1.77 1.75 1.14%
2020 1.78 1.75 1.69%

ELR

2017 1.99 1.86 6.99%
2018 2.05 1.98 8.59%
2019 2.14 2.07 3.38%
2020 2.31 2.12 8.96%

ESI

2017 0.75 0.79 5.06%
2018 0.76 0.79 3.80%
2019 0.77 0.81 4.94%
2020 0.8 0.8 2.44%

3.2.2. Dynamic Emergy Evaluation Index Prediction

The dynamic emergy evaluation indices prediction results of the rural human settle-
ment are shown in Figure 7 (the village unit, for instance). The ESR values of the ecology-
balanced design orientation of the rural human settlement unit were higher than those
of the industry invigorative design orientation and lower than those of the environment-
friendly design orientation. Because of the maximum avoidance of the external resource
input from the manufacturing infrastructure, the initial ESR values of the environment-
friendly design orientation were higher than those of the other two design orientations.
The ESR values presented a decreasing tendency with the passage of time, indicating that
the self-sufficiency abilities decreased with the gradual maturity of the development of
tourism. In addition, the requirements for external resources and exchange activities with
the external environment were also increasingly enhanced.

The EIR values of the environment-friendly design orientation of this unit were
higher than those of the ecology-balanced design orientation and lower than those of
the industry invigorative design orientation. The rural human settlement unit of the
industry invigorative design orientation developed the internal resources for tourism and
manufacturing infrastructure to the maximum so it was necessary to reinforce the monetary
and manpower resource investment with regard to the investment attraction, publicity,
and ancillary facility construction. According to the above reasons, the initial EIR values
of the industry invigorative design orientation were higher than those of the other two
design orientations. The EIR values basically presented an increasing tendency with the
passage of time, indicating that with the increasingly enhanced emergy output abilities, the
proportions for infrastructure construction, maintenance, and operation investments were
also heightened.

The EYR values of the ecology-balanced design orientation of this unit were higher
than those of the environment-friendly design orientation and lower than those of the indus-
try invigorative design orientation. The currency revenue of the tourism and agricultural
processing industry was the main emergy growth point, therefore the initial EYR values
of the industry invigorative design orientation were higher than those of the other two
design orientations. The EYR values basically presented an upward trend with the passage
of time, indicating that with the development of society and the progress of technology,
more efficient energy utilization modes and more reasonable spatial arrangements of the
unit assisted the improvement of the capacity for emergy output.
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Figure 7. Dynamic emergy evaluation indices prediction of the village unit. (a) ESR prediction;
(b) EIR prediction; (c) EYR prediction; (d) ELR prediction; and (e) ESI prediction.
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The ELR values of the ecology-balanced design orientation of this unit were higher
than those of the environment-friendly design orientation and lower than those of the
industry invigorative design orientation. The damage to the external environment of the
rural human settlement unit of the industry invigorative design orientation was mainly
from the investment attraction and ancillary facilities construction in the full life cycle, so
the initial ELR values were higher than those of the other two design orientations. The
ELR values basically presented an increasing tendency with the passage of time, indicating
that the external resources input in the early stage of development was the direct cause,
resulting in the increase in the emergy emission to the external environment. The growth
rates of the ELR values would decline from 2026 to 2031, which means that the construction
pace in this period would have slowed down, releasing the external environmental pressure
to a certain extent. The growth rates of the ELR values would then rise again after 2032,
indicating that the production accumulation and external emergy output in the early stage
of development, coupled with possible population growth and the improvement of living
standards, would lead to the increase in pollutant emissions in the next stage. With the
expansion of the industrial scale, the negative impact of the rural human settlement unit on
the external environment would be continuously strengthened in the forecastable future.

The ESI values of the industry invigorative design orientation of this unit were higher
than those of the environment-friendly design orientation and lower than those of the
ecology-balanced design orientation. The ESI values basically presented a downward trend
with the passage of time, and the curve roughly corresponded to the curve of the ELR.
The decline rates of the ESI values would decrease from 2026 to 2031 and rise again after
2032. At the macroscopic scale of the rural human settlement unit, both the initial and
final values of the ESI with different design orientations in the prediction interval were
lower than the critical value (ESI = 1) of sustainable development. However, decreasing ESI
values do not represent decreasing sustainability. Due to the constant improvement of the
unit in the early stage, the internal emergy would accumulate continuously, which would
become the intrinsic driving force for the sustainable development of the system. Although
the ESI value would eventually approach zero in the forecastable future, the sustainable
development capacity of the rural human settlement unit would not decrease, tending to
dynamic equilibrium.

It is of great theoretical and practical significance to optimize and improve the design
of rural human settlement units through system ecology analysis based on the emergy
evaluation indices. Theoretically, this research proposed a new method for the design of
rural human settlement units by adopting emergy as a common dimension in order to
solve the problem of dimensionality disunity between environmental resource elements
and society economy elements. Through the establishment of the static emergy analysis
model and dynamic emergy prediction model, the qualitative and quantitative analysis
approaches of the rural human settlement units were combined, expanding the application
scope of system ecology and the emergy theory. In practice, the results of this study have
important application value for the formulation and implementation of the ecological and
sustainable rural development strategy in China. The evaluation method based on the
emergy analysis of the technical strategies and spatial arrangements of the rural human
settlement unit can provide data support for designing standards, planning guidelines, and
creating constructional instructions for the rural living environment of China.

4. Conclusions

This study drew the following conclusions:

(1) This research creatively proposed the concept of the rural human settlement unit
of China, based on the ecological circulation characteristics of the rural living envi-
ronment, which can be divided into three scales: the microcosmic scale (courtyard
unit), mesoscale (cluster unit), and macroscopic scale (village unit). Three design
orientations, namely, the industry invigorative, the environment-friendly, and the
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ecology-balanced, of the rural human settlement unit were provided, corresponding
with the integration of production-living-ecology.

(2) The results of the static emergy analysis indicated that the ESR, EYR, and ESI values
of the rural human settlement units at a smaller scale were higher than those at a
larger scale, while the EIR and ELR values of rural human settlement units at a smaller
scale were lower than those at a larger scale.

(3) The results of the dynamic emergy prediction indicated that the ESR values of the
environment-friendly rural human settlement unit > those of the ecology-balanced
unit > those of the industry invigorative unit; the EIR values of the industry invigora-
tive unit > those of the environment-friendly unit > those of the ecology-balanced unit;
the EYR values of the industry invigorative unit > those of the ecology-balanced unit
> those of the environment-friendly unit; the ELR values of the industry invigorative
unit > those of the ecology-balanced unit > those of the environment-friendly unit;
and the ESI values of the ecology-balanced unit > those of the industry invigorative
unit > those of the environment-friendly unit. In addition, the ESR and ESI values
basically presented a decreasing tendency from 0.34 to 0.15 and from 0.76 to 0.57,
respectively, with the passage of time; the EIR, EYR, and ELR values basically pre-
sented an increasing tendency from 2.13 to 2.78, from 1.66 to 2.12, and from 2.23 to
3.61, respectively, with the passage of time.
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