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Abstract: Sustainability studies are vital for the long-term development of ecological cities. For cities,
single qualitative or quantitative evaluation studies cannot effectively illustrate the ecological and
sustainable status of a city. This study employs the emergy—geographic information system (GIS)
method to conduct a sustainability evaluation of a city, so as to effectively verify the evaluation
results. The emergy method and GIS are both commonly used approaches to address urban issues,
but their synergistic effect has rarely been considered, explored, and utilized in urban planning. This
study aims to investigate this effect on Hangzhou city through comparative analysis. The results
show that rain (geopotential energy) and rain (chemical potential energy) have the highest emergy
values from 2000 to 2035, followed by solar emergy, wind emergy, and geothermal heat emergy.
These findings are also supported by the GIS map that shows a similar pattern with renewable
emergy. Using the five plots (cropland, woodland, grassland, water area, and built-up land) on
the GIS map as examples, the accuracy of emergy calculation results for Hangzhou city can be
verified, demonstrating the effectiveness of the emergy-GIS methodology. This research provides
practical recommendations for city designers and professionals worldwide on urban sustainability.
By incorporating both emergy and GIS methods, cities can make informed decisions toward achieving
environmentally sustainable development.

Keywords: sustainability; emergy-GIS method; urban system; predictive analysis

1. Introduction

At present, the vast majority of people reside in urban areas, leading to numerous chal-
lenges such as urban heat islands, solid and water pollution, air pollution, traffic congestion,
and more. Cities in China are facing a variety of issues, including outdated infrastructure,
urban congestion, water and air pollution, public health crises, waste gas and solid pollu-
tion, urban heat island effects, and others [1]. To address these challenges, it is urgent to
apply and practice the concept of sustainable development. Before initiating sustainable
urban renewal and governance, it is crucial to evaluate the state of urban development.
Therefore, urban sustainability assessment has become a critical research topic.

Urban sustainability analysis needs to assess the environmental, social, and economic
impacts of urban development and operations. It aims to find balanced development strate-
gies that meet current needs without compromising the ability of future generations to meet
their own needs. Urban sustainability analysis typically involves the following aspects:
(1) Environmental sustainability: evaluating resource efficiency, waste management, air
quality, water resource management, and other factors to ensure that urban development
does not exert excessive pressure on ecosystems. (2) Social sustainability: considering the
social welfare, equity, and inclusivity of urban residents. This includes assessing education,
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healthcare services, community engagement, cultural preservation, and other factors to
ensure that everyone can share in the benefits of urban development. (3) Economic sustain-
ability: analyzing economic growth, employment opportunities, and innovation capacity
in cities. This includes evaluating industrial diversity, entrepreneurial environments, and
sustainable economic models to ensure long-term prosperity and development. Through
urban sustainability analysis, governments, planners, and decision-makers can understand
the overall impact of urban development and formulate corresponding policies and mea-
sures to promote sustainable development. This comprehensive analytical approach helps
achieve a balance between the environment, society, and economy of cities, creating more
sustainable and livable urban environments.

However, due to the complexity of urban sustainability and the wide range of aspects
it encompasses, researchers have conducted their analysis and exploration from various dif-
ferent perspectives. These include ecological security [2—4], ecological footprint [5,6], urban
symbiosis [7], ecological civilization construction [8], ecological network [9], environmental
quality [10], ecological smart city [11,12], ecological livability assessment [13], emergy
analysis [14], ecological literacy [15], ecological pattern [16], ecological risks [17], and more.
These analytical perspectives provide theoretical support for the design and development
of sustainable cities, offering various insights for urban managers and designers. They
contribute to the improvement and enhancement of urban sustainability.

In the field of urban sustainability, GIS methods and emergy methods are two main-
stream research approaches that assess the sustainable state of cities from quantitative
and qualitative perspectives. The GIS approach has been widely used in urban research,
encompassing areas such as bibliometric analysis [18], dynamic evaluation [19], disaster
susceptibility [20], smart perspective [21,22], ecological risk [23], urban greenspace accessi-
bility [24], ecological security [25], land-use change assessment [26], and more. The emergy
method is also frequently utilized in urban research [27-40]. Its advantage lies in the ability
to quantitatively calculate various inputs and outputs of urban systems, which facilitates a
clear identification of the sustainability status of the city system.

Therefore, some researchers have combined emergy and GIS methods to analyze and
explore the sustainability of urban systems. This methodological approach effectively
leverages the advantages of both approaches and enables precise positioning of urban
sustainability. Emergy—GIS is a methodology based on ecology, economics, and GIS. This
method can quantitatively and qualitatively evaluate the flow of materials and energy in
a specific area, as well as the environmental and social impacts of these flows. Using this
method, resource utilization efficiency and costs can be determined, and the consequences
of various policy and technological choices can be predicted. Through the emergy-GIS
method, the city can be divided into different subsystems, such as energy, water resources,
waste treatment, and transportation, and each subsystem can be assessed. In this way,
different aspects od a city’s sustainability, such as resource utilization efficiency, envi-
ronmental impact, and social justice, can be determined. Considering the two aspects
of the emergy—GIS evaluation method, the quantitative evaluation more readily enables
comparisons and is more accurate, while the qualitative evaluation is more suitable for de-
termining long-term goals and planning. Therefore, both are necessary for the assessment
of urban sustainability.

Until now, the emergy—GIS method mainly focused on family farm analysis [41], re-
source monitoring applications [42], evaluation of renewable resources [43], sustainability
studies of rivers [44], land use analysis [45], landscape classification [46], product productiv-
ity analysis [47], sponge city design [48], and ecosystem structure [49]. The current research
lacks studies and analysis on urban sustainability, and this article precisely fills this gap.
The purpose of this article is to use the emergy-GIS method to quantify and qualify the
sustainability of the entire urban system, to compare and analyze the similarities and dif-
ferences between the two, to identify key influencing factors, and to provide improvement
measures and efficacy analysis, in order to provide city managers and designers with new
choices and references.
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2. Materials and Methodology
2.1. Emergy—-GIS Framework Design

In this study, an emergy—GIS framework has been built by integrating the emergy
method and GIS approach for evaluating eco-cities. The framework is presented in Figure 1.
The emergy method provides quantitative calculation of all resource and service inputs in
the city, while GIS simulation offers clear images to validate the accuracy of emergy calcu-
lations.
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Figure 1. Research framework design.

In the overall research framework, urban studies serve as the core focus. Through
the combined assessment and computation using the energy valuation method and GIS
method, the sustainability changes of the entire urban system are analyzed, and specific
improvement measures are proposed. The energy valuation method involves input factors
such as biodiversity energy value, soil organic matter energy value, water body energy
value, industrial waste energy value, and artificial energy value. The GIS method incor-
porates five elements: solar energy, potential energy of rainwater, chemical energy of
rainwater, wind energy, and geothermal energy.

The GIS software (10.3) used in this study is ArcGIS version 10.3. The core steps of
utilizing the emergy—GIS methodology include confirmation of area boundary conditions,
simulation of various types of pictures (such as water, buildings, forest, grass, etc.), and the
emergy assessment of each type of land in the city. In order to predict changes in urban
form, the Cellular automata—Markov methodology was adopted. The cellular automata
Markov methodology is a method used for simulating and predicting spatial changes. This
approach is based on the cellular automaton model, where the study area is divided into
small units called cells. Each cell has a specific state and transition rules. By using the
probability transition matrix of Markov chains, it models the state changes between cells
and predicts future spatial patterns. This methodology is widely applied in fields such as
land use, urban development, and environmental management, providing strategies and
decision support for understanding future spatial changes.
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2.2. Emergy Introduction and Model
2.2.1. Emergy Introduction

The concept of emergy was first proposed by H.T. Odum, and has the unique advan-
tage of evaluating the resource and service value based on available energy from solar
energy. The use of transformity allows for the comparison of different types of energy,
expressed as sej/g or sej/$ for one unit of each product or service, respectively [50]. Using
the emergy method, several systems have achieved efficient comparative calculations on a
unified platform, providing valuable management strategies for resources [51-53]. In this
paper, the emergy baseline is set at 12.0 x 10%* sej/year [54].

2.2.2. Emergy Calculation

The specific emergy calculation equation can be found in (1)
E; = Y (M; x UEV}) (1)

where E; is the total emergy; M; is the inputs (mass, energy, and service); and UEV/; is the
transformity for the inputs.

Calculations of biodiversity require special instructions, as they involve long-term
estimates of deoxyribonucleic acid (DNA) diversity spanning approximately one billion
years. Previous research suggests that over two billion years, there have been roughly
1.5 x 10° species. Based on this estimate, the unit emergy value (UEV) of species can be
calculated using the latest emergy baseline (12.0 x 10?* sej/yr), as follows:

(12 x 10%* sej/yr) x (2 x 10° yr)
1.5 x 107 species

UEV = = 1.6 x 10% sej/species (2

2.2.3. Emergy Diagram

Figure 2 illustrates the emergy flow in Hangzhou city and is divided into four parts. On
the left is renewable energy, which has five types: sunlight, rain-chemical, rain-geopotential,
wind, and geothermal heat. The upper side shows the inputs of the city system elements,
including four natural aspects (cropland, woodland, grassland, and water area) and two
human elements (labor and service in built-up land). In the middle are two subsystems,
the natural ecological system and the manual design system, respectively. Finally, both
subsystems are summarized into the environment on the right.

2.2.4. Emergy Indicators
All the metrics considered in the analysis are listed in Table 1.

Table 1. Sustainable indices of emergy.

Item Index Meaning
Renewability rate Re Renewable proportion
Non-renewability rate Nr Non-renewable proportion
Non-renewability rate of Np Purchased resource rate
purchased resource
Environmental loading ratio ELR Environmental pressure
Emergy yield ratio EYR Ability to obtain emergy

Emergy sustainability indicator ESI Sustainability degree
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Figure 2. Emergy diagram of Hangzhou city.

2.3. Natural Input Evaluation

In the evaluation of Hangzhou city using the emergy-GIS framework, only three
parts were considered for analysis: vegetal biomass, soil organic matter, and surface water.
Mineral and fossil energy sources in Hangzhou were not included in the calculation.

2.3.1. Vegetal Biomass

The functional distribution of vegetal biomass has been analyzed on the basis of
different land uses [55]. The use of each land has been calculated by GIS software. The
related raw data can be found in Table 1.

2.3.2. Soil Organic Matter

As a part of an urban system, soil organic matter should be considered in this paper.
The equation used specifically to calculate organic matter was as follows:

kcal
Eom = Omg X 3.5 ? x 4186 é x UEVom 3)

where Eom is the emergy of organic matter; Oy, is the amount of organic matter; and
UEVp) is the unit emergy value of the organic matter, which is 1.18 x 10* sej/j.

2.3.3. Surface-Water Emergy Calculation

In this paper, there is a hypothesis that the annual runoff volume is equal to the
accumulated surface water for the city. The surface water emergy is represented by
Equations (4) and (5)

Fi =V x ow X G (4)

where F; is the energy of the surface water (J); V is the volume of water (m3); Pw is
water density (1000 kg/m?3); and G represents the Gibbs free energy of surface water,
4940 ] /kg; and

E f= F x U; (5)

where Ef is the emergy of surface water in the city (sej); and U;(sej/]) is the unit emergy
value (2.05 x 10* sej/J) of surface water [56].
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2.3.4. Industrial Pollutant Emergy Calculation

Industrial pollutants will hurt human health, so their related damage degree needs to
be assessed. In general, the following equations can be used:
Firstly, the human health effect level can be found from Equation (6),

L=W;xDjx« (6)

where L, i, Wj, D;, and « show the human health effect in terms of emergy loss, amount of
exhaust gas, disability-adjusted life year, and emergy loss to humans per year (1.68 x 10'© sej/
(a-person)), respectively.

The exhaust gas amount is obtained from Formula (7):

_ 6
M, = ¢ x (lew) @)
5;

where M is the dilution air amount (kg/a); i is the gas type; C is the air density (1.23 kg/m3);
U; is annual air pollutants mass, kg/a; and s; is the acceptable concentration, in mg/m3.
The ecological service emergy can be represented as (8)

Rairi = 0.5M;v>Ty, ®)

where R,;,; is the environmental emergy; v is the wind speed (3 m/s); and Ty, is the wind
transformity (1.86 x 103 sej/j).
Mud emergy can be found from Equation (9)

SLM = ZmudPL BL (9)

where SLM, Z 4, P1, and B, are the mud emergy, mud value (2.32 ha), land demand, and
transformity of land, respectively.

2.3.5. Emergy of Human-Made System

In this paper, the human-made system is mainly the buildings, which include the trans-
portation facilities. The specific emergy of land use can be calculated from Equation (10):

A1 X Nf X h
Epuitding = # X UEVyyilding (10)

where Epyjiging is the emergy of building in Hangzhou city; A; is the area of urban land
use; Ny is the number of the average floor in the region; /iy is the average height; and

UEVpyilging is the transformity, of value 1.41 x 10" sej/m3 [57].

2.4. GIS Method (CA—Markov)

GIS methodshave been widely used in the analysis and prediction of land use changes
in urban areas, most notably the cellular automata—Markov chain (CA-Markov) model.
This approach combines the spatial analysis capabilities of GIS with the predictive power
of the CA-Markov model to assess urban sustainability.

The CA-Markov model utilizes historical data on land use patterns and transition
probabilities to simulate future scenarios of land use change. By integrating various spatial
and non-spatial factors such as population growth, economic development, environmental
constraints, and policy regulations, the model can provide valuable insights into the
potential impacts of different land use planning strategies on urban sustainability.

Through the application of the CA-Markov model within a GIS framework, re-
searchers can evaluate the efficiency and effectiveness of current and proposed urban
development plans. The model enables precise identification of areas at high risk of un-
sustainable land use practices and aids in the formulation of targeted interventions for
sustainable urban growth.
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Opverall, the integration of GIS methods, particularly the CA-Markov model, provides
a powerful tool for analyzing and predicting land use changes in urban systems. It supports
decision-making processes towards achieving more sustainable and resilient cities.

2.5. Study Area

Hangzhou is located in the southern part of the Yangtze River Delta, at the western
end of Hangzhou Bay, downstream of the Qiantang River, and at the southern end of
the Beijing-Hangzhou Grand Canal. It is an important central city in the Yangtze River
Delta and a transportation hub in southeastern China. Its geographical coordinates are
approximately 29°11’ to 30°34’ north latitude and 118°20 to 120°37’ east longitude. The
city center is situated at 120°12’ east longitude and 30°16’ north latitude, with a total area
of 16,850 square kilometers. Hangzhou is located in the southern part of the Yangtze River
Delta and the Qiantang River basin, characterized by diverse terrain. The western part of
Hangzhou belongs to the Zhejiang-Western Hills region, with major mountain ranges such
as Tianmu Mountain. The eastern part belongs to the Zhejiang-North Plain, characterized
by low-lying terrain, dense river networks, abundant lakes, and rich natural resources.
Hangzhou lies in the subtropical monsoon zone, experiencing a subtropical monsoon
climate with distinct seasons and abundant rainfall. The average annual temperature is
17.8 °C, with an average relative humidity of 70.3%. The annual precipitation is 1454 mm,
and the annual sunshine hours are 1765. Hangzhou boasts a natural environment of rivers,
lakes, mountains, and hills. The city’s hilly and mountainous areas account for 65.6% of
the total area, plains occupy 26.4%, and rivers, lakes, and reservoirs cover 8% (Figure 3).
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Figure 3. The map of Hangzhou City.

In 2020, Hangzhou achieved a regional gross domestic product (GDP) of 1610.6 billion
yuan, representing a growth of 3.9% compared to the previous year. Breaking it down by
sectors, the value added by the primary industry was 32.6 billion yuan, a decrease of 1.1%;
the value added by the secondary industry was 4821 billion yuan, an increase of 2.3%; and
the value added by the tertiary industry was 10,959 billion yuan, showing a growth of 5.0%.
The structure of the three industries was 2.0:29.9:68.1.

Table 2 presents data on six types of terrain for the years 2000, 2010, and 2020 in
Hangzhou. However, it is uncertain what will happen to each plot after 2020. Therefore,
this paper will simulate plot change maps using GIS software for the years 2025, 2030,
and 2035. Unfortunately, due to the lack of data, only a general assessment can be made
regarding these future years.
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Table 2. Data on the type and size of each plot.
Year Cropland Woodland Grassland Water Area  Built-Up Land  Unused Land
2000 4,341,224,700  10,372,600,800 677,226,600 896,639,400 600,055,200 117,000
2 2010 4,116,312,900  10,335,283,200 685,984,500 846,707,400 903,460,500 115,200
Area (m”) 2020 3,329,491,500  10,343,995200 683,514,900  1,051,451,100  1,479,392,100 18,900
2025 3,400,155,000  9,032,335,200  1,359,180,900  1,263,180,600 1,833,006,600 5400
2030 3,199,225,500  9,020,878,200  1,241,289,900  1,360,538,100  2,065,931,100 900
2035 3,012,943,500  8,994,467,700  1,192,640,400  1,434,662,100 2,253,144,600 5400

Figure 2 shows the area of each land type. In order to improve the efficiency of the
simulation, the years selected were 2000, 2010, 2020, 2025, 2030, and 2035, with six land
types: cropland, woodland, grassland, water area, built-up land, and unused land. Due
to the high level of development in the local area, land has a relatively small proportion
and will not be the focus of discussion in this section. By analyzing the data set, we can
determine a prediction model to forecast the future trends in land use changes for the
different land types.

3. Results and Discussion
3.1. Emergy Part Result
3.1.1. Basic Emergy Calculation

Table 3 presents the raw data inputs for Hangzhou city in 2020. The whole table has
two parts: one is natural ecological input, which involves biodiversity, surface water and
groundwater; the other is artificial input, comprising roads, rails and buildings.

Table 3. The input of Hangzhou city in 2020.

Data UEV Emergy
Item Raw Amount Ref. UEV Ref. (sej)
Artificial systems storage
Roads 16,919 km c 3.04 x 107 sej/g [46] 1.64 x 10%!
Rails 539 km c 3.04 x 10° sej/g [46] 1.13 x 102!
Buildings 822,000 m? c 1.49 x 10° sej/g [50] 2.46 x 102

Natural capital storage

Biodiversity 1237 species a 1.6 x 10?° sej/species [50] 1.98 x 10?8
Groundwater  38.75 x 10° m? b 2.26 x 10° sej/j [58] 4.33 x 102
Surface water ~ 216.69 x 10° m3 b 2.05 x 10% sej/j [59] 2.19 x 102

Total 4.44 x 10?8

Note: 2 refers to the Plant List of Hangzhou in 2020. For specific calculations, refer to Section 2.3. ° refers to the
Hangzhou Water Resources Announcement in 2020. The specific calculation can be found in Section 2.3. € refers
to the Hangzhou Yearbook in 2020.

3.1.2. Renewable Emergy Calculation for Six Types of Plots

Table 3 represents the input-type calculation for Hangzhou city in 2020, involving the
natural spatial storage capacity and the artificial system storage capacity. This provides
data support for calculating the renewable energy value and non-renewable energy value
of the entire city. Additionally, it further calculates key indicators such as energy load factor,
energy generation rate, and environmental sustainability parameters.

In Table 4, the renewable emergy data has been calculated and the specific calculations
can be found in the Appendix A.
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Table 4. Renewable emergy calculation from 2000 to 2035.

Item Cropland Woodland Grassland Water Area Built-Up Land Year
1.65 x 10" 3.94 x 1019 2.57 x 1018 341 x 1018 2.28 x 1018 2000
1.56 x 10¥° 3.93 x 101° 2.61 x 1018 3.22 x 1018 3.43 x 1018 2010
Solar energy emergy 1.27 x 10 3.93 x 1019 2.59 x 1018 3.99 x 1018 5.68 x 1018 2020
(unit: sej) 1.29 x 10¥° 343 x 101 5.17 x 1018 48 x 10'8 6.97 x 1018 2025
1.22 x 10 3.43 x 1019 472 x 108 517 x 1018 7.85 x 1018 2030
1.15 x 10" 342 x 1019 4.53 x 1018 545 x 1018 8.56 x 1018 2035
1.07 x 10%° 2.54 x 10%° 1.66 x 101 2.20 x 10% 1.47 x 10" 2000
. 1.01 x 10%° 2.54 x 10%° 1.68 x 101 2.08 x 10Y 2.22 x 10% 2010

Rain 19 20 19 19 19
(geopotential energy) 8.17 x 1019 254 x 1020 1.68 x 1019 2.58 x 1019 3.63 x 1019 2020
emergy (unit: s¢j) 8.34 x 10 2.22 x 10 3.32 x 10 3.10 x 10 449 x 10 2025
7.84 x 101 2.21 x 1020 3.04 x 1019 3.32 x 1019 5.08 x 1017 2030
7.39 x 10¥° 2.21 x 102 2.93 x 1019 3.52 x 101° 5.52 x 1017 2035
1.66 x 1020 3.97 x 102 2.59 x 1019 3.43 x 1019 2.29 x 1019 2000
Rain 1.58 x 1028 3.96 x 1022 2.63 x 1012 3.24 x 1013 3.46 x 101: 2010
(chemical potential energy) 1.28 x 1020 3.96 x 1020 2.62 X 1019 4.03 x 1019 5.67 X 1019 2020
emergy (unit: sej) 1.30 x 102 346 x 10 521 x 10 484 x 10 7.02 x 10 2025
1.23 x 10%0 3.45 x 1020 475 x 1017 5.21 x 101° 7.91 x 1017 2030
1.15 x 1020 3.44 x 102 457 x 1019 5.49 x 1019 8.63 x 1019 2035
6.28 x 1010 1.48 x 1011 9.69 x 10° 1.28 x 1010 8.59 x 10° 2000
5.89 x 1010 1.48 x 101! 9.82 x 10° 1.21 x 1010 1.29 x 1010 2010
Wind energy 4.76 x 1010 1.48 x 101 9.78 x 10° 1.50 x 1010 2.12 x 1010 2020
emergy (unit: sej) 1.28 x 1010 3.40 x 1010 511 x 10° 475 x 10° 6.90 x 10° 2025
1.20 x 1010 3.39 x 1010 4.67 x 10° 5.12 x 107 7.77 x 10° 2030
1.13 x 1010 3.38 x 1010 449 x 10° 5.40 x 10° 8.48 x 10° 2035
5.22 x 1012 1.24 x 103 8.15 x 1011 1.08 x 1012 7.22 x 1011 2000
4.95 x 1012 1.24 x 1013 8.25 x 1011 1.02 x 1012 1.09 x 10!2 2010
Geothermal heat 4.01 x 1012 1.24 x 1013 8.22 x 1011 1.27 x 1012 1.78 x 1012 2020
emergy (unit: sej) 4.09 x 1012 1.09 x 1013 1.64 x 1012 1.52 x 1012 221 x 1012 2025
3.85 x 1012 1.09 x 1013 1.49 x 1012 1.64 x 1012 2.49 x 1012 2030
3.63 x 1012 1.08 x 1013 1.43 x 1012 1.73 x 1012 2.71 x 1012 2035

Table 4 and Figure 4 present the renewable emergy data and change for Hangzhou
city. Rain (both geopotential energy and chemical potential energy) have the largest emergy
values, followed by solar emergy. Wind emergy and geothermal heat play a minor role
in the total renewable emergy in 2000. In Figure 4, the size of each emergy component is
clearly shown in the cloud image. Compared to Figure 4a—c, the trends in variation are
similar. The entire emergy tends to decrease because part of the ecological land has been
occupied by building land from 2000 to 2020. These changes are consistent with the trend
observed in the variation of natural ecological input and artificial input over time.

In addition to the calculations based on actual data in 2000, 2010, and 2020, emergy
calculations for predicted renewable parts in 2025, 2030, and 2035 were also performed.
Figure 4d—f reveals the concentration of emergy degrees across the five aspects considered.
These sub-figures demonstrate that the emergy is concentrated in solar energy and rain
(both geopotential energy and chemical potential energy), which account for more than
95% of the total renewable emergy for Hangzhou city. The GIS maps of 2025, 2030, and
2035 are predictive maps generated using the CA-Markov prediction model. Although
these maps are based on predictions, they exhibit similar change trends to the actual data
from 2000, 2010, and 2020. This similarity indicates the reliability of the predictive model.
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Figure 4. Concentration degree of renewable emergy from 2010 to 2035. (a)—Emergy in 2000;

(b)—Emergy in 2010; (c¢)—Emergy in 2020; (d)—Predicted emergy in 2025; (e)—Predicted emergy
in 2030; (f)—Predicted emergy in 2035; 1—Crop land; 2—Wood land; 3—Glass land; 4—Water area;
5—Built-up land.

3.2. GIS Part Discussion
3.2.1. Validation of the GIS Method

To ensure the accuracy of the research results, the effectiveness of the GIS simulation
was analyzed before its application in this study. The year 2020, with the most available
data, was selected for GIS simulation validation. In this comparison, the error standard



Buildings 2023, 13, 2445

11 0f 23

between the actual situation and the predicted effect should be within 3% to indicate that
the GIS simulation calculation is valid.

Figure 5 shows the six types of feature plates simulated according to the real data of
2020, which are cropland, woodland, grassland, water area, built-up land, and unused
land. Based on the total calculation data, the area error of the two drawings is within
3%, indicating that the GIS simulation is accurate. Taking the water area as an example, a
comprehensive comparative analysis was conducted based on position, size, and shape
aspects. It was found that there was little change in the position of the water area, mainly
in the northeast and southwest regions. Regarding the size of the water area, there was
also no significant difference between the actual and simulated data. The overall shape of
the water area did not change much, except for slight differences, and the main variation
was concentrated in the small rivers.

Cropland Cropland
B Woodland I Woodland
7 Grassland 8 Grassland
B Water area I Water area
: B Built-up land . N Built-up land
2 > ks [ Unused land % =] S Unused land

Legend Legend

_ Based on Prediction of existing data

Figure 5. Preliminary validation verification of GIS method.

To sum up, the errors of the five sub-items were calculated, which were 4.2% for
cropland, 3.9% for woodland, 4.1% for grassland, 1.3% for water area, and 5.1% for built-
up land. Overall, the GIS software simulation is effective and can be used for further
simulation analysis. In conclusion, the effectiveness of the GIS simulation was analyzed to
ensure the accuracy of the research results. The results demonstrate that the GIS simulation
is reliable and can be used to inform sustainable development strategies for Hangzhou city
and other urban areas.

3.2.2. The Comparison Analysis Based on Emergy and GIS from 2000 to 2010

Figure 6(1) presents the analysis of Hangzhou city from 2000 to 2020 based on real data.
The area of farmland is seen to be decreasing, while the floor space is increasing rapidly from
2000 to 2020, especially in the northeast region of Hangzhou. The cropland area decreased
by 5.2% (23.3%) from 2000 to 2010 (2020), while built-up space in 2010 was 50% higher than
in 2000 and had increased nearly 1.5 times by 2020. However, the area of woodland appears
to be almost unchanged visually across the GIS maps, which is supported by specific plate
data. For example, the woodland was 100 square meters in 2000, while in 2010 (respectively
2020), 99.6% (respectively 99.7%) of the area was retained, highlighting the effectiveness
of Hangzhou's forest protection policies. In contrast, the grassland areas demonstrate
an opposite trend, with grassland planting greatly encouraged to improve the ecological
environment. Therefore, the area of grassland increased by 1.3 percent in 2010 and by
0.9 percent in 2020, positively contributing to the restoration of the ecological environment.
From 2000 to 2010, the water area decreased by 5.57 percent, highlighting the need for
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sustainable water resource management policies. To ensure sustainable water resources,
the government departments in Hangzhou city have implemented relevant policies and
regulations to restrict the development and utilization of water resources. In 2020, the
water area had increased by 17.3 percent compared to the data recorded in 2010, indicating
that these policies and regulations are effective for maintaining sustainable water resources.
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Figure 6. Analysis diagram of Hangzhou.
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Using the CA-Markov prediction model, change trends have been displayed for
Hangzhou city in 2025, 2030, and 2035 (in Figure 6(2)). The building area continues to
expand, while the cropland area continues to decrease. By 2035, the built-up area has
expanded to the southwest of Hangzhou, particularly along the Qiantang River. However,
there is little change in the GIS maps of woodland, grassland, and water area, indicating
that although the green area of Hangzhou has not changed significantly, the expansion of
the city has had a negative impact on the sustainability of the city as a whole.

3.2.3. Single Factor Analysis

Figures 7-9 show the predicted changes in cropland, woodland, and built-up land for
Hangzhou city from 2020 to 2035. Overall, the most significant changes are anticipated
in built-up land, followed by woodland and cropland. As a developed city in China,
Hangzhou primarily relies on industry and service industries for urban development,
with agriculture being secondary. For example, in 2020, the GDP ratio of agriculture,
industry, and services was 1:16.5:36.9, accounting for only about 0.18% of the entire GDP in
Hangzhou city. Therefore, the modelled cropland changes from 2020 to 2035 have hardly
changed on the GIS maps.

With the rapid growth of the population, ecological space is being squeezed, resulting
in the reduction of woodland, which is evident on the GIS map from 2020 to 2035. These
findings emphasize the need for sustainable development strategies that protect ecological
resources while promoting urbanization and economic growth. Furthermore, these results
can inform policymakers and stakeholders in Hangzhou city and other urban areas to
design effective sustainable development strategies that balance urban development with
environmental protection.

)
2020 ' et ) 2025
2030 ‘ ' ad 2035
0 62.5 125 Legend
km [ 1Cropland

Figure 7. Cropland changes on GIS map in 2020, 2025, 2030 and 2035.
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Figure 8. Woodland changes on GIS map in 2020, 2025, 2030 and 2035.

f/ . «-" //\/V' B \‘\ |

S G

< ,/«f T e %/;;:’“j 2035
Legend

B Built-up land

Figure 9. Built-up land changes on GIS map in 2020, 2025, 2030 and 2035.

4. Discussion

4.1. Main Contributor Analysis

Table 4 presents the emergy calculation for Hangzhou city in 2020. The table shows
that biodiversity and buildings display the largest emergy quantities, with building emergy

having the largest value of 1.98 x 1

028

sej, followed by biodiversity emergy with a value of

2.46 x 10?8 sej. This suggests that sustainable change for 2020 will be determined by these
two factors. Other terms have relatively small emergy values, playing a minor role in the
sustainability of the Hangzhou system in 2020.
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The emergy values for 2000 and 2010 were also calculated using the same calculation
model, and similar patterns can be observed in 2020. These results highlight the importance
of biodiversity and buildings in determining the sustainability of Hangzhou city over time,
emphasizing the need for sustainable development strategies that protect biodiversity
while promoting urbanization.

4.2. Ecological Indicator Analysis

Figure 10 presents the sustainable degree of Hangzhou city from 2000 to 2020. From
the perspective of a single indicator (Re, Nr, Np), the renewable rate of Hangzhou is
decreasing, while the non-renewable rate is increasing. This trend is due to the reduction
of ecological areas and the expansion of urban building areas as Hangzhou continues
to develop.
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Figure 10. Comparison between and change from 2000 to 2020.

Based on a comprehensive analysis of ELR, EYR, and ESI, ELR and EYR tend to
increase from 2000 to 2020, which reflects continued urban construction during these
decades. As a general rule, when these two values (ELR and EYR) continue to increase, the
final sustainability index (ESI) will become smaller. However, in this study, the most critical
sustainability indicators are tending to increase from 2000 to 2020. This phenomenon
demonstrates that despite environmental pressures, the urban development of Hangzhou
is still in a healthy development trend in the long run.

4.3. Sensitivity Analysis

Due to the involvement of a large amount of data, the sensitivity of the data needs to
be designed and analyzed to ensure the accuracy of the results. Scholars in the field have
offered in-depth discussions and already conducted a range sensitivity analyses [60,61]. In
turn, this study provides sensitivity analysis on five types of land use, including arable
land, forest land, grassland, water area, and construction land, as follows:

The sensitivity of different land types, including farmland, forests, grasslands, water
bodies, and construction land, was analyzed based on solar data from the five types of
land. As shown in Figure 11A-E, the data sensitivity of water bodies and construction
land is better, while that of farmland, forests, and grasslands is relatively poor. Figure 11F
shows the magnitude of changes in data for these five land types, and the trend analysis on
the right side indicates that the sensitivity of farmland has changed the most, followed by
grasslands and forests. This result is consistent with the corresponding Figure 11A-E.
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Figure 11. Sensitivity analysis of solar energy data. (A) Cropland data; (B) Woodland data; (C) Grass-
land data; (D) Water area data; (E) Built-up data; (F) Comprehensive analysis.

In addition to analyzing the sensitivity of solar energy data for the five types of land,
the study also explored the sensitivity of four other types of energy: rain potential energy,
rain chemical energy, wind energy, and geothermal energy. Figure 12 includes four violin
plots that show the trend of sensitivity changes indicated by the red lines, which connect
the mean data of the five types of land. The four plots reveal that the sensitivity of rain
potential energy, rain chemical energy, and wind energy data fluctuate the least. On the
other hand, the sensitivity of geothermal energy fluctuates more, which may be attributed
to difficulties in extracting geothermal energy data and large errors in actual data.
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Figure 12. Sensitivity analysis of the remaining four types of data.

4.4. Comprehensive Sustainability Analysis

The emergy method and the GIS method are two distinct approaches for studying
urban problems. The emergy method is an ecological economic approach, while the GIS
method is a geographic information system method that examines morphological changes
from a spatial perspective. Additionally, the emergy method is a quantitative evaluation
model, whereas the GIS method is a qualitative research model.

This paper aims to investigate ecological sustainability in Hangzhou city by coupling
these two methods. Using the emergy method, the ecological sustainability of the city was
calculated and assessed, while the GIS map was used to display the ecological changes of
the city (i.e., the five types of plots) to verify the accuracy of the emergy calculation results.

Using data from 2000, 2010, and 2020 based on the GIS method, it is evident that
the area of ecological elements is decreasing, while the building area is increasing rapidly,
indicating an increase in ecological pressure throughout the city. This trend is also sup-
ported by the data presented in Figure 7, which indicate that the environmental loading
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ratio increased from 0.88 in 2000 to 1.07 in 2010 and to 1.24 in 2020, showing that the entire
environmental burden of the city is gradually increasing with its sustainable development.
Taken together, the emergy method and the GIS method can be used to comprehen-
sively analyze urban ecological changes and provide valuable insights into how to promote
sustainable development strategies that balance urbanization and ecological protection.

5. Improvement Measures
5.1. Increasing Green Area Measures

Green areas play a significant role in promoting urban ecology, as they not only reduce
carbon emissions but also alleviate the urban heat island effect, thereby enhancing the
sustainable development of cities. In this study, based on the green area of Hangzhou city
in 2020, if the green area is increased by 20%, 30%, and 40%, the corresponding indicators
can be obtained according to emergy calculation. Figure 13 shows the changes in various
indicators after improvement, clearly indicating the positive effects of green areas on urban
ecology. Taking the ELR index as an example, with a 20% increase in urban green areas, the
negative value load ratio will decrease by 1.62%; with a 30% increase in green areas, the
index will decrease by 4.01%; with a 40% increase in green areas, the index will decrease by
6.45%. These results fully demonstrate that increasing green areas can reduce the ecological
burden of cities, and the larger the green area, the more significant the reduction in the
ecological burden. To enhance the ecological sustainability of cities, green areas should be
increased based on the specific circumstances of each city.

e 40% green space effect|
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Figure 13. Sustainability indicator changes between original state and scenarios of increasing
green space.

5.2. Improving Urban Water Areas

Water bodies are also one of the core elements for enhancing urban ecology. To
improve the overall sustainable level of Hangzhou city, measures to increase water area
have been proposed. As there are not many large river gathering areas in Hangzhou city
and they are mostly concentrated in the southwest, in order to verify the effect of increasing
water area on the sustainability of the city, the study used the water area of Hangzhou city
in 2020 as the basic data and quantitatively analyzed its changes by assuming incremental
increases in water area based on emergy evaluation indicators.

In Figure 14, the results of four hypothetical scenarios were considered. As the water
area increases by 20%, 25%, 30% and 40%, the environmental loading ratio of Hangzhou
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city decreases significantly (as shown in Figure 14A-D), with reductions of 5.4%, 8.1%,
19.2%, and 23.7%, respectively. The increasing difference in area indicates that water bodies
promote urban sustainability and reduce environmental pressure.
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Figure 14. Sustainability indicator changes between original state and scenarios of increasing water
space. (A) 20% increasement design; (B) 25% increasement design; (C) 30% increasement design;
(D) 40% increasement design.

6. Conclusions

In summary, this study utilized the emergy-GIS method to assess urban sustainability
in Hangzhou city from 2000 to 2035, which demonstrates that combining the emergy with
the GIS approach can effectively promote each other to validate the sustainability status of
a city. Therefore, this study provides a comprehensive methodology for researchers and
designers to assess urban sustainability from a new perspective in the future.

However, these methods also have their limitations. Although the emergy method and
GIS method can be integrated for urban sustainability research, they belong to two different
fields, and this can present obstacles to comparative studies of urban sustainability. Firstly,
the GIS method is a large-scale urban spatial analysis approach that involves multiple
elements on the GIS map. This presents challenges for all emergy calculations for the
city because not all urban elements currently have a unit emergy value. For instance, the
emergy of microbes is difficult to calculate accurately due to an inaccurate unit emergy
value, which results in uncertainty in the calculation results. Secondly, the lack of urban
data leads to inconsistent results between the two methods, particularly in larger cities. The
more detailed the data results, the more consistent the calculation results become based
on the emergy method and GIS method. To address this issue and further promote the
development of the emergy—GIS method, comprehensive urban data and existing unit
emergy values are essential.
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In addition, multi-criteria decision analysis (MCDA) and life cycle assessment (LCA)
contribute to enhancing the integration of emergy analysis with GIS, enabling compre-
hensive qualitative and quantitative results. MCDA techniques provide a systematic
framework for evaluating multiple criteria and making informed decisions. By combining
emergy analysis with MCDA, decision-makers can incorporate environmental, economic,
and social factors into a unified evaluation process. This integration allows for prior-
itizing different alternatives or interventions based on their emergy performance and
spatial distribution. Life cycle assessment is a widely used methodology for assessing
the environmental impacts of products, processes, or systems throughout their entire life
cycle. Integrating emergy analysis with LCA enables a more comprehensive evaluation
of resource use and environmental impacts. Leveraging the strengths of both approaches
provides a holistic perspective on sustainability and facilitates decision-making towards
more sustainable practices.

Future research should strive to overcome the obstacles previously noted by utiliz-
ing more reliable and accurate data sources to improve the precision and accuracy of
the emergy—GIS method. Additionally, researchers could explore new ways to integrate
the emergy method and GIS method more effectively to achieve a more comprehensive
understanding of urban sustainability and its associated challenges.
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Appendix A

Taking the cropland (in 2000) as the calculation example, calculations are as follows:
1. Solar energy calculation:

Area of plot = 4,341,224,700 m?;

Insolation = 5.43 x 10° ]/ m2/ y1;

Albedo = 0.30;

Energy = (insolation) x (l-albedo) x (area) = (5.43 x 10° J/m?/yr) x (1—0.30) x
(4,341,224,700 m?) = 1.65 x 10Y J/yr;

UEV = 1.00 sej/] by definition;

Emergy = 1.65 x 101 J/yr x 1.00 sej/J = 1.65 x 107 sej.

2. Rain (geopotential energy) calculation:

Area of plot = 4,341,224,700 m?;

Rainfall (annual average, #n = 5) = 0.71 m/year;

Average elevation = 316 m; water density = 1.00 x 10° kg/m3;

Runoff rate = 40.00%;

Energy = (area) x (rainfall) x (runoff rate) x (water density) x (average elevation)
x (gravity) = (4,341,224,700 m?) x (0.71 m/yr) x (40.00%) x (1.00 x 103 kg/m?) x
(316 m) x (9.8 kg/m?) =3.82 x 101 J/yr;

UEV =2.79 x 10* sej/J;

Emergy = 3.82 x 101 J/yr x 2.79 x 10* sej/J = 1.07 x 107 sej.

3. Rain (chemical potential energy) calculation:

Area of plot = 4,341,224,700 m?;

Rainfall (annual average, n = 5) = 0.71 m/year;

Water density = 1000 kg/ m3;
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>  Evapotranspiration rate = 60%;

>  Gibbs free energy of water = 4.94 x 103 J/kg;

>  Energy = (area) x (rainfall) x (evapotranspiration rate) x (water density) x (Gibbs
free energy of water) = (4,341,224,700 m?) x (0.71 m/yr) x (1.00 x 10% kg/m3) x
(60%) x (4.94 x 10%J/kg) = 9.14 x 105 ] /year;

> UEV =18199 sej/J;

> Emergy =9.14 x 10" J/yr x 18,199 sej/] =1.66 x 10% sej.
4. Wind energy calculation:

> Area of plot = 4,341,224,700 m?;

> Air density =1.29 kg/ m3 ;

> Wind velocity (annual average, n =2) =1.95m/s;

> Velocity of geostrophic wind = 3.25 m/s (surface winds are considered as 0.6 of
geostrophic wind);

>  Drag coefficient = 1.00 x 10~3;

>  Energy = (area) x (air density) x (drag coefficient) x (velocity of geostrophic wind)?

= (4,341,224,700 m?) x (1.29 kg/m?) x (1.00 x 1073) x (1.95m/s)® =4.2 x 107 ]/yr;
> UEV = 1496 s¢j/J;

> Emergy =4.2 x 107 J/yr x 1496 sej/] = 6.28 x 1017 sej.
5. Geothermal heat calculation:
> Area of plot = 4,341,224,700 m?;
>  Heat flow (average) = 3.50 x 1072 ]/m?/s. Energy = (area) x (heat flow) = (4,341,224,700 m?)
x (350 x 1072J/m?/s) = 1.52 x 108 J/yr;
> UEV =34,377 sej/];
>  Emergy = 1.52 x 108 J/yr x 34,377 sej/] = 5.22 x 102 sej.
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