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As the intensity of ocean spatial exploitation increases, the offshore island
tourism has been thriving, and the utilization of uninhabited islands is
attracting more and more attention. In order to achieve the sustainable
development of offshore island tourism resources, it is important to evaluate
population carrying capacity and conduct sustainability assessment for
uninhabited islands. To this end, we proposed a quantitative evaluation
method for the sustainable development of offshore coral reef islands based
on the combination of scenario simulation and emergy analysis. This method was
tested on a coral reef island in the South China Sea, namely Lingyang Reef. The
dynamics in emergy related structures and indicators of Lingyang Reef system
were revealed under different scenarios, providing decision-making references
for the pre-development sustainability assessment of an uninhabited coral reef
island. The evaluation results showed that (1) when accommodating 2000
persons, the island system was in a low-load state, with sustainable values in
terms of renewable energy input percentage, environmental load ratio, and
emergy sustainability index, except for the critical state of emergy yield ratio; (2)
when accommodating 5000 persons, the emergy yield ratio was in an
unsustainable state, with the emergy sustainability index in a critical state, and
both of the renewable energy input percentage and environmental load ratio in
sustainable states, indicating that socioeconomic activities were not beyond the
carrying capacity, and the development and utilization intensity was moderate;
(3) when accommodating 10000 persons, the renewable energy input
percentage and emergy sustainability index were in critical states, and the
emergy yield ratio and environmental load ratio were in unsustainable states,
indicating that the corresponding human activities had exceeded the
carrying capacity.
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1 Introduction

The 21st century is the oceanic century, and the vigorous
development of the ocean economy has become a common goal
for the world (Sun et al., 2022; Ji et al., 2023). Many countries and
governments regard accelerating the utilization of ocean resources
and the development of the ocean economy as a national strategy
(Jiang et al., 2014; Kakazu, 2022; Wu and Li, 2022). With the
increasing scale and intensity of ocean spatial exploitation, the
development of offshore coral reef island tourism is thriving, and
the development and utilization of uninhabited islands are also
attracting much more attention (Kurniawan et al., 2019; Li et al,
2020; Wolf et al., 2021). The uninhabited islands have limited areas,
inconvenient transportation, and fragile ecological environments.
Their ecosystems are easily degraded and difficult to recover under
external disturbances (Steibl and Laforsch, 2019; Zhao et al., 2022).
At present, excessive pursuit of economic benefits, blind
development of tourism resources, and extensive management of
tourism activities have seriously damaged the ecological
environment of offshore uninhabited islands, restricting the
sustainable development of offshore uninhabited island tourism
(Bolden and Johnston, 2020; Chi et al., 2020; Chen et al., 2022b). In
order to achieve the sustainable development of offshore
uninhabited island tourism and the scientific and reasonable
utilization of natural resources, it is significantly important to
evaluate the population carrying capacity and sustainable
development level of offshore islands in advance (Walker
et al., 2021).

Different scholars have varying views on the concept of
sustainable development for offshore coral reef islands (Fuldauer
et al.,, 2019; Zhang et al., 2020; Skene, 2021; Chen et al., 2022a;
Quyet et al., 2022), but they all involve the same essence of planning
and development based on the unique characteristics, so as to find a
coordinated pathway between resources, environment, and human
activities in the island system. Meaurio and Murray (2001) believed
that the island tourism might bring many problems, such as
weakening the traditional culture of local communities, causing
unfair distribution of benefits, and resulting in environmental
damages. Hsu et al. (2019) studied the relationship between
factors affecting residents’ attitudes toward supporting sustainable
tourism in island environments and found that community
participation has a positive and direct impact on residents’
support for sustainable tourism. Chen (2019) studied the future
direction of island tourism development from the perspective of far-
reaching impacts of global warming on island ecological systems
and believed that reducing tourism and employing professional
guides could promote harmonious and sustainable development
between human and nature in the islands. McElroy and De
Albuquerque (1998) chose 20 small islands in the Caribbean Sea
for study and proposed the concept of “tourism penetration index”
and classified them. After that, management measures and
suggestions were put forward for the 20 islands with different
index levels to achieve sustainable development. Walker et al.
(2021) proposed that slow tourism could be considered as an
important component of sustainable islands, which would provide
important support for business development, product sales, and
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tourism enhancement, and promote regional tourism development.
The above studies primarily focus on the definition of island
tourism, evaluation of benefits, sustainable development models
and strategies for island tourism, and mostly adopt qualitative
descriptions. The evaluation standards are relatively single-sided
and lack comprehensive quantitative assessment.

Emergy analysis is a quantitative methodology for assessing the
energy and material resources used in a system (Odum et al., 2000),
which is defined as the energy that has been used up directly and
indirectly to create a product or service (Odum et al., 1987). This
method converts resources, environment, economy, and energy
factors in an ecological system into solar energy values, making it
possible to compare various energy sources in a unified solar energy
value, overcoming the limitations of traditional approaches, and
providing a metric and scientific basis for the rational utilization of
natural resources and evaluation of ecological system sustainability.
Emergy analysis is useful for assessing the systematic sustainability
and making comparisons among different systems (Fonseca et al.,
2017; Alkhuzaim et al, 2021). In addition to the applications in
regional sustainability assessment and ecological system evaluation
(Su et al., 2020; Deymi-Dashtebayaz and Norani, 2021), it has been
widely used to provide a new perspective for sustainable
development research in offshore island tourism (Wei et al., 2020;
Alkhuzaim et al., 2021; Zhu et al., 2022). Nam et al. (2010)
employed the emergy analysis method to evaluate the carrying
capacity of an uninhabited island located in the southwest waters of
South Korea and predicted the number of people that could be
sustained under a sustainable development scenario. Jung et al.
(2018) used this method to evaluate the sustainable development
state of Jeju Island between 2005 and 2015 and predicted its
development status in 2030, providing important theoretical
support for the formulation of future development strategies for
the tourism-led island. Zhan et al. (2019) applied emergy analysis to
evaluate the ecosystem service functions of Chongming Island and
identified the service supply and flow between the ecosystem and
the urban area, highlighting the necessity of promoting land use
planning and maintaining ecosystem services. Yang et al. (2020)
employed the emergy analysis framework to evaluate the
sustainability in three island nations and found that the island
ecosystems were more fragile and sensitive compared to other
regions. Although the prior studies have effectively evaluated
the sustainability of different islands, there is still a lack of
research that uses emergy analysis and scenario simulation to
conduct the sustainability assessment of a typical coral reef island
ecosystem, especially for the pre-assessment of uninhabited
island development.

The South China Sea is located in the tropical sea area and has
distinct tourism resources, with a broad tourism market prospect.
The islands in the South China Sea are far from the mainland of
surrounding countries, making them highly attractive to urban
people who are constantly under high levels of stress and fatigue
from working in tall buildings. Therefore, it is particularly necessary
to evaluate the tourism development sustainability of coral reef
island the South China Sea. This study presents a quantitative
evaluation method for the sustainable development of offshore
island tourism based on a combination of scenario simulation
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and emergy analysis. The method is applied to a typical coral reef
island in the South China Sea (i.e., Lingyang Reef) as a case study.
The changes in emergy value structure of Lingyang Reef under
different scenarios are simulated, and the resultant sustainability
levels of Lingyang Reef under different scenarios are quantitatively
analyzed, thereby providing scientific evidence and novel
methodology for the pre-evaluation of the sustainable
development of ecological tourism in offshore coral reef islands.

2 Study area and data sources

2.1 Study area

Lingyang Reef is located in the South China Sea with
geographical coordinates of around 16°28'N and 111°35E, as
shown in Figure 1. It is a closed reef located in the southwest of
the Yongle Atoll in the Xisha Islands. The reef is approximately
triangular in shape, with a lagoon in the center. The reef is 12 km
long from north to south and about 4 km wide from east to west.
During low tides, large areas are exposed, and during typhoons and
high tides, it is often submerged by sea water. The total area of
Lingyang Reef is about 15 km? with a reef platform area of
approximately 9.5 km? a lagoon area of approximately 5.5 km?,
and the circumference of outer reef edge is about 15,000 m.
Lingyang Reef is rich in fishing resources and qualifies as
aquaculture and fishing area.

According to statistical data provided by Hainan Strait
Shipping Co., Ltd., the average number of tourists received per
cruise to the Xisha Islands is around 250. Since Lingyang Reef is a
large atoll with unique coral coastlines and abundant marine
resources, it has the potential to be dredged and developed for
tourism purposes in the future, and can serve as a popular
destination for underwater sightseeing and island leisure
vacations for tourists on cruise ships.
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2.2 Data sources

In this study, we obtained the time series of meteorological data
for Lingyang Reef from the Prediction of Worldwide Energy
Resource (POWER) project at NASA Langley Research Center
(https://power.larc.nasa.gov/data-access-viewer/). The data
includes solar radiation, wind speed, precipitation, and
temperature. The average yearly solar radiation at Lingyang Reef
is 1947.74 KWh/m”. The air density is 1.1718 kg/m®. The average
wind speed at a height of 10 meters is 5.81 m/s. The average yearly
precipitation is 2745.38 mm. According to previous studies, the
average tidal range in the surrounding sea area is 3.2 m (Zhao,
1996), and the yearly wave energy resource storage is 7.2E+10 joules
per meter (Zheng, 2011).

3 Methods

The proposed coral reef island sustainability evaluation
framework based on emergy value calculation includes the
following steps: (1) determining the main sources of materials
and energy in the island system to create an energy flow diagram;
(2) converting each material and energy into solar energy value
based on the emergy conversion rate in the island system to
generate an emergy analysis table; (3) constructing an evaluation
framework of coral reef island sustainability based on the
corresponding analysis table and evaluating the future
development and utilization of the island system accordingly.

3.1 Emergy modeling of coral reef
island system

Given that water, electricity, and food are the primary basic
needs for island inhabitants following the development and
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FIGURE 1
The location of Lingyang Reef in the South China Sea
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utilization of offshore coral reef island, it is feasible to assume that
freshwater, sea food, and vegetables can be provided through
various methods such as local rainwater collection, seawater
desalination, aquaculture or fishing, and soil planting. In order to
ensure a stable electricity supply in the island system, electricity can
be provided through both local renewable energy sources and diesel
generators, although diesel is dependent on external supplies.
Considering factors such as the balanced nutrition, staple foods
(e.g., grains and potatoes, fruits, milk and beans, meat and eggs) are
provided through supplies. As shown in Figure 2, the system energy
value of the island and reef system is composed of five parts:
renewable energy (RE), non-renewable resource (NR), indigenous
renewable resource (IR), imports (IM), and exports (EX).
According to the law of energy conservation, the formula for
calculating the system energy value of islands and reefs is as follows:

EMrotar = 2 EMpgg + E EMyg +E EM +E EMpy
+> EMpx (1)

where EMr,, represents the total emergy output of the island
system, EMyp represents the sub-item emergy value belonging to
the category of renewable energy, EMyy represents the sub-item
emergy value belonging to the category of non-renewable resources
within the system, EMjz represents the sub-item emergy value
belonging to the category of indigenous renewable resource, E
My represents the emergy value imported from outside, and E
Mgy represents the emergy value exported to outside. Here, the
units of emergy value are all solar emjoules (Sej), that is, the solar
energy contained in the energy or material flow belonging to a
certain category.

Correspondingly, we classified the five components of the
island system into subcategories for a quantitative analysis of
their emergy values. Renewable energy (RE) sources include solar,
wind, precipitation, wave, and tidal energy. Non-renewable
resources (NR) are limited to topsoil loss because all the soil
needed for future development will come from outside the system
and topsoil organic matter regenerates slowly. Indigenous
renewable resources (IR) include self-sufficient resources such as
fresh water use, seafood consumption, vegetable consumption,
and renewable energy generation. It should be noted that the
renewable energy generation component only contains the human

10.3389/fmars.2023.1180876

labor related emergy for power generation facilities (e.g.,
manufacturing, installation, operation, and maintenance)
without any double counting with the renewable energy
component (e.g., sun, wind, wave, and tide). Imports (IM) refer
to external inputs required for living and production on the island
and include food such as potatoes, fruits, dairy and egg products,
and diesel for power generation. There are no exports (EX)
because this paper assumes that most waste and discarded
materials can be processed locally and the island is located in a
relatively resource-poor area.

In the context of emergy, the concept of hierarchy is used to
describe the different levels of organization within a system, with
each level being characterized by a specific degree of complexity,
organization, and energy quality. The higher the level of
organization, the greater the transformity and the higher the
quality of energy. For example, solar energy has a very low
transformity and is considered a high-quality energy source,
whereas fossil fuels have a higher transformity and are considered
lower-quality energy sources. In order to accurately calculate the
emergy value of various components in the coral reef island system,
the unit energy value (UEV) is used to convert various mass and
energy in the island system into solar energy values. The UEV is the
amount of energy contained in each unit of a certain category of
energy or mass. The higher the UEV of energy or mass, the higher
its emergy value and its higher level in the energy system. The
calculation formula for the emergy value of a specific kind of energy
or mass is expressed as follows:

EMenergy = UEVenergy X Qenergy (2)
where EM,,.,,, represents the emergy value of a certain energy, with

units in solar emjoules. UEV,,,,,, represents the conversion rate of

ner
the emergy value, with units ifly solar emjoules per joule. Qepergy
represents the embodied energy, with units in joules.

The energy conversion rates for each energy value sub-item in
this article are based on previous studies, as shown in Table 1. Since
the energy value sub-items such as aquatic products, vegetables,
cereals and potatoes, fruits, dairy and beans, meat and eggs, and
diesel are based on material consumption, measured in kilograms or
tons, it is necessary to perform mass-to-energy conversion before
calculating the energy value embodied in each material (Nam et al,

Diesel for
power
generation

Natural
ecosystem

\\\

\ ﬂ/rri\—f?w,,,,f”

FIGURE 2
Emergy flow diagram of a typical coral reef island system.
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TABLE 1 Emergy conversion rates of different energy sub-items in the island system.

Components Sub-items Solar transformity Units References
Sun 1 Sej/] (Odum et al., 2000)
Wind 2.45E+03 Sej/] (Odum et al., 2000)
Renewable energy (RE) Rain, chemical 3.05E+04 Sej/] (Odum et al., 2000)
Wave 5.10E+04 Sej/) (Odum et al., 2000)
Tide 7.39E+04 Sej/] (Odum et al., 2000)
Non-renewable resources (NR) Topsoil loss 1.23E+04 Sej/] (Odum et al., 2000)
Renewable energy power generation 2.86E+05 Sej/T (Odum, 1996)
Domestic water 1.47E+18 Sej/] (Fonseca et al., 2017)
Indigenous renewable resources (IR) Reuse of recycled water 2.86E+18 Sej/] (Fonseca et al., 2017)
Seafood 3.36E+06 Sej/] (Brown and McClanahan, 1996)
Vegetable 7.37E+04 Sej/] (Yan and Odum, 1998)
Root crops 1.14E+05 Sejl] (Yan and Odum, 1998)
Fruits 8.88E+04 Sej/] (Ulgiati et al., 1994)
Imports (IM) Dairy and bean products 3.35E+06 Sej/T (Yan and Odum, 1998)
Meat and eggs 5.31E+06 Sej/] (Yan and Odum, 1998)
Diesel for power generation 1.11E+05 Sej/] (Bastianoni et al., 2009)

2010; Jung et al,, 2018). The mass-to-energy conversion rates for
different categories of materials are shown in Table 2.

3.2 Evaluation indicators of sustainable
development for coral reef island system

Emergy analysis can unify the flow of all materials and energy in
an island system into a single unit of measurement for accounting
purposes. By calculating the sustainability assessment indicators of
the island system, and referring to the evaluation standards of
sustainable development status, the sustainability of the future
development of the island system can be quantified. The
sustainable development evaluation indicators of the island
system calculated in this study mainly include the percentage of
renewable energy input percentage (% Renew), emergy yield ratio

(EYR), environmental loading ratio (ELR), and emergy
sustainability index (ESI).

3.2.1 Total emergy yield

According to the emergy analysis method in section 3.1, the
corresponding emergy values of various components such as
renewable energy (RE), non-renewable resources (NR),
indigenous renewable resources (IR), and imports (IM) can be
calculated in the island system. Thus, the total emergy yield of the
island system can be obtained, and the calculation formula is
outlined as follows:

Y=R+N+F (3)

where Y represents the total emergy yield of the island system,
which is the total amount of emergy used in a year; R represents the
total amount of renewable emergy, equal to the sum of the emergy

TABLE 2 Mass-to-energy conversion rates of respective energy components in the island system.

Categories Mass-to-energy conversion rates Units References
Seafood 6.99E+6 J/Kg (Liu et al., 2011)
Vegetable 1.41 E+7 J/Kg (Liu et al., 2011)
Root crops 1.45 E+7 J/Kg (Liu et al., 2011)
Fruits 2.3 E+6 J/Kg (Liu et al., 2011)
Dairy and bean products 2.93 E+6 J/Kg (Liu et al., 2011)
Meat and eggs 6.99E+6 J/Kg (Liu et al., 2011)
Diesel for power generation 4.3 E+10 J/t (Liu et al., 2011)
Frontiers in Marine Science 05 frontiersin.org
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values of the renewable energy and indigenous renewable resources
in the island system, i.e, R = RE + IR; N represents the non-
renewable emergy, equal to the emergy value of non-renewable
resources in the island system, i.e., N = NR; F represents the emergy
input from the outside into the island system, i.e., F = IM.

3.2.2 Renewable energy input percentage

The proportion of renewable energy input is the ratio of the
total amount of renewable energy in the island system to the total
energy output of the island system. The calculation formula is used
to reflect the status and role of RE and IR in the island system, and
to measure the development level of the island system. The higher
the value, the greater the contribution of RE and IR to the island
system, the higher the dependence of the island system on RE and
IR, and the lower the development level of the island system. This
also indicates that the island system has abundant natural resources
and low environmental pressure.

R
% Renew = 7 (4)

3.2.3 Emergy yield ratio

The emergy yield ratio is the ratio of the total emergy output of
the island system to the emergy input from outside the island
system. The calculation formula is used to measure the efficiency of
the island system’s output with a certain economic input. The
higher the emergy yield ratio, the higher the emergy value obtained
by the island system, and the higher the efficiency of the island
system’s output.

Y
EYR=— 5
F ®)

3.2.4 Environmental loading ratio

The environmental loading ratio represents the ratio of the sum
of non-renewable energy and energy input from outside the island
system to the total amount of renewable energy in the island system.
The calculation formula is used to characterize the environmental
pressure on the island system under a certain level of economic
activity. The higher the environmental loading ratio, the more the
development relies on the consumption of non-renewable resources
within the island system and the support from outside the island
system, and the greater the environmental pressure; while the lower
the environmental loading ratio, the more the development relies
on renewable energy and indigenous renewable resources, and the
smaller the environmental pressure.

10.3389/fmars.2023.1180876

F
ELR=N*

3.2.5 Emergy sustainability index

The emergy sustainability index (ESI) is defined as the ratio of
EYR to ELR. It is used to measure the efficiency of social and
economic output under a certain level of environmental pressure.
The higher the ESI, the higher the efficiency and the stronger the
ability of the island-reef system to achieve sustainable development.
However, a higher ESI value does not necessarily indicate a higher
degree of sustainability. If the ESI value is between 1 to 10, it
indicates the vitality and development potential of the coral reef
island system. If the ESI is greater than 10, it means that local social
and economic development is severely lagged. If the ESI is less than
1, it means that the resources in the island system are being over-
consumed (Ulgiati et al., 1994).

EYR

ESI=—— 7)
ELR

Table 3 shows the change intervals of each indicator and their
corresponding sustainable development status, according to the
calculation results of % Renew, EYR, ELR and ESI, which is based
on the prior research of Jung et al. (2018).

3.3 Development scenario modeling and
resource consumption simulation

This article uses scenario simulation method to set up three
scenarios in advance: low carrying capacity scenario, moderate
carrying capacity scenario, and high carrying capacity scenario, to
simulate the water, electricity, and food consumption of the future
permanent population on the island within one year. Referring to
Jeju Island in South Korea, which has an area of 1833.2 square
kilometers and a population of about 680,000 (Jung et al., 2018),
after land reclamation, the land area of Lingyang Reef could reach
9.5 square kilometers, with a potential population of at least 35,000.
Considering the natural environment, geographical location,
marine weather, and other factors of Lingyang Reef, the estimated
population capacities for the low, moderate, and high carrying
capacity scenarios are set at 2,000, 5,000, and 10,000 respectively.

Due to the different functional orientations for future
development of the coral reef island, the areal and structural
differences of various land use types within the island system are
enormous. Therefore, we adopted the per capita quota method for
simplification. By referring to relevant national urban planning

TABLE 3 Change intervals and their corresponding sustainability of emergy assessment indicators.

Emergy analysis indicators

Unsustainable state

Critical state Sustainable state

Renewable energy input percentage (%Renew) <02 0.2~0.5 > 0.5
Emergy yield ratio (EYR) ‘ <4 4~15 > 15
Environmental loading ratio (ELR) ‘ > 10 2~10 <2
Emergy sustainability index (ESI) ‘ <1 1~5 >5

Frontiers in Marine Science

frontiersin.org


https://doi.org/10.3389/fmars.2023.1180876
https://www.frontiersin.org/journals/marine-science
https://www.frontiersin.org

Wu et al.

standards and guidelines, resident dietary guides, and taking into
account the actual situation of the harsh natural environment of the
offshore coral reef island, such as increasing the intake of starchy
foods and legumes under the high loading scenario and reducing
the intake of fruits and high-quality proteins that are difficult to
preserve and eat, to ensure that food should at least meet the
minimum energy needs. This study has also revised the per capita
domestic water and electricity consumption, and food intake such
as seafood, vegetables, starchy foods, fruits, dairy and legumes, eggs
and meat, for the population that can be sustained on the coral reef
island under different scenarios, as shown in Table 4.

Based on the population that can be sustained on the coral reef
island in the future under the low, moderate, and high loading
scenarios, and the per capita quota of resource consumption, the
total amount of water, electricity, and food consumption during a year
in the island system under different scenarios were calculated, as
shown in Table 5. In this study, we assumed that the treated
wastewater can be directly used as ecological water and other
miscellaneous water with a conversion rate of 80%. Due to the
stability of diesel power generation and the high electricity
consumption in the high loading scenario, it is assumed that in low-
load, moderate-load, and high-load scenarios, the island’s renewable
energy power generation accounts for 80%, 40%, and 0% of total
electricity consumption, respectively. Correspondingly, diesel for
power generation accounts for 20%, 60%, and 100% of the total
electricity consumption. Based on the power generation per cubic
meter of diesel (2658.55 kWh/m?) and the diesel density (850 kg/m3 ),
the diesel power generation can be converted into diesel consumption.

4 Results and analyses
4.1 Emergy calculation and analysis

There is no direct relationship between the emergy values
contained in renewable and non-renewable resources and the
population that an island can sustain. The calculation is only
related to parameters such as the land area, shoreline length, wind
speed, precipitation, tidal range, etc. Therefore, the emergy values

10.3389/fmars.2023.1180876

contained in the renewable and non-renewable resources of the island
do not change under different scenarios. To ensure the integrity of the
energy calculation, the non-renewable emergy values of the island
system includes the emergy values of the island terrestrial system and
the island marine system (island inner lagoon and adjacent sea areas),
as shown in Table 6. The specific calculation formulas for the solar,
wind, precipitation chemical, wave, and tidal energy of the island
terrestrial and marine systems, as well as the emergy caused by the
topsoil loss in non-renewable resources, can be found in previous
studies (Nam et al., 2010; Liu et al., 2011).

Based on water, electricity, and food consumptions of the island
system under different scenarios (Table 5) and emergy conversion
rates (Table 1), this paper calculates emergy values of different
components of the island system under respective scenarios,as
shown in Table 7, and aggregates the corresponding emergy values
and their proportions for the five components including renewable
energy, non-renewable resources, indigenous renewable resources,
imports, and exports, as shown in Figure 3.

The total amount of emergy from renewable sources in the low
loading scenario, as shown in Figure 3A, is 7.74E+19 Sej/year. The
total amount of emergy from indigenous renewable resources is
1.45E+19 Sej/year, while the total amount of emergy from external
imports is 9.18E+18 Sej/year. The total amount of emergy from IR is
greater than that from IM, indicating a reasonable balance between
the efficient development and utilization of local renewable
resources and minimizing dependence on external inputs. The
overall system performance is good.

As shown in Figure 3B under the moderate loading scenario, the
total emergy value of the renewable emergy is 7.74E+19 Sej/year, the
total emergy value of the indigenous renewable resources is 2.06E
+19 Sej/year, and the total emergy value of the external imports is
4.52E+19 Sej/year. The total emergy value of the external input is
more than twice the total emergy value of the local renewable
resources, indicating that the island system is running stably at this
time. It is suggested to reduce dependence on external material
inputs, especially diesel, and to further increase the proportion of
power generation of renewable energy and actively promote the
application of new energy storage technology, so as to efficiently
develop and utilize local renewable resources.

TABLE 4 Reference quotas of resource consumption per capita under various scenarios.

Indicators
Low load Moderate load High load

Domestic water use 0.4 0.3 0.3 m?/person/day
Electricity use 20 20 20 kWh/person/day

Seafood 60 60 60 g/person/day

Vegetables 500 500 300 g/person/day

Root crops 300 300 500 g/person/day

Fruits 300 300 200 g/person/day

Dairy and bean products 300 300 200 g/person/day

Meat and eggs 80 80 80 g/person/day
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TABLE 5 The annual total of resource consumption per capita under various scenarios.

Resource consumption

Low load Moderate load High load
Domestic water use 292000 547500 1095000 ton/year
Reuse of recycled water 233600 438000 876000 ton/year
Total electricity consumption 5.26E+13 1.32E+14 2.63E+14 jlyear
Power generation of renewable energy 4.2E+13 5.26E+13 0 jlyear
Power generation of diesel 1.06E+13 7.94E+13 2.63E+14 jlyear
Diesel consumption 934 7002 23340 ton/year
Seafood 43.8 109.5 219 ton/year
Vegetables 365 912.5 1095 ton/year
Root crops 219 547.5 1825 ton/year
Fruits 219 547.5 730 ton/year
Dairy and bean products 219 547.5 730 ton/year
Meat and eggs 58.4 146 292 ton/year

Under the high loading scenario, as shown in Figure 3C, the total
emergy value of the renewable energy part is 7.74E+19 Sej/year, the
total emergy value of the indigenous renewable resources part is
1.04E+19 Sej/year, and the total emergy value of the external input
part is 1.33E+20 Sej/year. The total emergy value of IM is more than
ten times the total emergy value of IR, indicating that the island
system is in an unstable high-load operating state at present, with
high dependence on diesel imports from outside, resulting in great
environmental pressure. At the same time, local renewable resources
are not fully utilized, and resource waste is relatively severe.

4.2 Sustainability assessment of
island system

The sustainability of the island system can be evaluated by
calculating various indicators, such as the renewable energy input

percentage, emergy yield ratio, environmental loading ratio, and
emergy sustainability index. This study used the method of emergy
analysis and scenario simulation to calculate multiple indicators of
island development under different scenarios. The results are shown
in Table 8 and the comparison and analysis of different
scenarios can reflect the operation status of the island system,
thereby determining the reasonable development pathways
favorable for the construction of island ecological civilization and
sustainable development.

As shown in Table 8, in the low loading scenario, the island
system is in a truly low-load state with critical EYR, and the
indicators of %Renew, ELR and ESI are all in sustainable states. In
the moderate loading scenario, the emergy yield ratio of the
island system has reached an unsustainable state, and the emergy
sustainability index, the percentage of renewable energy inputs
and environmental loading ratio are in sustainable states,
which indicates that the current island socioeconomic activities

TABLE 6 Emergy evaluations of renewable energy and non-renewable resources.

Components Total
P Energy Emergy Energy Emergy (Sej/year)
(j/year) (Sej/year) (j/year) (Sej/year)

Sun 4.86E+16 4.86E+16 3.47E+16 3.47E+16 8.33E+16
Wind 3.17E+14 7.77E+17 1.84E+14 4.51E+17 1.23E+18

Rain,
Renewable energy (RE) N 1.29E+14 3.93E+18 7.46E+13 2.27E+18 6.20 E+18

chemical
Wave 1.08E+15 5.51E+19 5.51E+19
Tide 2.0E+14 1.48E+19 1.48E+19
Non- bl

on renevzf;R; resources Topsoil loss 9.72E+11 1.2E+16 1.2E+16
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TABLE 7 Emergy comparisons between different components under various scenarios.

Low load Moderate load High load
Components
Emergy  Subtotal Percentage Emergy @ Subtotal Percentage Emergy = Subtotal = Percentage
Sun 8.33E 8.33E 8.33E
+16 +16 +16
. 1.23E 1.23E 1.23E
Wind +18 +18 +18
6.20E 7.74E 6.20E 7.74E 6.20E 7.74E
1 1 0 { 0
Renewable energy (RE) Rain, chemical +18 +19 76.57% +18 +19 54.05% +18 +19 35.05%
Wave 5.51E 5.51E 5.51E
v +19 +19 +19
. 1.48E 1.48E 1.48E
Tide +19 +19 +19
Non-renewable 1.2E 1.2E 1.2E
T il 1 1.2E+16 0.01% 1.2E+16 0.01% 1.2E+16 0.01%
resources (NR) OpSOlL 108s +16 * ° +16 + ° +16 + °
Power generation of 1.20E 1.50E 0.00E
renewable energy +19 +19 +00
Domestic water use 4298 8.05E L6LE
+17 +17 +18
Indigenous renewable 6.68E 1.45E o 1.25E 2.06E N 2.51E 1.04E
resources (IR) Reuse of recycled water +17 +19 14.34% +18 +19 14.38% 18 +19 4.71%
1.03E 2.57E 5.14E
Seafood +18 +18 +18
3.79E 9.48E 1.14E
Vegetables +17 +17 +18
Root crops 3.62E 9.05E 3.02E
P +17 +17 +18
Fruits 4.47E 1.12E 1.49E
+16 +17 +17
Dairy and bean 2.15E 9.18E 5.37E 4.52E 7.17E 1.33E
I IM .089% 1.56% .239
mports (IM) products +18 +18 9.08% +18 +19 31.56% +18 +20 60.23%
2.17E 5.42E 1.08E
Meat and eggs +18 +18 +19
Diesel 4.46E 3.34E 1.11E
+18 +19 +20
1.01E 1.43E
Total 100% 100% 2.2E+20 100%
+20 +20

m Renewable energy
® Non-renewable resources
® Indigenous renewable resources

w Imports

A Low loading scenario B Moderate loading scenario C High loading scenario

FIGURE 3
Emergy proportions for different components of the coral reef island system under three scenarios: (A) Low loading scenario; (B) Moderate loading
scenario; (C) High loading scenario.
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TABLE 8 Emergy sustainability assessment of Lingyang Reef under three different scenarios.

(2000 persons)

Emergy analysis indicators

Values States

(5000 persons) (10000 persons)

Values States Values States

Renewable energy input percentage(%Renew) 0.91 Sustainable state 0.68 Sustainable state 0.40 Critical state
Emergy yield ratio (EYR) 11.01 Critical state 3.17 Unsustainable state 1.66 Unsustainable state
Environmental loading ratio (ELR) 0.10 Sustainable state 0.46 Sustainable state 1.51 Sustainable state
Emergy sustainability index (ESI) 110 Sustainable state 6.87 Sustainable state 1.1 Critical state

are within the system’s capacity and the development and
utilization of resources are moderate. In the high loading
scenario, the percentage of renewable energy inputs and emergy
sustainability index are in critical states, while the emergy yield
ratio is in an unsustainable state and only the environmental
loading ratio remains sustainable, which indicates that the
current island socioeconomic activities have exceeded the
system’s carrying capacity.

Comparing the three development scenarios of Lingyang Reef
comprehensively, it can be seen that: with the increase of the
existing population, the island system gradually transitions from a
sustainable state to an unsustainable state, and the indicator of EYR
first changes from a critical state to an unsustainable state,
indicating that it is still an unstable man-made system that is
highly dependent on external material supply at this stage, while
the values of ELR and %Renew are still sustainable and critical,
indicating that the local renewable energy and resources are
relatively abundant, under all the three scenarios, it is not
fully utilized.

Since the emergy of renewable energy power generation and
diesel fuel accounts for the largest proportion of the total emergy of
the island and reef system, and considering that the sea area is rich
in solar energy and wind energy resources, it is possible to install
solar power generation devices on the roofs of buildings, and build
wind farms on reefs in shallow waters, so as to promote the
sustainable development of coral reef artificial islands. Only in
this way, can we gradually increase the proportion of renewable
energy power output, continuously reduce the consumption of fossil
energy such as diesel, and build ideal ecological coral reef island as
soon as possible.

5 Discussion

The ecological fragility of offshore coral reef islands is one of the
main factors restricting their sustainable development. Although
countries have enacted laws and regulations to protect the ecological
environment and develop natural resources of these uninhabited
islands, such as formulating development plans, implementing
classified development strategies, and conducting environmental
impact assessments, the quantitative research on the development
potential of uninhabited islands has not been carried out, which
cannot ensure the sustainability of their development and utilization.
Nam (2010) viewed uninhabited islands as natural closed systems,
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focusing on the carrying capacity of islands through the self-sufficient
way and ignoring the carrying capacity of islands under external
supply conditions, resulting in significant differences between
theoretical calculations and actual results. This study regards
uninhabited islands as semi-natural and semi-closed system,
comprehensively considering the most basic needs such as water,
electricity, and food consumption, and uses scenario simulation to
evaluate the sustainable development capacity of islands under
different population sizes, which will provide a reference for the
sustainable development and utilization of uninhabited islands.

Due to the lack of detailed data on the development and
utilization of uninhabited islands, this study combines scenario
simulation with emergy analysis to carry out the sustainability
assessment of offshore coral reef islands. The proposed method is
theoretically feasible. However, in practical applications, there
remain several uncertainties, including: (1) the renewable energy
and resources in different scenarios are provided locally by the
island system, but this requires the establishment of corresponding
infrastructure, such as vegetable planting bases, rainwater collection
facilities, wastewater treatment facilities, wind turbines, etc.; (2) the
scenarios assume that staple foods such as potatoes, fruits, milk and
beans, eggs and meat, and diesel are imported from outside, without
considering the anchorage capacity of coral reef island harbors. In
addition, external inputs are easily affected by meteorological
disasters such as typhoons; (3) this study uses the per capita
comprehensive index method and sets the proportion of
renewable energy in electricity consumption to simulate and
calculate water, electricity, and food consumption under different
scenarios, which has a certain subjectivity and may affect the
accuracy of the results. In addition, the emergy analysis method
also has limitations to some extent. In the calculation of emergy
conversion rates, an accurate and detailed analysis of the island
system is required. This study refers to the emergy conversion rates
in relevant literature as the calculation data, subjectively ignoring
the heterogeneity that generally exists among different systems, and
the calculated results may not be very accurate. Finally, the
sustainable development of the ecosystem on an offshore coral
reef island is also restricted by various factors such as policies,
culture, and markets, and it is still difficult to carry out quantitative
analysis and provide respective explanations for these factors.

In terms of the future development and utilization of offshore coral
reef islands, we have also tried to propose policy recommendations
from the perspective of sustainable development, including but not
limited to:
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(1) Improving the related basic supporting facilities and
enhancing the output efficiency of local renewable energy
and resources. To improve the self-sufficiency capacity of
local renewable resources, we should make a plan in
advance for the construction of infrastructure such as
vegetable planting bases, rainwater collection facilities,
ports, etc.

(2) Using clean energy and optimizing the energy structure. To
fully tap into the marine energy advantages of offshore coral
reef islands, it is suggested that we should pay more
attention to developing renewable clean energy, e.g., tidal
energy, wind energy, solar energy, and wave energy.

(3) Strengthening efforts to promote awareness of
environmental protection and increase per capita
utilization efficiency. Freshwater and electricity resources
are extremely scarce in natural islands, and it is necessary to
focus on energy and water conservation, so as to promote
high-quality development of offshore coral reef islands.

6 Conclusions

In this study, we presented three potential future development
scenarios for Lingyang Reef based on different carrying capacities:
low-load scenario (2000 people), moderate-load scenario (5000
people), and high-load scenario (10000 people). We also
simulated the utilization and consumption of major resources,
such as water, electricity, and food, under different scenario
conditions. By combining the emergy analysis method with
sustainable development evaluation indicators, we further carried
out the supply-demand structure analysis and sustainability
assessment of Lingyang Reef under each scenario. The main
research conclusions are as follows:

Regarding the two parts of renewable energy and non-
renewable resources, the total emergy value is 7.74E+19 solar
emjoules per year, which accounts for a significant proportion of
the entire system of Lingyang Reef. The renewable energy part
includes solar energy, wind energy, chemical energy from
precipitation, wave energy, and tidal energy. Comparatively, the
non-renewable resources only include topsoil erosion on land
surface, with a total emergy value of only 1.2E+16 solar emjoules
per year, which can be ignored. This indicates that local renewable
energy is abundant and suitable for large-scale and high-intensity
renewable energy development and utilization activities.

Regarding the comparative analysis of the three different
development scenarios (low-load, moderate-load, and high-load),
as the actual population carrying capacity of the island increases,
the island system gradually transitions from sustainable to
unsustainable state. The emergy yield ratio is the first to
transition from critical to unsustainable state, indicating that the
island system is still highly dependent on external material supply
and is an unstable artificial system. However, the environmental
loading ratio and renewable energy input percentage still maintain a
sustainable or critical state, indicating that local renewable energy
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and resources are relatively abundant and have not been fully
utilized under all the three scenarios.

Regarding the development and utilization of local renewable
energy and resources, the emergy values of renewable energy power
generation and diesel power generation accounts for the largest
proportion of the total emergy values in the island system. It is
recommended to gradually increase the proportion of renewable
energy output, especially solar and wind power generation, and
continuously reduce the consumption of fossil fuels such as diesel,
ultimately achieving a power supply-demand balance completely
relying on renewable energy and resources to promote local
sustainable development.
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