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Abstract: Analyzing the material metabolism of infrastructure provides insights into resource flow
and accumulation, offering policymakers new perspectives on resource management and planning.
This study comprehensively analyzed the material stock (MS) of infrastructure on Miao Island using
a bottom-up approach and Pleiades stereo images. Key findings include: (1) in 2020, the total in-use
MS was 249.8 kt, with stone, gravel, and sand accounting for 80%. Transportation infrastructure
held the largest share (40.8%), followed by non-residential buildings (30.1%), residential buildings
(26.7%), and pipeline infrastructure (2.4%); (2) Stone and wood are abundant resources on the island,
whereas steel, ceramics, aluminum, and glass are entirely dependent on external supply; (3) Over
the past 40 years, the MS has grown significantly, with a net addition stock of 179.6 kt (256% growth).
Development periods from 1980-1990, 2000-2005, and 2015-2020 were closely linked to China's
reform and opening-up, infrastructure stimulus plans, and local government policies; (4) Compared
to urban areas, Miao Island has lower construction intensity, with a per capita MS growth rate of
10.12 t/yr versus the national average of 13 t/yr. The steel stock in residential buildings is 15.62 kg/m?,
only 37.82% of the urban average. However, the potential conversion of infrastructure stock into
waste still poses a significant challenge to the island's environmental carrying capacity.

Keywords: Material Stock (MS); Island infrastructure; bottom-up approach; Urban Metabolism
(UM); resource flow

1. Introduction

Material stock (MS) is one of the key processes driving economic growth [1]. However, the
accompanying issues such as resource depletion and energy shortage are becoming increasingly
severe [2]. Currently, the sustainable management of material resources, including their flows and
stocks, has become a focal point of the UN 2030 Sustainable Development Goals (SDGs) [3]. In
particular, research on the MS of infrastructure, which is characterized by large volumes, a multiple
of resources involved, and high energy consumption, has become a hotspot in this field in recent
years [4]. Understanding material use and stockpiling optimizes resource management, reduces
waste, and supports a circular economy. It also improves lifespan prediction, ensuring urban
development is efficient, sustainable, and resilient [5].

1.1. Material Metabolism and Infrastructure Stock

The MS in society, a term in Industrial Ecology, refers to the anthropogenic materials in durable
products and infrastructures that possess socio-economic output functions and can provide services
for people’s daily living and production activities [6]. Estimates of MS have been conducted for over
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70 years. The foundational study can date back to the 1950s when Harrison quantified the steel stock
in the United States [7]. Since 2000, increasing attention has been given to the accumulation of urban
stocks from the perspective of urban metabolism [8,9]. These studies all focus on the vast transfer of
materials from the lithosphere to the anthroposphere, forming buildings, infrastructure, and durable
goods with long life cycles [10,11]. In the past two decades, the study of MS has witnessed a
remarkable boom. Over 70% of the studies have been published during this period, with significant
expansions in research scope and approaches [6,12]. Table 1 shows the general background of the
infrastructure material metabolism according to the objects, methods, and aims of the studies.

Table 1. Summary of research on infrastructure material metabolism.

Systems Objects Methods Purposes
Improving Resource
Efficiency: Optimize material
Material Flows: Involves y: P
. and energy use to reduce
the flow and transformation .
. o waste and enhance efficiency.
of materials such as building . .
. . . . Reducing Environmental
materials, water, metallic Material Flow Analysis .
. Impact: Identify and control
and non-metallic elements, (MFA) .

1 1 pollutants from material
Building and waste within urban Substance Flow metabolism using lifecvcle
Road and systems. Analysis (SFA) & 4

. . management.
railway Energy Flows: Focuses on Energy Flow Analysis . R

. 1. . o Promoting Sustainability:
Pipeline the production, distribution,  (EFA) .

. . . Encourage a circular
Water supply and consumption of energy  Ecological Footprint
. o1 ) economy, reduce dependence
Drainage within the city. (EF) .
o . . on virgin resources, and

Electricity Environmental Impacts: Life Cycle Assessment

Waste treatment

Studies the impact of urban

(LCA)

support low-carbon city

development.
infrastructure on the Input-Output Analysis p. s
. . . Enhancing Urban Resilience:
environment, including (I0A) )
Study infrastructure

pollutant emissions,

metabolism to improve

resource consumption, and . .
climate change adaptation

and provide a scientific basis
for urban planning.

ecosystem services.

Copper, aluminum, steel, and other common metal substances have consistently been the focus
of research [13,14]. There are also a growing number of studies focusing on non-metallic material
stocks, such as nitrogen and phosphorus in the food supply chain, and PVC and cement in the
construction process [15,16]. Furthermore, there is a shift from merely calculating and analyzing the
characteristics and composition of MS. Instead, recent research increasingly focuses on quantitatively
linking material stock (MS) studies to life cycle environmental impacts and socio-economic factors.
This approach explores the driving forces within the Social-Economic-Natural Complex Ecosystem,
examining the interconnections between MS and these systems [12,17-19]. This shift broadens the
scope of analysis, emphasizing a deeper understanding of sustainability and resource efficiency.

However, the availability of data has always been a key issue in urban metabolism research [20].
Data collection in earlier studies mainly relied on governmental statistics, historical literature, and
industrial standards. Due to the strong data-dependent nature, the study areas were typically
selected from developed countries and regions with relatively complete statistical data [21]. In recent
years, the continuous innovation and widespread application of GIS, Remote Sensing, and Al
technology, combined with advanced industrial databases at different scales in many countries, have
effectively enhanced data availability [22,23]. Some studies have started to apply LiDAR point cloud
and machine learning approaches to rebuild the spatial configuration of MS [24-26]. These
developments have made it more convenient and feasible to construct a bottom-up framework to
examine MS.
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1.2. Significance of Studying Island Material Stocks

An island is a geographically isolated system surrounded by water, making it environmentally
distinct and enclosed. For coastal countries, the development of islands is crucial for exploiting
marine energy and boosting the regional economy [27]. As fixed assets foster socioeconomic growth,
infrastructure plays an indispensable role in meeting islanders' basic needs [28,29].

Due to their relatively small land area, many islands face a lack of natural resources. The various
metallic and non-metallic materials, including steel, timber, and asphalt, required for infrastructure
construction activities are primarily supplied from the mainland. At the end of their lifespan,
infrastructure demolition projects tend to generate large amounts of debris. These solid wastes could
remain on the island for an extended period due to the relatively inefficient waste management
systems, potentially posing risks to the local ecological environment. Therefore, research on the MS
of infrastructure on an island not only contributes to assessing the urbanization or industrialization
level of the local society and the living standards of islanders, but also holds significant value in
evaluating resource utilization, providing case studies, and formulating resource-related policies
[30,31]. With natural and administrative boundaries aligning, islands offer ideal conditions for
material metabolism research. Their geographic isolation, limited resources, and environmental
sensitivity make the study of island material stocks both a challenging and essential endeavor.
However, studies on this issue are rare [32].

To better understand island development from a MS perspective and provide policymakers with
resource-related decision support, we developed a bottom-up MS accounting model and selected
Miao Island, a typical small inhabited island in northern China, as the study area. By analyzing the
composition and temporal dynamics of MS across various infrastructures, this research aims to offer
life-cycle-based resource management strategies for decision-makers in the context of this isolated
island system.

2. Materials and Methods
2.1. Study Area

Miao Island is located 12.1 km north of the mainland coastline of Penglai City, Shandong
Province (centered at 37°56'N, 120°40'E). It spans an area of 1.5 km2 and has a coastline length of 6.7
km (Figure 1). The island is part of the Changdao Marine Ecological Civilization Comprehensive
Experimental Zone and comprises two administrative villages, located in the northeast and
southwest regions of the island. The current permanent population is 448, primarily engaged in
aquaculture, fishing, and tourism.
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Figure 1. The location of the study area.
Over the past 30 years, the island's infrastructure has seen significant changes in type, quantity,

and scale, following government planning and socioeconomic development. Around 2000, the
Chinese government launched the "Large Islands Build, Small Islands Relocate" initiative to move
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residents from resource-scarce, development-limited small islands to larger islands with better
infrastructure and growth opportunities. Miao Island, facing typical island challenges like population
decline, stands as a representative inhabited island in northern China.

2.2. MS Classification of Island Infrastructure Based On a Bottom-Up Framework

"Top-down" and "bottom-up" are two general analytical frameworks used in MS studies [33,34].
Figure 2 illustrates the characteristics and general steps of them. The top-down approach quantifies
material flows by accumulating the differences between inflows and outflows in each specific period
[35]. It is commonly applied in many previous studies in the form of MFA. The bottom-up approach,
on the other hand, decomposes a given stock system into multiple sub-units based on different
structures or classification systems and calculates the total stock by summing the material quantities
of each sub-unit [36]. This framework is not highly dependent on statistical data but rather relies on
industry standards, construction norms, and other GIS/CAD-related sources.

In China, most material flow statistics and input-output data are at the provincial and municipal
levels, and there is no material metabolism database or necessary statistical information specifically
for islands. The bottom-up approach offers key advantages in material metabolism studies by
providing detailed, scalable, and context-specific insights. It enables precise tracking of material flows
at micro-levels, which can be aggregated for larger system analyses. Given the actual circumstances,
this study adopts a bottom-up approach to assess the MS of infrastructure on Miao Island.

Top-down Method

Main Characters:
1. Able to overcome]

each basic stock unit

MS,:MSint
Fuagow:  material inflow
Founow: material outflow
MSy: original MS

Basic Formula: MS, =3 (Fi . (0)~ Fiug (0)+ MS,

Calculation Stage
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Figure 2. The Material Stock classification framework of infrastructure in Miao Island. The framework presents
the two analytical methods for material stock, the Top-down and Bottom-up methods. The infrastructures of the
island were divided into four primary categories and seven sub-categories.

Based on a bottom-up framework, the study analyzed the permanent buildings and
infrastructure on the island essential for people's living and production activities. These were
categorized into four main categories: residential buildings, non-residential buildings, transportation
infrastructure, and pipeline infrastructure.

e  Residential buildings: Includes bungalows and multi-story buildings;

e  Non-residential buildings: Classified by function into commercial tourism buildings, public
service buildings, and production buildings;

e Transportation infrastructure: Includes roads (roadways, pavements, etc.) and port auxiliary
facilities (docks, revetments, etc.);

e  Pipeline infrastructure: Mainly comprises water supply pipes, drainage, and reservoirs.

2.3. Development of an Infrastructure MS Calculation Model

An annual dynamic stock calculation model is developed to reflect temporal variations in MS.
Its total formula is shown as Equation 1.

MS, i (t) = MSg () + MS,, () + MS, (t;) + MS, (t;) (1)
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where MSroa represents the total MS of all infrastructure within the island, and MSr, MSn, MSt, and
MSp are the MS of residential buildings, non-residential buildings, transportation infrastructures, and
pipeline infrastructures, respectively.

For infrastructures with complete historical material inventories, we calculate their annual in-
use stock by summing the material quantities they contain. For other infrastructures, we use two
Material Intensity (MI) methods [21]:

e Gross Floor Area Approach (GFA): MS is calculated by multiplying typical material
consumption per unit area by the total building area [37];

e  Gross Volume Approach (GV): MS is calculated either by multiplying average material use per
unit volume by the total infrastructure volume or by summing material amounts across
structural units, with each unit's material content per unit volume multiplied by its useful
volume.

The dynamic calculation model for each type of infrastructure is detailed in Table 2.

Table 2. Material stock calculation model of each type of island infrastructure.

Category Calculation formula Parameter description
MSr: MS of residential building
(brick-wood, brick-concrete, steel-
frame, stone-wood); Irj: material j
MSr MSg () = Zz I i X S ®) consumption per unit of area in type k
ko residential building; Srj: total area of
type k residential building containing
material j
MSn: MS of commercial-tourism
buildings/public service
buildings/productive buildings/
aquaculture greenhouse; Inj: material
_ j consumption per unit of volume in
Mby MSy(t)= ZK:Z,: haeVrae () type k structure (prefabricated house,
brick-wood, brick-concrete, steel-
frame, stone-wood); Vnij: total volume
of type k structure containing material
j
MSir: MS of roadway; Srsk: area of
road surface in road k; Hrsk: thickness
of roadway surface in road k; prsjk:
average content of material j in per
unit of volume of roadway surface in
road k; Srex: area of roadbed in road k;

MS (t) = zz Srse (6) % Hegi () x Prsik T ZZSRBK ()< Hggi () % Prejk
ko ko

Hgsi: thickness of roadbed in road k;
prejk: average content of material j in
per unit of volume of roadbed in road
k
MSTr: MS of pavement; Sr: area of
MSr pavement; Hr: average thickness of
pavement base layer; prj: average
content of material j in per unit of
volume of pavement bed; ax: number
MSye () = ZJ: Se(t)xHexpg + ;Zj:ak (8T of type k pfvement ancillary facility
(curb, fence, light and pavement
brick); Irk: average content of material
jin a type k pavement ancillary
facility
MSra: MS of road ancillary facilities;
MS;, (ti) = ZZ MSOR,-k (ti) MSori: stocks of material j in type k
ko other road ancillary facility
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MStp: MS of dock and revetments; Ipj:
average material j content per unit of
lume in type k structure of dock
MS,, (t;) = I e <V (t vo yP
o (t) Zk:ZJ: Dk o (&) and revetments; Vok: total volume of
type k structure of dock and
revetments

MSrp: MS of pipeline; R: outer
diameter; 7: inner diameter; Lrw:
MS.. (L) = Zﬂ X (R?=1?)x Loy (t;) % Ly length of water supply pipeline; Irw;:
MSp J average material j content per unit of
length in water supply pipeline
MS,.. (t,) = Z MS;,R]. ®) MSpr: M§ of .reservoirs; MS 'prj: stock
; of material j in a reservoir

2.4. Data Collection

Using the MS calculation models, parameters for each type of infrastructure stock on the island
were extracted and collected.

The Pleiades satellite's three-view stereo image pair (June 2016, cloud cover <1%) was processed
using PCI Geomatica through tie point and ground control point adjustments, and epipolar image
creation. From the 0.5 m resolution Digital Orthophoto Map (DOM) and 1 m Digital Surface Model
(DSM), infrastructure outlines, heights, volumes, and three-dimensional parameters were extracted.

From 2017 to 2019, four on-site surveys were conducted, collecting 42 questionnaires on
infrastructure covering construction time, structure, retrofits, and material consumption.
Additionally, inventories for pipeline, road, and dock construction projects from 1980-2020 were
provided by the Miao Island Development and Management Office and the Statistics Bureau of
Changdao County.

Per unit material intensity of various infrastructures was sourced from field surveys, building
codes, engineering cases, literature, and commercial databases (see Supplementary).

3. Results
3.1. Material Flow Analysis of the Island’s Infrastructure

Miao Island’s infrastructure material stock includes residential and non-residential buildings,
pipeline, and transportation infrastructure. Figure 3 shows that in 2020, the main construction
materials were cement, sand, gravel, stone, wood, bricks, steel, glass, ceramics, and aluminum. The
stock of these materials varies widely across different building types.
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Figure 3. Material flow diagram of Miao Island's Infrastructure Stock (2020).

Both residential and non-residential buildings have significant material stocks, with non-
residential buildings requiring much more, particularly gravel (26,245.28 t), stone (43,985.94 t), and
sand (14,942.58 t). These amounts greatly exceed those of other infrastructure projects. Residential
buildings also demand large quantities of stone and gravel, while other materials have smaller, but
still notable, stocks. This suggests non-residential buildings, likely large-scale commercial or
industrial structures, have a much greater need for resources. Steel (295.95 t) and glass (61.41 t) are
mostly concentrated in pipeline infrastructure, reflecting their critical role. In transportation
infrastructure, gravel (6,355.24) and sand (4,720.38) are the main materials, with less demand for
cement, stone, and wood.

Overall, infrastructure construction shows significant variation in material needs, especially in
the consumption of bulk materials like stone and gravel, highlighting a notable imbalance.

3.2. The Material Composition of In-Use Stock

The MS of Miao Island's infrastructure is shown in Figure 4. In 2020, the total in-use stock was
249.8 kt. Stone ranked first at 83.3 kt (33.3% of the total), primarily used in road construction, building
foundations, and coastal protection due to its stability and durability. Gravel and sand followed, used
mainly as concrete aggregates and lime mortar fillers in roadbeds, drainage, and buildings, with
stocks of 72.9 kt (29.2%) and 43.7 kt (17.5%), respectively. Together, these three materials constitute
about 53% of the total in-use stock, indicating their easy availability on the island. Notably, stone
usage on the island is significantly higher than in inland cities.


https://doi.org/10.20944/preprints202410.0109.v1

Preprints.org (www.preprints.org) | NOT PEER-REVIEWED | Posted: 2 October 2024 d0i:10.20944/preprints202410.0109.v1

83,257 (33.3%)

72,858 (29.2%)

80000

60000

43,717 (17.5%)

Stock (Units: t)

40000

21,497 (8.6%)

20000

14,975 (6.0%
11,546 (4.6%
LiS08%) 190 (01%) 134(0.1%) 128 (0.1%)

Stone Gravel Sand Brick Cement Wood Steel Ceramic Aluminum Glass
Materials
Figure 4. The composition of the in-use infrastructure stock on Miao Island in 2020 (Units: tons). Rank the
different materials by their proportion in the total stock from largest to smallest.

Materials accounting for 1% to 10% of the total in-use stock include bricks (21.5 kt), cement (15.0
kt), and wood (11.5 kt). Bricks are used for building walls, ground paving, and masonry structures.
Cement, serving as an adhesive in construction, is used in concrete and mortar for buildings, roads,
and port construction, offering a solid foundation and corrosion resistance. Wood is utilized in
wooden structures, fences, and pier piles, with the island's large artificial forest making it readily
available.

Materials accounting for less than 1% of the total in-use stock include steel, ceramics, aluminum,
and glass. Steel and aluminum, mainly used in the framework structures of residential buildings and
other commercial and production buildings, reinforced concrete, and pipeline facilities, provide
strength and durability. Ceramics, due to their excellent waterproof and corrosion-resistant
properties, are primarily used in building coverings and drainage systems. Glass mainly provides
lighting and decorative functions and is widely used in the windows and glass curtain walls of
various buildings. These four materials are entirely dependent on external supply to the island and
collectively account for 1% of the total stock mass.

3.3. The In-Use Stock Composition of Different Infrastructure Types

Figure 5 illustrates the MS composition of different infrastructures on Miao Island in 2020. The
stock of the four types, ranked from highest to lowest, is transportation infrastructure, non-residential
buildings, residential buildings, and pipeline infrastructure. Transportation infrastructure holds the
largest share, primarily composed of stone, gravel, sand, and cement, which together make up 99.2%
of its total MS. Steel and bricks, measured in hundreds of tons, are used in crash barriers and paving
bricks for sidewalks and curbstones. Wood and glass are minimally present in transportation types,
each less than one ten-thousandth.
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Figure 5. The in-use stock composition of the four primary infrastructure types in Miao Island. Rank the different
primary types by their proportion in the total stock from largest to smallest.

The proportions of non-residential and residential building units in the total stock are roughly
equal, at 30.1% and 26.7%, respectively. The primary difference between these two types is that
residential buildings have slightly higher proportions of stone and wood compared to non-residential
buildings, exceeding 27.4% and 7.8%, respectively.

The pipeline unit has an in-use stock of 5,929 t, accounting for only 2.4% of the island's total
infrastructure stock. However, its material composition is distinct, with aluminum and steel
comprising 37.5% and 22.1% of their respective total stocks, primarily used in water supply and
drainage pipelines.

4. Discussions
4.1. The Temporal Dynamics of In-Use Stock of Island Infrastructure

Figure 6 illustrates the dynamic changes in the total in-use stock of island infrastructure every
five years from 1980 to 2020. Over these 40 years, the total in-use stock shows a significant upward
trend, increasing from 70.2 kt in 1980 to 249.8 kt in 2020, with a net addition to stock (NAS) of 179.6
kt, representing a growth of 256%. The dashed black line represents a quadratic polynomial fit to the
data. An R? value of 0.95 suggests a very good fit of the polynomial model, indicating that the increase
is accelerating over time.

The temporal dynamics of the NAS of Miao Island infrastructure from 1980 to 2020 show
significant fluctuations. From 1980 to 1990, the average five-year NAS was 25.6 kt. In the following
decade, this dropped by 75% to 5.8 kt. In the first five years of the new millennium, it rebounded to
38.6 kt, a 64% increase compared to 1980-1990. From 2005 to 2015, the average NAS fell back to levels
similar to 1990-2000. In the final period, it saw another significant rise, reaching a historic high of 65.7
kt, nearly double the average five-year NAS from 1980 to 2020.
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Figure 6. Dynamic Changes in the Total Stock of Miao Island Infrastructure systems. (a) presents the temporal
dynamics of in-use stock of island infrastructure from 1980 to 2020, (b) presents the dynamic changes in the
Net Addition to Stock (NAS) of Miao Island Infrastructure.

The dynamics of the NAS highlight three historical development periods of Miao Island
infrastructure: (1) 1980-1990: During China's early reform and opening up, the country promoted
infrastructure construction, benefiting Miao Island with increased funding and technical support. (2)
2000-2005: After China's WTO accession and Olympic preparations, rapid economic growth led to
more investment in infrastructure. As a key tourist and fishery base, Miao Island improved its ports,
roads, and electricity infrastructure. (3) 2015-2020: The Chinese government advanced "new-type
urbanization," boosting infrastructure investments in coastal areas. Local plans aimed to develop a
top-tier tourist resort island, accelerating infrastructure upgrades to enhance competitiveness and
attract more tourists [38].
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Figure 7. Material stock dynamics of the four infrastructure types on Miao Island (1980-2020)

Figure 7 revealed growth across all four infrastructure types over the 40 years. Residential
buildings initially grew rapidly but then slowed due to Miao Island's lower population attraction
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compared to mainland cities. After 2000, suitable land for residential construction was exhausted,
and the declining population further reduced housing demand.

Unlike residential buildings, the transportation infrastructure stock showed slow growth
initially and rapid growth in the later period. Notably, since 2015, Miao Island has undergone
significant infrastructure renovations and upgrades for the fishing and tourism industries, expanding
the road system and port facilities. From 2015 to 2020, the 5-year NAS of transportation infrastructure
accounted for 67.8% of the total increase in this category over the past 40 years.

In contrast, the stock types of non-residential buildings and pipelines showed a generally linear
growth trend, with annual NAS of 1,553 t and 42 t, respectively.

4.2. Comparison of Infrastructure Stock between County-Level Islands and Cities

From an MS perspective, county-level islands like Miao Island show significant differences in
construction intensity and growth rates compared to cities. In 2013, the total MS of infrastructure in
Beijing, Tianjin, and Shanghai exceeded or was close to one billion tons [39], while Miao Island's MS
was less than 183 kt. The annual growth rate of Miao Island’s infrastructure MS is 3.46%, half that of
the three cities. The per capita MS growth rate of Miao Island is 10.12 t/capita-yr, lower than the
national average of 13 t/capita-yr [40]. The island's economic development orientation and limited
space constrain its infrastructure scale.

Unlike the widely used reinforced concrete structures in cities, Miao Island has a lower building
density, with most buildings being stone-wood structures. This results in lower consumption of
bricks and steel per unit area. For example, the steel stock in Miao Island's residential buildings is
about 15.62 kg/m?, compared to the urban average of 41.3 kg/m? [41].

Moreover, like most Chinese islands, Miao Island is facing severe population loss due to poor
living conditions and limited employment opportunities, which leads to decreased infrastructure
utilization efficiency. Some public service agencies, such as primary schools, have closed due to a lack
of students. Similarly, more than half of the small-scale aquaculture infrastructure has been
abandoned since 2016 due to economic unsustainability and pollution issues. According to this study,
about 57.2 kt of in-use stock will soon reach the end of its service period and will inevitably be
demolished. This solid waste will pose a significant threat to the island's fragile ecosystem. Promoting
the recycling of infrastructure waste and boosting green buildings is crucial for sustainable island
development.

5. Conclusions

Analyzing material metabolism offers insights into material flows and accumulation, providing
policymakers with new perspectives on resource management and infrastructure planning. In this
study, we conducted a comprehensive analysis of the MS of infrastructure on Miao Island, utilizing
a bottom-up approach to estimate the quantity, composition, and temporal dynamics of in-use
materials. The research findings indicate:

1. The total in-use material stock on Miao Island in 2020 was 249.8 kt. The predominant materials
were stone, gravel, and sand, which together accounted for approximately 80% of the total stock.
Stone and wood are abundant resources on the island, whereas steel, ceramics, aluminum, and
glass depend entirely on external supply.

2. Transportation infrastructure held the largest share of the material stock (40.8%), followed by
non-residential buildings (30.1%), residential buildings (26.7%), and pipeline infrastructure
(2.4%).

3. The total in-use MS on Miao Island has shown a significant upward trend over the past 40 years,
with a NAS of 179.6 kt. Three distinct development periods were identified: 1980-1990, 2000-
2005, and 2015-2020, closely linked to China's reform and opening-up policies, and local
infrastructure stimulus plans.

4. Miao Island has lower construction intensity than urban areas, with a per capita MS growth rate
of 10.12 t/yr, below the national average of 13 t/yr. The steel stock in residential buildings is 15.62
kg/m?, about 37.82% of the urban average. Despite this, the risk from future infrastructure waste
will still challenge the island's environmental capacity.
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