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ABSTRACT: Improving our comprehension of the weight and
spatial distribution of urban built environment stocks is essential
for informing urban resource, waste, and environmental manage-
ment, but this is often hampered by inaccuracy and inconsistency
of the typology and material composition data of buildings and
infrastructure. Here, we have integrated big data mining and
analytics techniques and compiled a local material composition
database to address these gaps, for a detailed characterization of [2Z7 — |2
the quantity, quality, and spatial distribution (in S00 m X 500 m
grids) of the urban built environment stocks in Beijing in 2018. We
found that 3621 megatons (140 ton/cap) of construction materials
were accumulated in Beijing’s buildings and infrastructure, equaling to 1141 Mt of embodied greenhouse gas emissions. Buildings
contribute the most (63% of total, roughly half in residential and half in nonresidential) to the total stock and the subsurface stocks
account for almost half. Spatially, the belts between 3 and 7 km from city center (approximately S t/m’) and commercial grids
(approximately 8 t/m”) became the densest. Correlation analyses between material stocks and socioeconomic factors at a high
resolution reveal an inverse relationship between building and road stock densities and suggest that Beijing is sacrificing skylines for
space in urban expansion. Our results demonstrate that harnessing emerging big data and analytics (e.g., point of interest data and
web crawling) could help realize more spatially refined characterization of built environment stocks and highlight the role of such
information and urban planning in urban resource, waste, and environmental strategies.
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1. INTRODUCTION geographical resolution of stock characterization, they could
not reveal the spatial patterns and drivers' of materials
distribution and accumulation in cities.

Integrating Geographical Information System (GIS) tools

Urban built environment stocks are crucial backbone of
modern civilization' as they provide basic services (e.g,, shelter
and transportation) to humans, set the physical boundary of

cities and human activities, and represent secondary material and data with Material Flow Analysis (MFA, including both
repositories. However, the construction, operation, main- stocks and flows analysis) provides a new perspective that
tenance, and end-of-life management of building and infra- allows for a high spatial resolution characterization and
structure stocks result in increasing energy use and environ- improved understanding of the physical composition of built
mental challenges such as greenhouse gas (GHG) emissions environment stock." For example, Tanikawa et al. made a first
and construction and demolition (C&D) waste generation.”’ attempt along this line to investigate the spatial and temporal
With continued urbanization and population growth over the changes of construction material stocks in two case urban
next decades,4 a further expansion of urban built environment areas'’ and further expanded it to all buildings and
stocks is expected, especially in developing countries. There- infrastructure in Japan from 1945 to 2010.'8 Following this,
fore, it becomes essential to better understand the patterns, several studies quantified the weight and distribution of
drivers, and impacts of urban built environment stocks and building material stocks across cities such as Vienna,"” Rhine-
accumulated materials for better resource and environmental

Ruhr metropolitan area,”’ and Chiclayo.21 Such spatially

management. refined stock information has been consequently used to

The past decade has seen a growing body of literature on
built environment and material stocks in various fields,® from
environmental sciences’ to social sciences” and geography,® at
global,9 national, "’ regional,11 and sectoral levels (in particular
road,'? subway,13 railway,14 energy,15 and water and waste-
water networks'®). These studies provide a first understanding
of the overall patterns of built environment stocks, but with
few studies on city or subcity levels and without high
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Figure 1. Workflow for high-resolution mapping of the built environment stocks in Beijing.

. . . 1.22,23 : :
discuss urban mining potentials,””"” characterize spatial

patterns of stock growth,”*** and e);plore strategies for
environmental impacts mitigationZ(”2 and C&D waste
management.28’29

The attributes (e.g, geolocation, typology, and year of
construction) and the specific material composition of
buildings and infrastructure are the two key parameters in
high-resolution mapping and characterization of built environ-
ment stocks. However, they are often not consistent or with
high uncertainty in previous studies, including:

e Nonresidential buildings (NRBs) are often not
counted®*™** or considered only in a rough way (e.g,
assumed an equal share for residential buildings (RBs)
and NRBs’®) in the literature, leading to under-
estimation of urban built environment stocks. NRBs
represent diverse yet key urban functions (e.g.,
education, healthcare, and commercial) and are
important both land area wise and construction material
stock wise.”* A better classification (which is currently
Iackjng35’36) and characterization of NRBs can therefore
help facilitate better understanding of stocks-flows-
service nexus.

e While different urban built environment stocks are
heavily interconnected”” via infrastructure, the impor-
tant urban infrastructure systems (e.g,, road, subway, and
railway) are not always fully counted in previous case
studies.”>***” This prevents a better understanding of
the interaction between buildings and infrastructure, for
example in the discussion around spatial versus vertical
urban expansion (trading materials for land) and
aggregated effects on total materials and energy use in
cities.

e Material composition indicators (MCIs),*” which
represents the material composition of buildings and
infrastructure, should ideally be specific to each and
every building and infrastructure." But as of today, due
to data gaps, studies often rely on average MClIs derived
from building design codes and guidelines®”*"** or refer
to results from literature.*”** Realizing the importance
of MCIs for bottom-up material stock studies,
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researchers have developed national MCIs databases
(e.g, for RBs in Sweden™), compiled a literature based
global database,” and discussed the transferability of
MClISs across countries for RBs.*” However, the lack of
region or city specific MClIs data is still a key barrier and
results in uncertainty in high-resolution built environ-
ment stocks characterization." This is particularly true
for cities in developing countries like China, where
typology and architecture of buildings can be very
different from European (e.g, where RBs are usually
classified into single-family and multifamily houses) and
Japanese cities (e.g., where more RBs are timber and
steel frame based) which are more often reported in the
literature.

In this paper, we selected Beijing as a case study to address
the above-mentioned gaps. We aim to characterize the
quantity, composition, and age of its urban built environment
stocks in a high spatial resolution, based on new data science
methods and improved MCls data from various sources, and
discuss its implications for urban planning and resource, waste,
and environmental strategies under a rapid urbanization
process. As the capital of China, Beijing municipality has an
area of 16 411 km? and a population of 21.7 million*” in 2018.
Since the fast urbanization after the reform and opening in
1978, it has witnessed a rapid urbanization and its GDP grew
over 250 times." Accordingly, construction in Beijing also
showed an unprecedented development especially before the
Beijing 2008 Summer Olympics. As a relatively mature city in
the world’s largest developing country, the insights from this
case study of Beijing can be useful both for comparison with
cities in industrialized countries and for informing urban
sustainability transition in other developing cities.

2. MATERIALS AND METHODS

2.1. Model Framework. As the overall workflow of this
work shown in Figure 1, we combined MFA, GIS, and big data
mining and analytics for quantifying the urban built environ-
ment stocks in Beijing and revealing its spatial distribution. In
summary, the geographical location information and physical
size of buildings and infrastructure (roads, metros, and
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railways) were obtained from AutoNavi Company and big data
mining was conducted to collect different building attributes.
Then, we calculated the construction material stocks combined
with a newly constructed MCIs database, rasterized building
stocks in 500 m X 500 m grids, and spatially analyzed their
embodied GHG emissions and socioeconomic drivers and
implications.

The reference year is 2018, when the latest data are
available. We considered 16 types of construction materials
(cement, steel, timber, brick (fired clay brick), gravel, mortar,
sand, asphalt, lime, mineral powder, fly ash, glass, ceramic,
copper, aluminum, and waterproof paint), in which 12 types
were found in buildings, 6 types in roads, 8 types in railways,
and 8 types in metro.

2.1.1. Built Environment Stocks Estimation. The bottom-
up approach of built environment stocks estimation builds on
two key parameters (see eq 1): (i) the physical size as well as
attribute of the built environment components (e.g,, m, m?,
and m®, detailed in Section 2.2), and (i) the MClIs specifically
to each component (e.g., kg/m, kg/ m?, and kg/ m?®, detailed in
Section 2.2).

Msm,i,j(t) = Z (Psi,j(t) X MCIm,i,j(t))

m,i,j (1)
Where MS,, ; i(t) is the stock of material m in construction
sector i (buildings, roads, metros, and railways), with the type j
(12 building typologies, 4 road classes, railway, metro line, and
metro station) in year t; PS;; (t) is the physical size of
construction sector i with the type j in year t; and MCI,, ; ; (t)is
the intensity of material m per physical size in construction
sector i with the type j in year t.

2.1.2. Embodied Greenhouse Gas Emissions Calculation.
The GHG emission factors of different construction materials
taken from life cycle assessment (LCA) database in kg CO,q
per t material, which represent the cradle-to-gate requirements
needed for raw material extraction, material manufacture, and
processing48 (transport to construction site and construction
stages are excluded due to data gaps), were used to calculate
the GHG emissions embodied in the built environment stocks.
Whenever possible, we used emission data from eBalance,” a
local Chinese database which has more China specific life cycle
inventory data, for each construction material; when data are
not available in eBalance, Ecoinvent’® was used as a
supplement source (only for two materials; see in the
Supporting Information (SI) Table S1). Equation 2 shows
the calculation of embodied GHG emissions.

4
EL, = ) (EE,. X MS, )
i=1

2)

Where EI,, is the total embodied GHG emissions for material
m, summed for the four construction sectors i; EF,; is
embodied GHG emission factor of construction material m in
construction sector i; and MS,,; is the material stocks of type
m in construction sector i.

2.1.3. Spatial and Socioeconomic Analysis. ArcGIS 10.2
was used for spatial analysis. The city center of Beijing locates
at 116.3968°E, 39.9247°N in Jingshan Park. We followed the
ring belt roads of Beijing, setting the city center as circle center
and lkm, 3 km, 7 km, 10 km, 13 km as radius, and then
calculated the MS and densities in 0—1km, 1—3 km, 3—7 km,
7—10 km, and 10—13 km belts, respectively.
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To facilitate the spatial analysis of built environment stocks,
GIS polygon data were geographically transformed to raster
data in a fitted resolution (500 m X 500 m). In total, 6297
grids with material stocks were extracted out of 7360 grids
(with 1063 blank grids). When reassigning the building
typology (derived from land use as detailed in Section
2.2.1), we used the following principle: If over 50% of the
building floor area in one grid was occupied by a certain
building typology (e.g., residential buildings), this grid was
entirely defined as that typology. Relations between building
material stock, building floor area ratio (building’s total floor
area to the size of land upon which it is built), average number
of floors (the total number of floors of a building to the
number of buildings in each grid), and road material stocks
were then analyzed and plotted.

Spatially refined population and economic data, both in
500m X 500 m grids, were used to further reveal more in-depth
implications and socioeconomic drivers (population and GDP)
behind urban built environment stocks growth. Population
density and population data in Beijing in 2018 were acquired
from WorldPop Mainland China data set.”’ GDP density data
were generated based on total GDP and a disaggregation
method as reported in the literature.>”

2.2. Data Collection and Processing. The geographical
location and footprint information on in total 295896
buildings in Beijing were obtained from AutoNavi Company
(https://www.amap.com/). Due to gaps in the original data,
this data set appeared as a large rectangle area from
116.1605°E, 39.7649°N to 116.5701°E, 40.0413°N. This
adds up to an area of 1064 km? covering 77% of the land
area of Beijing’s six core functioning and developing districts
(Dongcheng, Xicheng, Haidian, Chaoyang, Fengtai, Shijing-
shan). Despite an obvious underestimation due to such a gap,
we deem this represents the majority of population, economy,
and in particular core built-up area of Beijing and is thus
sufficient for our purpose.

Similarly, spatial distribution data on infrastructure (road,
railway, and metro) were obtained from AutoNavi Company in
2018. The road networks include all types of 273 917 roads
(from expressway to the first, second, third, and fourth class
roads) with name, location, type, starting-ending points,
length, and width. 766 single-track railways, and 22 metro
lines with 354 stations were also included.

2.2.1. Deriving Building Attributes Based on Big Data
Mining and Analytics. While location and number of floors of
buildings are readily available from AutoNavi, building
typology and age attributes are not available there and have
to be derived using other methods.

o For building typology: We used the latest (year 2017)
Beijing land use data in a 30 m X 30 m resolution with
12 detailed types (commercial, municipal, storage,
industrial, public, historical, educational, residential,
sport, parking, agricultural, and other mixed-use
buildings) obtained from the planning administration
of Beijing (see SI Figure S1) and a spatial overlap
analysis in ArcGIS to assign each building a typology
attribute (see in the SI Table S2).

For the age of buildings: We analyzed the central points
of building footprints and matched them with the
nearest residential/commercial point of interest (POI)
data to assign each building a POI information. Then,
building age and corresponding location information
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were collected from the largest real-estate agency Web
site in China (SouFun, http://soufun.com/) using a
web-crawling approach. Using the collected location
information, we searched the nearest surrounding POI
and derived the age information for 93% of buildings. A
K-nearest neighbors algorithm (KNN) method was used
to supplement the 7% missing information (see in the SI
Table S3 and S4). We used 10-fold cross-validation in
labeled data and calculated the overall accuracy of year
of construction information as 92%, which is good
enough to meet the minimum standard of 85% proposed
by the United States Geological Survey.”” The data
collection, description, and application were detailed in
SI Table S5.

2.2.2. Compiling a Building Material Composition Data-
base for Beijing and China. We compiled building MClIs data
set for Beijing and China from various sources including
construction bill of quantities (from construction companies
and archives), expert interviews, and literature (reports, books,
and journal articles). In total, the material inventories of over
1800 building samples (including subsurface components such
as basement, underground garage, and foundation) con-
structed between 1963 and 2017 were collected, of which
over 100 are the cases in Beijing. These building samples were
further classified into 12 building typologies in accordance with
the building design codes in China, and three construction age
cohorts (pre-1980, 1981—2000, and 2001—2018) based on the
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observation of the change of Chinese building lifetime>* and
differences in MCIs (see Figure 2). We used the average of
MClIs of building samples in Beijing whenever possible, but
when samples are less than 10, the average of MCls of an area
with similar climate and architecture characteristics was used as
a proxy instead. MCIs of historical buildings (mainly wood
structure) were referred to a Japanese study'’ due to data gaps.
For infrastructure, road MCIs were taken from material
inventories of real construction cases in five different
typologies. Railway MCI data were extracted from a study
on material stock analysis of high-speed rail in China using
national level data.'* Metro MCI data were based on
inventories provided by Beijing Mass Transit Railway
Operation Corporation Limited (see SI Table S6a—g).

3. RESULTS AND DISCUSSION

3.1. The Quantity, Composition, and Age of Built
Environment Stocks in Beijing in 2018. Figure 3 illustrates
the quantity and composition of urban built environment
stocks in 2018 in Beijing. The total material stocks reached
3621 Mt (140 ton/cap) in 2018, in which buildings
contributed the most (62.7%), followed by road (31.1%),
railway (3.5%), and metro (2.6%). With regard to building
material stocks among different typologies, roughly half was
found in residential buildings (1188 Mt, 52.3%), followed by
commercial buildings (385 Mt, 17.0%), public buildings (208
Mt, 9.1%), and educational buildings (182 Mt, 8.0%) (see SI
Figure S2). The nonmetallic mineral materials (96.8%)
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Table 1. Built Environment Stocks and Proportions in Different Belts from City Center in Beijing

belt total material stocks (Mt) density (t/m?)
0—1km 4.51 1.44
1-3km 9791 3.90
3—7km 629.97 5.01
7—10km 660.19 4.12
10—13km 516.56 2.38

building road metro railway
88.38% 11.21% 0.41% 0%
91.54% 7.76% 0.70% 0%
91.56% 7.16% 0.43% 0.84%
90.44% 8.08% 0.51% 0.97%
85.74% 10.06% 0.85% 3.34%

dominate the material stocks, represented mainly by gravel
(1445 Mt), cement (1008 Mt), brick (529 Mt), and sand (523
Mt). This reflects the fact that urban construction required
considerable amount of concrete (constituted of cement,
gravel, and sand) and bricks."” Biomass and metallic materials
together constitute a very small share (3.2%), in which timber
(11 Mt) and steel (68 Mt) are the major types (See SI Figure
S3).

Age wise, it is noticeable that almost 80% of building
material stocks were found in buildings constructed or
reconstructed during the 1990s (826 Mt, 36.4%) and 2000s
(1050 Mt, 46.2%), while only around 10% was in buildings
built before 1990 (see SI Table S7 and Figure S4). This can be
explained by the fact that (a) MCIs of historical buildings are
lower than other typologies of more recent buildings; (b)
Buildings constructed quickly in the 1980s in China have
shorter lifetime due to the increasing housing demand after the
market economy reform and comparably lower quality
control;>>** and (c) Beijing experienced a construction
boom before the 2008 Summer Olympics (which was
accompanied by a rapid population increase from 13.6 million
in 2000 to 21.5 million in 2018 as well*”).

Our results show that subsurface material stocks under-
ground are significant. In Beijing in 2018, 1786 Mt (49.3% of
total) of materials were stocked subsurface, similarly to result
of Wakayama City center (47%)."” The majority of subsurface
material stocks located in buildings (788 Mt in total, including
130 Mt in foundation, 327 Mt in basement, and 331 Mt in
underground garage, accounting for over one-third of the total
building material stocks), roads (902 Mt), and metro (95 Mt).
This high amount of subsurface construction material stocks
indicate a necessity to address the materials accumulated
underground in a truly circular economy.

The level of per capita built environment stocks of Beijing is
slightly higher than those reported cities in developing
countries (e.g, Shanghai,g’0 Ezhou,** and Chiclay021), but are
overall lower than those in cities in industrialized countries
(e.g, Wakayama city center,” Vienna,"® and Padua56). This
indicates the different levels of socioeconomic and population
development of different cities. However, Beijing has higher
stock density on a per-km® level comparing to other cities
(including Salford Quays'’ and Melbourne™) excepted for
Philadelphia,”* due mainly to its limited land resource (so
sacrificing skylines for land). Unfortunately, the inconsistent
calculation method and system boundary hamper a more in-
depth comparison (see more comparisons in the SI Table S8).

The stock results presented here, unavoidably, bear some
uncertainties due to data gaps.

o First, as explained in Section 2.2, while we have a full
coverage for roads, railways, and subways within the
entire Beijing, the available building footprint data were,
unfortunately, incomplete as a rectangle for the core
parts of Beijing. This consequently leads to an
underestimation of the total built environment stocks
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in Beijing, which can be improved by improving the
building footprint data coverage in the future.

Second, our building MCls are based on 1800 building
samples constructed from 1963 to 2017. Despite our
best efforts, the size and representativeness of samples
may lead to uncertainty in building MClIs as well.
Developing robust and accurate MCls databases is a
time and labor-intensive task. Such bottom-up work and
sole reliance on building and construction documents
can be alleviated and complemented by using new types
of data. For example, the increasingly available Building
Information Modeling (BIM) information onfers a
unified model and records for all actions and trans-
actions in a design or construction process and has
already been used for information integration, con-
struction, and O}g)eration of buildings,57 as well as urban
mining studies.””*”

Third, the big data mining and analytics used for
deriving building typology information may not be the
most accurate, because the land use data applied for
matching building typologies is only in 30 m X 30 m
resolution. And limited samples in SouFun Web site and
the accuracy of POI used could also influence the
precision of derived building age information.

3.2. The Spatial Distribution of Built Environment
Stocks in Beijing. Our integrated method enables a spatial
representation of built environment stocks in Beijing (shown
in Figure 3 and detailed in SI Figure S5—S9). Table 1 and SI
Figure S10 represent the material stocks distribution in
different belts from city center. Specifically, the center area
(0—1 km), owing to the regulation on historic buildings/
monuments protection, represents relatively lower stock
intensity (4.5 Mt and 1.4 t/m?). And the densest area is
found in the 3—7 km belt with 630 Mt and 5.0 t/m?, and the
3—10 km belts together contained almost half (49.1%) of total
material stocks. The suburb areas within 10—13 km (516 Mt
and 2.4 t/m*) witness outward development and fast growth
after saturation of stock density in more central areas.

The built environment stocks in 500 m X 500 m grids
(visualized as both grid and elevation maps in Figure 4)
indicate that the less dense grids locate in both central and
outer parts of Beijing. These central grids or clusters with low
values represent basically those historical or protected blocks
since Beijing has a history of over 3000 years as a city and over
600 years as the capital of China. This is different from other
Chinese megacities like Shanghai,3o Taipei,25 Guangzhou,33
Hangzhou™® or Suzhou,” where the densest areas are normally
found in the center.

Typology or urban function wise, commercial grids have the
highest material stocks density (7.96 t/m?) in Beijing, followed
by residential (4.94 t/m?), public (3.39 t/m?), and educational
(2.6 t/m?) grids. The densest grid with 3274 kt and 13.1 t/m?
M is found in the central business district (CBD) of Beijing.
The builidng material stock densities of indutrial (1.24 t/m?),
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Figure 4. Built environment stocks of Beijing (left column) and
selected area (right column) in S00 m X S00 m grids, both as heat
maps (top row) and elevation models (bottom row).

argricultural (1.19 t/m?), sport (0.9 t/m?), storage (0.85t/m?),
and parking (0.57 t/ mz) grids are relatively lower. For
comparison and a closer look, we selected and visualized
nine sites of threetypical building typologies (residential,
commercial, and educational) in the SI Figure S11.

Figure Sa and b suggest that total building height (measured
by the total number of floors in each grid) and the average
building height (measured by the total number of floors

divided by the number of buildings in each grid) correlate well
with building material stocks. In other words, stocks in denser
area may have sprouted dozens of skyscrapers, and Beijing is
sacrificing skylines for space. Additionally, as shown in Figure
5S¢, the correlation between material stocks and the building
compactness (measured by floor area ratio, that is, the floor
area divide by grid area) notably implies that stock in denser
area (mainly commercial area) can provide more humane
working and living space in buildings, suggesting the
importance of urban planning to avoid overconcentration of
stocks during urban sprawl.

The correlation between transport infrastructure stocks and
building material stocks is not high, suggesting lower road
network density (which contributes significantly to the total
infrastructure stocks) in Beijing comparing to other megacities
(e.g, New York, London, and Chicago)® and buildings are
scare in transportation hubs (Figure 5d). Moreover, more than
80% of the most stock intensive grids for road materials (over
2 t/m?*) locate in grids with lower building material stocks (less
than 2 t/m?), revealing the inverse relationship between
building and road stock densities, which was also found in an
earlier German case study.’!

3.3. Implications of the High-Resolution Mapping of
Built Environment Stocks on Urban Sustainability. The
high-resolution mapping of urban built environment stocks can
facilitate the exploration of urban resource and environmental
strategies and socioeconomic drivers on a more refined level.
For example, the mapping of built environment material stocks
in Beijing can (i) inform decision makers about where certain
materials in what quantities are likely to be replaced and
recycled; (ii) allow for an estimation of the overall material
requirements needed for building new cities in the future,
especially for cities in China and other developing countries;
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Figure 6. Correlation between built environment stocks and socioeconomic factors in Beijing.

and (iii) enable the exploration of the role of urban form in
city weight growth and urban sustainability transition.

As shown in Figure 6a, city compactness (measured by
population density) correlates well with material service
capacity (measured by material stock density), particularly in
larger spatial grids (R* = 0.41 at a 500 m X S00 m resolution,
R* =0.49 at a 1000 m X 1000 m resolution, and R* = 0.69 at a
2000 m X 2000 m resolution, see in the SI Figure $12). Above-
ground material stocks correlate better with human activities
than subsurface stocks, because the underground buildings,
roads, and metros offer no or very little working and living
space (Figure 6b). Among different construction materials,
sand and gravel correlate better with population density than
cement, steel, and brick, due to the wide use of mineral
construction aggregates (gravel and sand) in the built
environment (see Figure 6¢ and SI Figures S13—S15).

The built environment stocks correlate very weakly with
GDP at a 500 m X 500 m resolution and slightly better in
larger grids (1000 m X 1000 m) (Figure 6d), in contrast to
their strong correlation at the city level. % A disaggregated
more detailed analysis shows that there is no correlation
between the stock densities and primary and secondary
industry GDP at the grid level, while a closer relationship is
found for the tertiary industry GDP. This may reflect the
service oriented economy of Beijing as a center of political,
economic, and cultural activities in China and consequently
scattered distribution of agriculture land and industry activities
(e.g, many polluting industry was moved out via the 2013—
2017 Clean Air Action Plan®*) (see SI Figure S16—S18). As
Beijing continues to mature in urban development and lower
its reliance on the construction sector in economy develop-
ment, the decoupling effect between stock and GDP is worth
further exploring (not possible in the present analysis due to
lack of temporal data for stocks).

5351

C&D waste is becoming a pressing risk threatening
sustainable urban development in China, particularly consid-
ering that the building lifetime is mostly less than 40 years
(even less than 30 years for building built in the 1980s and
1990s).>* From a resource and waste management perspective,
our spatially refined characterization of construction material
stocks in Beijing could allow for forecasting of the amount,
composition, and value of C&D waste. Since most of the C&D
waste is still illegally dumped or landfilled in China,*® potential
improvements to promote the C&D waste management,
guided by the circular economy principle,”’ are urgent and
necessary, for example by increasing the recycling rate
(currently less than 5%°%) of construction materials. In
particular, with an unprecedented boom of building con-
struction and renovation in China®® and the expanding of
residential built-up areas (more rapidly than the other
typologies®”), residential buildings should be given a special
focus.

The total embodied GHG emissions in Beijing’s built
environment stocks reached 1141 Mt of CO, (87% in
buildings), accounting for 11.5% of the total carbon emissions
of China in 2018.°® Construction of residential (49%) and
commercial buildings (16%) created staggering climate
impacts due to the use of three key construction materials
(69.1% from cement, 15.8% from steel, and 12.5% from brick)
(see Figure 7). For cement and steel, the most intensive census
block groups (orange and red color in Figure 7b and c) contain
12% of total building material stocks whereas over 25% of
embodied GHG emissions due to their energy intensive
production. Bricks embodied GHG emissions are more widely
distributed across the urban area especially in the southeast
corner (Figure 7d). The embodied GHG emissions of cement
alone represent 791 Mt CO,_,,, which is equivalent to almost 6
years of electricity demand of Beijing in 2018 (based on an
electricity consumption of 114238 GWh?).

https://dx.doi.org/10.1021/acs.est.9b07229
Environ. Sci. Technol. 2020, 54, 5345—5355


http://pubs.acs.org/doi/suppl/10.1021/acs.est.9b07229/suppl_file/es9b07229_si_001.pdf
http://pubs.acs.org/doi/suppl/10.1021/acs.est.9b07229/suppl_file/es9b07229_si_001.pdf
http://pubs.acs.org/doi/suppl/10.1021/acs.est.9b07229/suppl_file/es9b07229_si_001.pdf
https://pubs.acs.org/doi/10.1021/acs.est.9b07229?fig=fig6&ref=pdf
https://pubs.acs.org/doi/10.1021/acs.est.9b07229?fig=fig6&ref=pdf
https://pubs.acs.org/doi/10.1021/acs.est.9b07229?fig=fig6&ref=pdf
https://pubs.acs.org/doi/10.1021/acs.est.9b07229?fig=fig6&ref=pdf
pubs.acs.org/est?ref=pdf
https://dx.doi.org/10.1021/acs.est.9b07229?ref=pdf

Environmental Science & Technology

Policy Analysis

pubs.acs.org/est

- "
a) b)
a L
Total EX (k)" - 4 @ -8 _' CenientEI (kt). v i 2 e
-9-3.4 _ ver 3t e S e -?-:.4 J st . 3
3s-n7 AN : bs_s6 ¥ " > B
118-283  +  -w Y Tl % 8.7-216 &Y. . T £, ey
28.4-61.7 21.7-474 : :
B 61.7-181.3 751234
n~ M
c) d)
& oA - 5 e
4 3
Steel EI'(kt) -« ? Brick EF(kt). ; y 3 s W p ks :
Blo-o095 - - - Blo-o0s By TR SUsC Ay
10-34 ¥ : 05-15 N N S o 2
35-102 ) : 1.6-3.6 _ k7
103-223 (MDA L ROy N B © $5 ] 37-83 s 5 & P
2522 ¢ NGl ET e Blss-223 £2 &)

Figure 7. Spatial distribution of embodied GHG emissions (EI) in 2018 in Beijing in (a) total construction material stocks, (b) cement stocks, (c)

steel stocks, and (d) brick stocks.

The Nobel Prize laureate in economics Joseph E. Stiglitz
assessed China’s urbanization as one of the two most
fundamental global changes in the twenty-first century.”’
With a high speed of urbanization in the past decades (1.3%
annually), the share of people living in urban areas rose from
17.9% in 1978 to 58.5% in 2017, and will increase to 60%
(over 830 million) in 2020.”" Consequently, continued
construction of buildings and transportation infrastructure
will inevitably increase demand of raw materials’” and
generation of waste and emissions. If the material stock
density in Beijing’s 7—13 km belt was to be developed to the
level of the 3—7 km belt, built environment stocks and CO,
emissions from primary materials use would increase by 713
Mt and 225 Mt, respectively, and this CO, emission is about
10 times higher than the embodied CO, emissions of building
stocks in Melbourne, Australia.”” Assuming the correlation
obtained from our case of Beijing (Figure Sa) is applicable to
all Chinese cities, and that the urban built-up area remains the
same as in 2017 (56225 km?),” at least 169 gigaton (Gt) of
construction materials would have been stocked in China’s
urban built environment by 2020 (the target year of China’s
New-Type Urbanization Plan), equaling to 53 Gt of embodied
GHG emissions (or over S times the present annual carbon
emissions of China®®).
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To address these increasing challenges of “embodied

74
carbon”,

a holistic and systems approach would be needed.
For example, a reduction of material use would be most
effectively achieved through recycling C&D waste and
prolonging the service lifetime of buildings and infrastructure
(strengthening quality and maintenance). Moreover, relation-
ships between material stocks, building height and typologies,
and the socioeconomic factors and the inverse relationship
between building and transportation infrastructure stock
density all highlight the importance of spatial planning in
reducing urban resource use and environmental impacts. This
perspective remains poorly understood and deserves further
analysis as more built environment stock studies at a high
resolution become available.

B ASSOCIATED CONTENT
@ Supporting Information

The Supporting Information is available free of charge at
https://pubs.acs.org/doi/10.1021/acs.est.9b07229.

Detailed description of the system definition, analytical
solutions to the system, and data sources (PDF)

https://dx.doi.org/10.1021/acs.est.9b07229
Environ. Sci. Technol. 2020, 54, 5345—5355


https://pubs.acs.org/doi/10.1021/acs.est.9b07229?goto=supporting-info
http://pubs.acs.org/doi/suppl/10.1021/acs.est.9b07229/suppl_file/es9b07229_si_001.pdf
https://pubs.acs.org/doi/10.1021/acs.est.9b07229?fig=fig7&ref=pdf
https://pubs.acs.org/doi/10.1021/acs.est.9b07229?fig=fig7&ref=pdf
https://pubs.acs.org/doi/10.1021/acs.est.9b07229?fig=fig7&ref=pdf
https://pubs.acs.org/doi/10.1021/acs.est.9b07229?fig=fig7&ref=pdf
pubs.acs.org/est?ref=pdf
https://dx.doi.org/10.1021/acs.est.9b07229?ref=pdf

Environmental Science & Technology

Policy Analysis

pubs.acs.org/est

B AUTHOR INFORMATION

Corresponding Authors

Zhou Huang — Institute of Remote Sensing and Geographical
Information Systems and Beijing Key Lab of Spatial
Information Integration & Its Applications, Peking University,
Beijing, China; Phone: +86-10-62760132;
Email: huangzhou@pku.edu.cn

Gang Liu — SDU Life Cycle Engineering, Department of
Chemical Engineering, Biotechnology, and Environmental
Technology, University of Southern Denmark, 5230 Odense,
Denmark; Institute of Geographic Sciences and Natural
Resources Research, Chinese Academy of Sciences, 100101
Beijing, China; © orcid.org/0000-0002-7613-1985;
Phone: +45-65009441; Email: gli@kbm.sdu.dk,
geoliugang@gmail.com

Authors

Ruichang Mao — SDU Life Cycle Engineering, Department of
Chemical Engineering, Biotechnology, and Environmental
Technology, University of Southern Denmark, 5230 Odense,
Denmark

Yi Bao — Institute of Remote Sensing and Geographical
Information Systems and Beijing Key Lab of Spatial
Information Integration & Its Applications, Peking University,
Beijing, China

Qiance Liu — Institute of Geographic Sciences and Natural
Resources Research, Chinese Academy of Sciences, 100101
Beijing, China; © orcid.org/0000-0003-0532-8550

Complete contact information is available at:
https://pubs.acs.org/10.1021/acs.est.9b07229

Author Contributions

The manuscript was written through contributions of all
authors. All authors have given approval to the final version of
the manuscript.

Notes
The authors declare no competing financial interest.

B ACKNOWLEDGMENTS

This work is funded by the National Natural Science
Foundation of China (71991484, 41728002, and 41771425),
China Scholarship Council (201708440214), and the Danish
Council for Independent Research (CityWeight; 6111-
00555B).

B REFERENCES

(1) Lanau, M.; Liu, G.; Kral, U,; Wiedenhofer, D.; Keijzer, E.; Yu,
C.; Ehlert, C. Taking Stock of Built Environment Stock Studies:
Progress and Prospects. Environ. Sci. Technol. 2019, 53 (15), 8499—
851S.

(2) Rosado, L.; Kalmykova, Y.; Patricio, J. Urban Metabolism
Profiles. An Empirical Analysis of the Material Flow Characteristics of
Three Metropolitan Areas in Sweden. J. Cleaner Prod. 2016, 126,
206—217.

(3) Pauliuk, S.; Miiller, D. B. The Role of In-Use Stocks in the Social
Metabolism and in Climate Change Mitigation. Glob. Environ. Chang.
2014, 24 (1), 132—142.

(4) UN. World Urbanization Prospects: the 2011 Revision, Depart-
ment of Economic and Social Affairs; United Nations: New York, 2012;
p 318.

(5) Goswein, V.; Silvestre, J. D.; Habert, G.; Freire, F. Dynamic
Assessment of Construction Materials in Urban Building Stocks: A
Critical Review. Environ. Sci. Technol. 2019, 53 (17), 9992—10006.

5353

(6) Hashimoto, S.; Tanikawa, H.; Moriguchi, Y. Where Will Large
Amounts of Materials Accumulated within the Economy Go? - A
Material Flow Analysis of Construction Minerals for Japan. Waste
Manage. 2007, 27 (12), 1725—1738.

(7) Brenner, N.; Marcuse, P.; Mayer, M. Cities for People, Not for
Profit: Critical Urban Theory and the Right to the City. Cities for
People, Not for Profit: Critical Urban Theory and the Right to the City.
2012; pp 1-284. DOI: 10.4324/9780203802182.

(8) Yu, B;; Deng, S.; Liu, G.; Yang, C.; Chen, Z.; Hill, C. J.; Wy, J.
Nighttime Light Images Reveal Spatial-Temporal Dynamics of Global
Anthropogenic Resources Accumulation above Ground. Environ. Sci.
Technol. 2018, 52 (20), 11520—11527.

(9) Miiller, D. B,; Liu, G.; Lovik, A. N.; Modaresi, R.; Pauliuk, S.;
Steinhoff, F. S.; Brattebo, H. Carbon Emissions of Infrastructure
Development. Environ. Sci. Technol. 2013, 47 (20), 11739—11746.

(10) Huang, B.; Chen, Y.; McDowall, W.; Tiirkeli, S.; Bleischwitz,
R; Geng, Y. Embodied GHG Emissions of Building Materials in
Shanghai. J. Cleaner Prod. 2019, 210, 777—785.

(11) Wiedenhofer, D.; Steinberger, J. K.; Eisenmenger, N.; Haas, W.
Maintenance and Expansion: Modeling Material Stocks and Flows for
Residential Buildings and Transportation Networks in the EU2S. J.
Ind. Ecol. 2015, 19 (4), 538—551.

(12) Nguyen, T. C; Fishman, T.; Miatto, A,; Tanikawa, H.
Estimating the Material Stock of Roads: The Vietnamese Case Study.
J. Ind. Ecol. 2019, 23 (3), 663—673.

(13) Lederer, J; Kleemann, F.; Ossberger, M.; Rechberger, H,;
Fellner, J. Prospecting and Exploring Anthropogenic Resource
Deposits: The Case Study of Vienna’s Subway Network. J. Ind. Ecol.
2016, 20 (6), 1320—1333.

(14) Wang, T.; Zhou, J.; Yue, Y,; Yang, J.; Hashimoto, S. Weight
under Steel Wheels: Material Stock and Flow Analysis of High-Speed
Rail in China. J. Ind. Ecol. 2016, 20 (6), 1349—1359.

(15) Cao, Z.; O’Sullivan, C.; Tan, J.; Kalvig, P.; Ciacci, L.; Chen, W.-
Q; Kim, J; Liu, G. Resourcing the Fairytale Country with Wind
Power: A Dynamic Material Flow Analysis. Environ. Sci. Technol.
2019, 53, 11313—11322.

(16) Pauliuk, S.; Venkatesh, G.; Brattebs, H.; Miiller, D. B.
Exploring Urban Mines: Pipe Length and Material Stocks in Urban
Water and Wastewater Networks: Research Article. Urban Water J.
2014, 11, 274—283.

(17) Tanikawa, H.; Hashimoto, S. Urban Stock over Time: Spatial
Material Stock Analysis Using 4d-GIS. Build. Res. Inf. 2009, 37 (5—6),
483-502.

(18) Souda, R. Liquid-Liquid Transition in Supercooled Water
Investigated by Interaction with LiCl and Xe. J. Chem. Phys. 2006, 125
(18), 181103.

(19) Kleemann, F.; Lederer, J.; Rechberger, H.; Fellner, J. GIS-Based
Analysis of Vienna’s Material Stock in Buildings. J. Ind. Ecol. 2017, 21
(2), 368—380.

(20) Oezdemir, O.; Krause, K; Hafner, A. Creating a Resource
Cadaster—A Case Study of a District in the Rhine-Ruhr Metropolitan
Area. Buildings 2017, 7 (2), 4S.

(21) Mesta, C.; Kahhat, R; Santa-Cruz, S. Geospatial Character-
ization of Material Stock in the Residential Sector of a Latin-American
City. J. Ind. Ecol. 2019, 00 (0), 1—12.

(22) Stephan, A.; Athanassiadis, A. Quantifying and Mapping
Embodied Environmental Requirements of Urban Building Stocks.
Build. Environ. 2017, 114, 187—202.

(23) Krook, J.; Carlsson, A.; Eklund, M.; Frandegard, P.; Svensson,
N. Urban Mining: Hibernating Copper Stocks in Local Power Grids.
J. Cleaner Prod. 2011, 19 (9—10), 1052—1056.

(24) Marcellus-Zamora, K. A; Gallagher, P. M. Spatari, S;
Tanikawa, H. Estimating Materials Stocked by Land-Use Type in
Historic Urban Buildings Using Spatio-Temporal Analytical Tools. J.
Ind. Ecol. 2016, 20 (5), 1025—1037.

(25) Cheng, K. L; Hsy, S. C.; Li, W. M.; Ma, H. W. Quantifying
Potential Anthropogenic Resources of Buildings through Hot Spot
Analysis. Resour. Conserv. Recycl. 2018, 133 (February), 10—20.

https://dx.doi.org/10.1021/acs.est.9b07229
Environ. Sci. Technol. 2020, 54, 5345—5355


https://pubs.acs.org/action/doSearch?field1=Contrib&text1="Zhou+Huang"&field2=AllField&text2=&publication=&accessType=allContent&Earliest=&ref=pdf
mailto:huangzhou@pku.edu.cn
https://pubs.acs.org/action/doSearch?field1=Contrib&text1="Gang+Liu"&field2=AllField&text2=&publication=&accessType=allContent&Earliest=&ref=pdf
http://orcid.org/0000-0002-7613-1985
mailto:gli@kbm.sdu.dk
mailto:geoliugang@gmail.com
https://pubs.acs.org/action/doSearch?field1=Contrib&text1="Ruichang+Mao"&field2=AllField&text2=&publication=&accessType=allContent&Earliest=&ref=pdf
https://pubs.acs.org/action/doSearch?field1=Contrib&text1="Yi+Bao"&field2=AllField&text2=&publication=&accessType=allContent&Earliest=&ref=pdf
https://pubs.acs.org/action/doSearch?field1=Contrib&text1="Qiance+Liu"&field2=AllField&text2=&publication=&accessType=allContent&Earliest=&ref=pdf
http://orcid.org/0000-0003-0532-8550
https://pubs.acs.org/doi/10.1021/acs.est.9b07229?ref=pdf
https://dx.doi.org/10.1021/acs.est.8b06652
https://dx.doi.org/10.1021/acs.est.8b06652
https://dx.doi.org/10.1016/j.jclepro.2016.02.139
https://dx.doi.org/10.1016/j.jclepro.2016.02.139
https://dx.doi.org/10.1016/j.jclepro.2016.02.139
https://dx.doi.org/10.1016/j.gloenvcha.2013.11.006
https://dx.doi.org/10.1016/j.gloenvcha.2013.11.006
https://dx.doi.org/10.1021/acs.est.9b01952
https://dx.doi.org/10.1021/acs.est.9b01952
https://dx.doi.org/10.1021/acs.est.9b01952
https://dx.doi.org/10.1016/j.wasman.2006.10.009
https://dx.doi.org/10.1016/j.wasman.2006.10.009
https://dx.doi.org/10.1016/j.wasman.2006.10.009
https://dx.doi.org/10.4324/9780203802182?ref=pdf
https://dx.doi.org/10.1021/acs.est.8b02838
https://dx.doi.org/10.1021/acs.est.8b02838
https://dx.doi.org/10.1021/es402618m
https://dx.doi.org/10.1021/es402618m
https://dx.doi.org/10.1016/j.jclepro.2018.11.030
https://dx.doi.org/10.1016/j.jclepro.2018.11.030
https://dx.doi.org/10.1111/jiec.12216
https://dx.doi.org/10.1111/jiec.12216
https://dx.doi.org/10.1111/jiec.12773
https://dx.doi.org/10.1111/jiec.12395
https://dx.doi.org/10.1111/jiec.12395
https://dx.doi.org/10.1111/jiec.12383
https://dx.doi.org/10.1111/jiec.12383
https://dx.doi.org/10.1111/jiec.12383
https://dx.doi.org/10.1021/acs.est.9b03765
https://dx.doi.org/10.1021/acs.est.9b03765
https://dx.doi.org/10.1080/1573062X.2013.795234
https://dx.doi.org/10.1080/1573062X.2013.795234
https://dx.doi.org/10.1080/09613210903169394
https://dx.doi.org/10.1080/09613210903169394
https://dx.doi.org/10.1063/1.2400038
https://dx.doi.org/10.1063/1.2400038
https://dx.doi.org/10.1111/jiec.12446
https://dx.doi.org/10.1111/jiec.12446
https://dx.doi.org/10.3390/buildings7020045
https://dx.doi.org/10.3390/buildings7020045
https://dx.doi.org/10.3390/buildings7020045
https://dx.doi.org/10.1111/jiec.12723
https://dx.doi.org/10.1111/jiec.12723
https://dx.doi.org/10.1111/jiec.12723
https://dx.doi.org/10.1016/j.buildenv.2016.11.043
https://dx.doi.org/10.1016/j.buildenv.2016.11.043
https://dx.doi.org/10.1016/j.jclepro.2011.01.015
https://dx.doi.org/10.1111/jiec.12327
https://dx.doi.org/10.1111/jiec.12327
https://dx.doi.org/10.1016/j.resconrec.2018.02.003
https://dx.doi.org/10.1016/j.resconrec.2018.02.003
https://dx.doi.org/10.1016/j.resconrec.2018.02.003
pubs.acs.org/est?ref=pdf
https://dx.doi.org/10.1021/acs.est.9b07229?ref=pdf

Environmental Science & Technology

Policy Analysis

pubs.acs.org/est

(26) Reyna, J. L.; Chester, M. V. The Growth of Urban Building
Stock: Unintended Lock-in and Embedded Environmental Effects. J.
Ind. Ecol. 2015, 19 (4), 524—537.

(27) Heeren, N.; Hellweg, S. Tracking Construction Material over
Space and Time: Prospective and Geo-Referenced Modeling of
Building Stocks and Construction Material Flows. J. Ind. Ecol. 2019,
23 (1), 253—267.

(28) Mastrucci, A; Marvuglia, A; Popovici, E.; Leopold, U,;
Benetto, E. Geospatial Characterization of Building Material Stocks
for the Life Cycle Assessment of End-of-Life Scenarios at the Urban
Scale. Resour. Conserv. Recycl. 2017, 123, 54—66.

(29) Blengini, G. A. Life Cycle of Buildings, Demolition and
Recycling Potential: A Case Study in Turin. Italy. Build. Environ.
2009, 44 (2), 319—330.

(30) Han, J; Chen, W.-Q; Zhang, L.; Liu, G. Uncovering the
Spatiotemporal Dynamics of Urban Infrastructure Development: A
High Spatial Resolution Materials Stock and Flow Analysis. Environ.
Sci. Technol. 2018, 52 (21), 12122—12132.

(31) Condeixa, K.; Haddad, A; Boer, D. Material Flow Analysis of
the Residential Building Stock at the City of Rio de Janeiro. J. Cleaner
Prod. 2017, 149, 1249—1267.

(32) Arora, M.; Raspall, F.; Cheah, L.; Silva, A. Residential Building
Material Stocks and Component-Level Circularity: The Case of
Singapore. J. Cleaner Prod. 2019, 216, 239—248.

(33) Guo, J; Miatto, A; Shi, F.; Tanikawa, H. Spatially Explicit
Material Stock Analysis of Buildings in Eastern China Metropoles.
Resour. Conserv. Recycl. 2019, 146 (September 2018), 45—54.

(34) Schebek, L.; Schnitzer, B.; Blesinger, D.; Kohn, A.; Miekley, B.;
Linke, H. J.; Lohmann, A.; Motzko, C.; Seemann, A. Material Stocks
of the Non-Residential Building Sector: The Case of the Rhine-Main
Area. Resour. Conserv. Recycl. 2017, 123, 24—36.

(35) Huang, C; Han, J; Chen, W. Q. Changing Patterns and
Determinants of Infrastructures’ Material Stocks in Chinese Cities.
Resour. Conserv. Recycl. 2017, 123, 47—53.

(36) Schiller, G.; Miiller, F.; Ortlepp, R. Mapping the Anthropogenic
Stock in Germany: Metabolic Evidence for a Circular Economy.
Resour. Conserv. Recycl. 2017, 123, 93—107.

(37) Derrible, S. Complexity in Future Cities: The Rise of
Networked Infrastructure. Int. J. Urban Sci. 2017, 21, 68—86.

(38) Hu, M,; Bergsdal, H.; Van Der Voet, E.; Huppes, G.; Muller, D.
B. Dynamics of Urban and Rural Housing Stocks in China. Build. Res.
Inf. 2010, 38 (3), 301-317.

(39) Bergsdal, H.; Brattebe, H.; Bohne, R. A.; Miiller, D. B. Dynamic
Material Flow Analysis for Norway’s Dwelling Stock. Build. Res. Inf.
2007, 35 (S), $57—570.

(40) Schiller, G.; Miatto, A.; Gruhler, K.; Ortlepp, R.; Deilmann, C.;
Tanikawa, H. Transferability of Material Composition Indicators for
Residential Buildings: A Conceptual Approach Based on a German-
Japanese Comparison. J. Ind. Ecol. 2019, 23 (4). 796.

(41) Tanikawa, H.; Managi, S; Lwin, C. M. Estimates of Lost
Material Stock of Buildings and Roads Due to the Great East Japan
Earthquake and Tsunami. J. Ind. Ecol. 2014, 18 (3), 421—431.

(42) Chen, C.; Shi, F.; Okuoka, K.; Tanikawa, H. The Metabolism
Analysis of Urban Building by 4d-GIS — A Useful Method for New-
Type Urbanization Planning in China. Univers. J. Mater. Sci. 2016, 4
(2), 40—46.

(43) Huang, B,; Zhao, F.; Fishman, T.; Chen, W. Q.; Heeren, N,;
Hertwich, E. G. Building Material Use and Associated Environmental
Impacts in China 2000—201S. Environ. Sci. Technol. 2018, 52 (23),
14006—14014.

(44) Ortlepp, R.; Gruhler, K; Schiller, G. Materials in Germany’s
Domestic Building Stock: Calculation Model and Uncertainties. Build.
Res. Inf. 2018, 46 (2), 164-178. .

(45) Gontia, P.; Nageli, C.; Rosado, L.; Kalmykova, Y.; Osterbring,
M. Material-Intensity Database of Residential Buildings: A Case-
Study of Sweden in the International Context. Resour. Conserv. Recycl.
2018, 130 (November 2017), 228—239.

5354

(46) Heeren, N.; Fishman, T. A Database Seed for a Community-
Driven Material Intensity Research Platform. Sci. Data 2019, 6 (1),
23.

(47) Beijing Municipal Bureau of Statistical. Beijing Statistical
Yearbook. 2018, http://tjj.beijing.gov.cn/nj/main/2019-tjnj/zk/
indexch.htm.

(48) Stephan, A.; Athanassiadis, A. Quantifying and Mapping
Embodied Environmental Requirements of Urban Building Stocks.
Build. Environ. 2017, 114, 187—202.

(49) CLCD Database. 2015. IKE & SCU-ISCP, 2015. Chinese Core
Life Cycle Database Version 0.8. Available at eBalance 4.7 Software.

(50) Frischknecht, R; Jungbluth, N.; Althaus, H. J.; Doka, G;
Dones, R.; Heck, T.; Hellweg, S.; Hischier, R.; Nemecek, T.; Rebitzer,
G.; Spielmann, M. The Ecoinvent Database: Overview and
Methodological Framework. Int. J. Life Cycle Assess. 2005, 10 (1),
3-9.

(51) WorldPop Mainland China dataset, WorldPop Mainland China
dataset for 2018, https://www.worldpop.org/geodata/summary?id=
6026.

(52) Ye, T.; Zhao, N.; Yang, X,; Ouyang, Z.; Liu, X.; Chen, Q;; Jia, P.
Improved population mapping for China using remotely sensed and
points-of-interest data within a random forests model. Sci. Total
Environ. 2019, 658, 936—946.

(53) Anderson, J. R;; Hardy, E. E,; Roach, J. T.; Witmer, R. E. A
Land Use And Land Cover Classification System For Use With
Remote Sensor Data. Development 1976, 2001 (964), 41.

(54) Cao, Z.; Liu, G.; Duan, H;; Xi, F.; Liu, G.; Yang, W. Unravelling
the Mystery of Chinese Building Lifetime: A Calibration and
Verification Based on Dynamic Material Flow Analysis. Appl. Energy
2019, 238 (January), 442—452.

(55) Fern, J. E. Resource Consumption of New Urban Construction
in China. J. Ind. Ecol. 2007, 11 (2), 99—115.

(56) Miatto, A; Schandl, H.; Forlin, L.; Ronzani, F.; Borin, P.;
Giordano, A.; Tanikawa, H. A Spatial Analysis of Material Stock
Accumulation and Demolition Waste Potential of Buildings: A Case
Study of Padua. Resour. Conserv. Recycl. 2019, 142 (November 2018),
245-256.

(57) Eastman, C.; Teicholz, P.; Sacks, R.; Liston, K. BIM Handbook
A Guide to Building Information Modeling for Owners, Managers,
Designers, Engineers and Contractors; John Wiley & Sons, 2011.

(58) Akanbi, L. A;; Oyedele, L. O.; Akinade, O. O.; Ajayi, A. O,;
Davila Delgado, M.; Bilal, M,; Bello, S. A. Salvaging Building Materials
in a Circular Economy: A BIM-Based Whole-Life Performance
Estimator. Resour. Conserv. Recycl. 2018, 129 (May 2017), 175—186.

(59) Cheng, J. C. P; Ma, L. Y. H. A BIM-Based System for
Demolition and Renovation Waste Estimation and Planning. Waste
Manage. 2013, 33 (6), 1539—1551.

(60) Zhao, G.; Zheng, X.; Yuan, Z.; Zhang, L. Spatial and Temporal
Characteristics of Road Networks and Urban Expansion. Land 2017,
6 (2), 30.

(61) Schiller, G. Urban Infrastructure: Challenges for Resource
Efficiency in the Building Stock. Build. Res. Inf. 2007, 35 (4), 399—
411.

(62) Fishman, T.; Schandl, H.; Tanikawa, H. The Socio-Economic
Drivers of Material Stock Accumulation in Japan’s Prefectures. Ecol.
Econ. 2015, 113, 76—84.

(63) Liu, Q; Cao, Z.; Liu, X.; Liu, L.; Dai, T.; Han, J.; Duan, H;
Wang, C; Wang, H,; Liu, J; et al. Product and Metal Stocks
Accumulation of China’s Megacities: Patterns, Drivers, and
Implications. Environ. Sci. Technol. 2019, 53 (8), 4128—4139.

(64) China Council for International Cooperation on Environment
and Development. 2013. Beijing 2013—2017 Clean Air Action Plan.
http://www.cciced.net/cciceden/NEWSCENTER/
LatestEnvironmentalandDevelopmentNews/201310/t20131022
82587.html.

(65) Huang, B.; Wang, X.; Kua, H.; Geng, Y.; Bleischwitz, R.; Ren, J.
Construction and Demolition Waste Management in China through
the 3R Principle. Resour. Conserv. Recycl. 2018, 129 (April 2017), 36—
44.

https://dx.doi.org/10.1021/acs.est.9b07229
Environ. Sci. Technol. 2020, 54, 5345—5355


https://dx.doi.org/10.1111/jiec.12211
https://dx.doi.org/10.1111/jiec.12211
https://dx.doi.org/10.1111/jiec.12739
https://dx.doi.org/10.1111/jiec.12739
https://dx.doi.org/10.1111/jiec.12739
https://dx.doi.org/10.1016/j.resconrec.2016.07.003
https://dx.doi.org/10.1016/j.resconrec.2016.07.003
https://dx.doi.org/10.1016/j.resconrec.2016.07.003
https://dx.doi.org/10.1016/j.buildenv.2008.03.007
https://dx.doi.org/10.1016/j.buildenv.2008.03.007
https://dx.doi.org/10.1021/acs.est.8b03111
https://dx.doi.org/10.1021/acs.est.8b03111
https://dx.doi.org/10.1021/acs.est.8b03111
https://dx.doi.org/10.1016/j.jclepro.2017.02.080
https://dx.doi.org/10.1016/j.jclepro.2017.02.080
https://dx.doi.org/10.1016/j.jclepro.2019.01.199
https://dx.doi.org/10.1016/j.jclepro.2019.01.199
https://dx.doi.org/10.1016/j.jclepro.2019.01.199
https://dx.doi.org/10.1016/j.resconrec.2019.03.031
https://dx.doi.org/10.1016/j.resconrec.2019.03.031
https://dx.doi.org/10.1016/j.resconrec.2016.06.001
https://dx.doi.org/10.1016/j.resconrec.2016.06.001
https://dx.doi.org/10.1016/j.resconrec.2016.06.001
https://dx.doi.org/10.1016/j.resconrec.2016.06.014
https://dx.doi.org/10.1016/j.resconrec.2016.06.014
https://dx.doi.org/10.1016/j.resconrec.2016.08.007
https://dx.doi.org/10.1016/j.resconrec.2016.08.007
https://dx.doi.org/10.1080/12265934.2016.1233075
https://dx.doi.org/10.1080/12265934.2016.1233075
https://dx.doi.org/10.1080/09613211003729988
https://dx.doi.org/10.1080/09613210701287588
https://dx.doi.org/10.1080/09613210701287588
https://dx.doi.org/10.1111/jiec.12817
https://dx.doi.org/10.1111/jiec.12817
https://dx.doi.org/10.1111/jiec.12817
https://dx.doi.org/10.1111/jiec.12126
https://dx.doi.org/10.1111/jiec.12126
https://dx.doi.org/10.1111/jiec.12126
https://dx.doi.org/10.13189/ujms.2016.040204
https://dx.doi.org/10.13189/ujms.2016.040204
https://dx.doi.org/10.13189/ujms.2016.040204
https://dx.doi.org/10.1021/acs.est.8b04104
https://dx.doi.org/10.1021/acs.est.8b04104
https://dx.doi.org/10.1080/09613218.2016.1264121
https://dx.doi.org/10.1080/09613218.2016.1264121
https://dx.doi.org/10.1016/j.resconrec.2017.11.022
https://dx.doi.org/10.1016/j.resconrec.2017.11.022
https://dx.doi.org/10.1038/s41597-019-0021-x
https://dx.doi.org/10.1038/s41597-019-0021-x
http://tjj.beijing.gov.cn/nj/main/2019-tjnj/zk/indexch.htm
http://tjj.beijing.gov.cn/nj/main/2019-tjnj/zk/indexch.htm
https://dx.doi.org/10.1016/j.buildenv.2016.11.043
https://dx.doi.org/10.1016/j.buildenv.2016.11.043
https://dx.doi.org/10.1065/lca2004.10.181.1
https://dx.doi.org/10.1065/lca2004.10.181.1
https://www.worldpop.org/geodata/summary?id=6026
https://www.worldpop.org/geodata/summary?id=6026
https://dx.doi.org/10.1016/j.scitotenv.2018.12.276
https://dx.doi.org/10.1016/j.scitotenv.2018.12.276
https://dx.doi.org/10.3133/pp964
https://dx.doi.org/10.3133/pp964
https://dx.doi.org/10.3133/pp964
https://dx.doi.org/10.1016/j.apenergy.2019.01.106
https://dx.doi.org/10.1016/j.apenergy.2019.01.106
https://dx.doi.org/10.1016/j.apenergy.2019.01.106
https://dx.doi.org/10.1162/jie.2007.1199
https://dx.doi.org/10.1162/jie.2007.1199
https://dx.doi.org/10.1016/j.resconrec.2018.12.011
https://dx.doi.org/10.1016/j.resconrec.2018.12.011
https://dx.doi.org/10.1016/j.resconrec.2018.12.011
https://dx.doi.org/10.1016/j.resconrec.2017.10.026
https://dx.doi.org/10.1016/j.resconrec.2017.10.026
https://dx.doi.org/10.1016/j.resconrec.2017.10.026
https://dx.doi.org/10.1016/j.wasman.2013.01.001
https://dx.doi.org/10.1016/j.wasman.2013.01.001
https://dx.doi.org/10.3390/land6020030
https://dx.doi.org/10.3390/land6020030
https://dx.doi.org/10.1080/09613210701217171
https://dx.doi.org/10.1080/09613210701217171
https://dx.doi.org/10.1016/j.ecolecon.2015.03.001
https://dx.doi.org/10.1016/j.ecolecon.2015.03.001
https://dx.doi.org/10.1021/acs.est.9b00387
https://dx.doi.org/10.1021/acs.est.9b00387
https://dx.doi.org/10.1021/acs.est.9b00387
http://www.cciced.net/cciceden/NEWSCENTER/LatestEnvironmentalandDevelopmentNews/201310/t20131022_82587.html
http://www.cciced.net/cciceden/NEWSCENTER/LatestEnvironmentalandDevelopmentNews/201310/t20131022_82587.html
http://www.cciced.net/cciceden/NEWSCENTER/LatestEnvironmentalandDevelopmentNews/201310/t20131022_82587.html
https://dx.doi.org/10.1016/j.resconrec.2017.09.029
https://dx.doi.org/10.1016/j.resconrec.2017.09.029
pubs.acs.org/est?ref=pdf
https://dx.doi.org/10.1021/acs.est.9b07229?ref=pdf

Environmental Science & Technology

pubs.acs.org/est

Policy Analysis

(66) He, X,; Liu, Y.; Li, T.; Chen, J. Does the Rapid Development of
China’s Urban Residential Buildings Matter for the Environment?
Build. Environ. 2013, 64, 130—137.

(67) Huang, B.; Zhao, F.; Fishman, T.; Chen, W. Q.; Heeren, N,;
Hertwich, E. G. Building Material Use and Associated Environmental
Impacts in China 2000—201S. Environ. Sci. Technol. 2018, 52, 14006—
14014.

(68) Wang, H; Lu, X;; Deng, Y.; Sun, Y.; Nielsen, C. P.; Liu, Y,;
Zhu, G.; Bu, M; Bj, J.; McElroy, M. B. China’s CO2 peak before 2030
implied from characteristics and growth of cities. Nature Sustainability.
2019, 2 (8), 748—754.

(69) China’s National Energy Administration. http://www.nea.gov.
cn/.

(70) Ye, L.; Wu, A. M. Urbanization, Land Development, and Land
Financing: Evidence from Chinese Cities. J. Urban Aff. 2014, 36 (S1),
354—368.

(71) The CPC Central Committee, The State Council. National
New Urbanization Plan (2014—2020). Xinhua News Agency. 2014—
03—16. http://www.gov.cn/zhengce/2014-03/16/content_2640075.
htm.

(72) Shi, F; Huang, T.; Tanikawa, H; Han, J; Hashimoto, S.;
Moriguchi, Y. Toward a Low Carbon-Dematerialization Society:
Measuring the Materials Demand and Co 2 Emissions of Building and
Transport Infrastructure Construction in China. J. Ind. Ecol. 2012, 16
(4), 493—505.

(73) Ministry of Housing and Urban-Rural Development of the
People’s Republic of China (MOHURD). China Urban-Rural
Construction Statistical Yearbook. 2018. http://www.mohurd.gov.
cn/xytj/tjzljsxytjgb/jstjnj/.

(74) World Green Building Council. Bringing Embodied Carbon
Upfront: Coordinated Action for the Building and Construction
Sector to Tackle Embodied Carbon. 2019, 35. https://www.worldgbc.
org/embodied-carbon.

5355

https://dx.doi.org/10.1021/acs.est.9b07229
Environ. Sci. Technol. 2020, 54, 5345—5355


https://dx.doi.org/10.1016/j.buildenv.2013.03.013
https://dx.doi.org/10.1016/j.buildenv.2013.03.013
https://dx.doi.org/10.1021/acs.est.8b04104
https://dx.doi.org/10.1021/acs.est.8b04104
https://dx.doi.org/10.1038/s41893-019-0339-6
https://dx.doi.org/10.1038/s41893-019-0339-6
http://www.nea.gov.cn/
http://www.nea.gov.cn/
https://dx.doi.org/10.1111/juaf.12105
https://dx.doi.org/10.1111/juaf.12105
http://www.gov.cn/zhengce/2014-03/16/content_2640075.htm
http://www.gov.cn/zhengce/2014-03/16/content_2640075.htm
https://dx.doi.org/10.1111/j.1530-9290.2012.00523.x
https://dx.doi.org/10.1111/j.1530-9290.2012.00523.x
https://dx.doi.org/10.1111/j.1530-9290.2012.00523.x
http://www.mohurd.gov.cn/xytj/tjzljsxytjgb/jstjnj/
http://www.mohurd.gov.cn/xytj/tjzljsxytjgb/jstjnj/
https://www.worldgbc.org/embodied-carbon
https://www.worldgbc.org/embodied-carbon
pubs.acs.org/est?ref=pdf
https://dx.doi.org/10.1021/acs.est.9b07229?ref=pdf

