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Monocentric concentration
Nanyang
Building MS = 92 Mt
GDP per capita = 2.65 x 10° CNY

Chongging
Building MS = 2594 Mt

Multicentric dispersion

GDP per capita = 6.56 x 10° CNY

Multicentric concentration
Beijing
Building MS = 4939 Mt
GDP per capita = 1.409 x 10° CNY

Zhengzhou
Building MS = 2426 Mt
GDP per capita = 1.006 = 10° CNY

|
I |
I |
I |
| | ~
I ” | A
>
| v | 2
I boulr |
| 159 FEE I
| in g & 7 i |
| e 4 ndeveloped - 3 |
| B 'Developed - £ |
e - AL y
| Top I X
l | B Top-cluster B | d
(@) ! (o) (©) I (d
= | = 2 | 2
I=I =] =] =
- = S | =
_ o | - o) - @ | - %)
Gl =0.4352 =, Gl =0.7433 = Gl =0.6981 s Gl =0.5684 =
o (=2 o | o
£ £ = £
h=] = h=l i)
N E R 3
3 a K 2
[ @ o v
2 H 2 2
g | & g | 5
S S S S
E ! e E g
Cumulative grid 100% O | Cumulative grid 100% 8] Cumulative grid 100% O | Cumulative grid 100% O
(e) ! (U] (9) | (h)
166 I 1e6 1e6 | 1e6
Low population I 4| - Low population 41 Low population | 4+~ Low population
= High population | . | = High population _ + High population = +High population
;’ 4+ — I g sr Population =2342 g 8[| Population= 1642 | g el Population =2038
jon= I ” ’
i Population = 1987 | o2 - o 2 | @ 2 .
£ 2r R§,=0896, K, =207 B | R%,=0.979, K,, =466 g2, { 0.975, K,,, =602 ! 2.l A:o 986, K, =335
3 REn=0.941, K,g,=13 @ R2g, =0.923, K, =143 @ an = 0. 964 Kign=116 '@ Ry = 0.986, Kiygn = 135
@ st Ry =0.594, K, =81 | ol ‘ Rf;.:p 883,‘K8,,=2l79 o, Rl o 786, K 936 I ol ; | Ra=0831,K,=201
! |
D DD P S o S o o o g Q N O P P PP
S & S S | & & & & N S N F & (& &S
7 00 AT T | EERK LG S 0 & S : 9 8 W P
Population | Population Population | Population
!

0}
Bl 4. 500 m 4R L HE SRR R

)

THIHS3.1 7). (o) ~ (h) @HMRF R IRE.
KARERA RISk A R

5o AARXMAFHEIRSRINTHERE (50 /M
224, Ui T BRI T @ RIS AE E LR, s
W2 M IX B B R R [62-63]. TEMLES B, @M
BREEBCNBE T (K&, B8 ANERE, DIA
13, GIN0.46) AT LAy 3k 117 (9 47 2 A 38 B AR 4
CIERN

TESYHER N 500 m T A SO b, 25 Rl 4ifb i 2
SRS N LR EAR DS, HAERNI N C RS
CFHIR*=0.98) FIEKFIN DG CFEIR =0.94) [HH
AN AT K IR g R MR T 8 ) B R R BV E R A 1
[64], WS A T IB Ak 2 #E 1000~3000 22 8] ; B4 G) ~
(D W EERE . B FBIMFIAE R A EINE, FHAb T

FEAE L S WA R BERES3.5 7. WHITR M, A kD
IR (K, = 5260 B/ EIRRIE & T ANHEZ N

R (K = 98) . 3 REWRF I 1 AL HI01 75 BT £ 1
7e 8

33. Wit 5ER
W R, o E G2 &R B A
KPR A TR K P el 8l T kAl B SR R T .

oA
fE) kﬁ(ﬁﬁﬁaﬂ%&*%@mmﬁ>Ww(%ﬁﬁﬁﬁaﬂ%%Wmoﬂmﬁﬁﬁ(mﬁH%Mﬁﬁ)m

(k) U]

(@) ~ () HFFTEHF RS A RIE R AF RIS A 0 2]t 42
TR (RS ST LI % A

(D ~ (D FEFRAFE GERT D 5 ANOPIB BRI R R (N, TP .

X5 BRSSO (7K e [20,65] 80 At
[66]) 7t 4 [EYE il Py A7 A U i 7 4 R — 8. X Pt
ST AR D 2 LA g 1A A DA s b AN At R it
KBS T RE . A ARZ . LA H R H R,
W E V20T IR TR s B R B AR @, AR
PREeHEU s8], UL R,  MMRMT B A 2R B AR T K
J&, NREARF TR A IR AL T — AN BRI, X
R KR FELE 24 F0 0 2 - N D 34K (67180 - 1 A1 F 251K [68]
{38, T A0 A D% SCHR AR R R R 1

I 1T Sl PPN KA A I T 2 TR TR T PR S5 P 2 [ 4 A
BEAGE MW R T T S E 5 kg (A D AGDP), H
P Cnpr BT RED FTTEA (W BR LEEF L
FIFSEHD fEefr i 17470 s (8] 4 A5 7 T
PIVERT . BRIk, 7R s A S i I I a R . (R i
BBl it A F A U LA B ) 2 D) BRI AR T B R B
VRIS R 78 53 2 RN [F) 3R 1 B AS R B B [69—-70] 0 X 28
B P B 2 R LA Ay e 1 76 S R 57 A 3 7 AR SR P
MRS gt s, DR o B, kS s () Bl e, )
B A AR BURF AT A 25 A DG SR AR AL A 77 2 () R



157

10-* 0 108 0 2x10°4x10°6x10°

w— | inyi
== Suzhou

= Beijing

Haikou [ : e F : e
Guiyang - ® -
Nanchang |- ® = ®
Lanzhou | [} -
Xining ]

o

0.8

S
L4
o
7/
o/
/

L
w
7
Yy
R
/
/

=
=)
T
L
o
7
4
/ #
I,

25} = N

log(P(X > building MS))

]
@ w
o O

o
B
T

“ \I\\ Suzhou -

Linyi |- ®

Handan |- ®
Zhoukou - fe) e
Lhasa |- ° B ®
Nanyang |- ) - )
Urumai (@ - @
Chongging | e [
Fuzhou - ® |- ®
~ Zhengzhou - @ ®
Wenzhou [ ] = k<l

P(X>building MS)

Building MS (kt)

0.2

C L I 1 1 1
0 200 400 600 800 1000 1200 1400

Luoyang |
Qingdao
Baoding |-
Nanning -
Hangzhou |-
Shijiazhuang
Quanzhou |-
Nantong -
Yinchuan -
Weifang |-
Ningbo

- ——

Building MS (kt)

<108 (a)

Il 1 1 L 1 1
0 200 400 600 800 1000 1200

1
1400 Foshan |-
Dalian |-
Harbin -

*
°
=]
L ]
L ]
*
L ]
L] I L]
L] r L ]
® L
L ]
L ]
L ]
L ]
L
Wuxi - )

T city

]

! °
® C1: monocentric concentration i

1

1

]

¢ e ; Xining
® C2: multicentric dispersion
® C3: multicentric concentration

Total material stock (Bt) ey

. @
6 .‘: ..

3. i
st (i ® 1'® Hohhot
Beuing&

=]
NS

[

S

<.

Yt Center of each cluster

[}
Changchun @

i
° @ :* eo®
3k Tangshan Tianjin |
Qo
Baaoding
[
[ ]

Changsha Ningbo |

o
T
.

L] Wewfang:

. Zhengzhou.

A W}
@ \ L ] Chongq\ng
® 4O Suzhou

[
@ Wenzhou

Changsha |- [ ] = *
Tangshan a = )
Kunming |- ) -
Taiyuan | ®
Xi'an | Y
Xiamen | [ ]
° Hohhot | °
Haikou Guangzhou |- ™
Jinan - @
Wuhan | o -
Hefei |- @ + [ ]
Tianjin - ® -
Nanjing - ®
Beijing |- ®
Chengdu | Y
Shenzhen [ ]
Shenyang |- )
Shanghai - ) -
Changchun |- o - [

*
c2 -
x10° * . }—.—{

1 L L 1 i L
-1.0 -0.5 0 0.5 1.0
u

5. T 2 SRR B K R S H R B A

AT ARG TR IR, SEBLR BB UR. TR AN =% Al s
DY &, RIEIETEAN IR

TSR T 2R 48 AR AR M L EAREILAE LR AN R )
BT o o, e £ ) g 20 B R AR IR S A A
B, ATRARN TR BRI, R SR ™ A A 3
RFVRECRE . oy CLEMME. HAT, S E R
NGRS ONEZ DL R SLE ﬁﬁS%%ﬂEWﬂ%Uu
5 RE B R FIUAL I R A B 5 8 R T AL R B A, X
— PR DTN G BRI TR N A0 R N A
FAE, T AR T GRS I (1 2R AE, AT Tl OO PR
M[72]0 TXALHEIE T (A MDA B B A A BRI T SR
075 735K e K R R 1l B AR 22 B AR I S B H-0) FH A E
{ZEA

BEAh, 1 AT S BRI B A B U R S A B st

!
15

(a) b5t TRHURIR T 2 s
B, REZSH 08 om 1 =N BORil 73 10 50 A7 XS Bt 2o A 28 (138 R KT A e A B 21 2

] 2]
(c)

(b) ~ (&) 7B ZHu Vg IR AF i PRI K Al AR B A
(b) TP 2% R e o w A O 1R T 2204

VoI T R RS T I AR iR AU HE T A B AN e 4% 1)
B, RFHBREEARME (CRV) [73-74] A 5038 T 2 B0 f8 o
FEAEHETBCR:, RIS A 2 AT HOR R R bl T I A A7
B A MR . PR AT, 504 ik e 30T Y S 4k CRV HE
TR N 32 Gto XA 24T 2019 4F 4 BRIR 5 SR HE & 1
60% [75]8%2021 44 Bk — S A e HE = 1) 90% [76]. dbL3T
(229 Gt 1.61 t-m™ . LifF (2,12 GtE2.12t-m™) . A&
#(1.33 GtE2.57t-m ™) M (1.27 Gt 2.75t-m™>)
FIREE (1.26 GtEL1.25t-m™) ) CRV HE & A7 JE 7 1o
R, 5 f i B3 T A IR B AE AT R, HLaze KT R 3k
T CAIRRE ZE R 11 Mt [73]D) R IKSRDE T (s R A
)24 Mt [77]D - ST & IR AF BT i R e AR iR
SR RHEE, IX 50N A CRV HEACE W] /E Ry B oAt
287 AR 17 A B A R AR 55 7K SR B AT S o . 7E TR



158

FNRGHSIX IS LA R A IR 55 B 2 5 v Tty g3
FROG AR I 32 75 HE R I8 = () CRV HECR . 7R IR TS 5%
T, &FFRIES PTG BATHEBUR . BRIAET
2%, CRVHBRAII T (bt A i E S22 28 =R )
KD SR BEEAE D TR E Y & ARk
by eSS T ARG R R F 5 o BRI T R A B AT i S A
SRS MM (%A P RIES12~14) 1EH
T HAR 287 ANk, T E IR — Pk B D R
251 GtIEEHMEL, M24TF 71 GtJ CRV HEilE (B4R
W E H AT AE BRI B (78D . Rk, EE PR
SR AR 3 HE T80 AR AL MR R ) SRR [ 7911 7K
80D MIEEARBIHT . FEEM BR8] K BTG ([31]
HO A 7 8] K [82—83 145 5% W A ik 21 Ik 117 %k e ok 2 v 1)
HER. BT X e RN IR TT 2R G T RE I A FE NN KSR A8
RTF R AR 2 o, PASEIU T A6 PR AR L 2L

3.4, J7{RIRAEAN R R 1

A TERE AN T AR GRS R, AR
HIBLES 22 2 5 oA TR T A R E AR T — R P
RO J78s, R T DR A AR IE SR A 56 BT £ HH A A
HHEZ BN E AR EM . EINRRKAEES, B
Y T 3% 2 59 3 N 0.23%+ 3.79%- 0.119% F1 0.02%.
XRW, TCWRTEMRANIRTT, X R T R I VA R AR A
R A R AR . T AFRERRARE, HEFEI
T RS R ATAE— T Z o SRT, KRS FE A
DA RACTT bR MRS O HFRRID = A4
BT, AR SR B 8 4 A R M S B S I T
MAFEEAE, X FE Al 71 i e T

ARICKG 2018 FEIR T R AE RV B g5 R 5 B R i B
R4 R 84T LR, S5 R BRI 7/ T 20%
(HJK 2.59 Gt vs 3.46 Gt, |ifF 4.19 Gt vs 4.75 Gt, K
3.46 Gtvs 2.78 GO o WFFLINA, EHEM KM SH T 4y
A RE RIS X s 2 R R . AL, AR B ES
SRR vy T A R IS0 o /D BOR T A F27,38] 1X
T 22 85 B S AR RS FEFEG ORI 20184, Z
BT SCHR S 2010 45D LA K3 v T0URIF 50 06 A A 2 @ 447 1
PR A X (LS AR IR S19 . S S, KB
BRI (50T Ak 7 38T 2 () AN T P 30
T A A SR AT

AR SCHE IS 2 21 07 VEA B Tk TH3 i (R A Tl
WM E R E, SAEBMERERLF. A, AR
—E MR, Tk, BT AR D, AXFELEREA
Al B A E AR IR . BRSO, MCIEE B

Bk 3 45 kB A Sl EE A R . AT T
1963—2017 4[] £ 3 119 2000 £ AN HFAEAS,  FfAEH P12
A T ANFE BT MCL, X Fl BT 5 K A8 bR AR5
T T HARS R, HIFASEFIRELMEILEIR R,
filtn, KIEAREFH AR R BT /DR H[85]. W&
B RGN, 75 AR AR R R 52 XU R A
[86]. Ft, HIAFEMAREAE A mIEE30% A
M te. ik, BIRWEEET RS I NRE, Wy
FR) 7 2 0 Bl AT e AN o, IR RN L 1 e 1Y) 0% 2 I VT R
5 SEBRIEBLANTE, M5 304 R A E M 72 AL B B 28
I F S5 7 LA LA AR, AL 25 ) B (1 14 e
AlRE 2 B . (H i T el S B R TR A 2, H
SO AN W] LA RAREANTE . SR, B AT S e S A
(Carbon Emission Accounts and Datasets) F1H [E A= iy & 31
FERHEHE B (Chinese Life Cycle Database) H3& Tl F (1)
Hs 1, #H eBalance #4115 CRV. XA 5 1
NEEAR SRR . [RIG,  HH T RSO S R AR T 1R 22
[87], CRV FIRELBLARAL . SVATIE, AHFFLH JOW T
TR AE AT KR AL, TEMREZS R % R L
JR PR

AR 2 P B CHE . HLER S IR E R R AE
BIZE T, AE 500 m A0RLEE K Bxd b E 50 N E T
(R IR BT AF AT T Rk o X R RS (1) SI2IE 3 BT 5 B
FAB7R o BT AR AL 450, SRR T AR
TEMTEAF =T AR E R ZE R R, BT d s
RMT B B W S B R B A U “ B — i —
e BAE . ARSCHIRE TS I T A R RHE R R A B
SREGRAE T — AN EEHIES NIEER KRR Rk 7 &
FRAR o IXAMN A s 1K) 2 RN BCER ) 5 o F it 7 2 TR )
M4e M5 8, AL T Ik R S0 T AR ) 48 PR B T %
B, A RYHESE AT DAYE B 24T A5 209 R AIIRE, AT
Sy v ] R A ] 5% A SR R 3 T A SR B 22 JE O

gt

AR R T E K AR RS (71991484,
42271471.72088101.41830645) . FI # w2 # & 5kl 24 R
(FE PR I3 H ,0192-00056B) Al v s s 42 FE AR L 55 2
CIE 3 K22 1 B B o I8 M1 K % 25 B B 2 4 AL 1



Michael F. Goodchild 3% % A SCHIRRfie H ) 5 52 L -
Compliance with ethics guidelines

Zhou Huang, Yi Bao, Ruichang Mao, Han Wang,
Ganmin Yin, Lin Wan, Houji Qi, Qiaoxuan Li, Hongzhao
Tang, Qiance Liu, Linna Li, Bailang Yu, Qinghua Guo, Yu
Liu, Huadong Guo, and Gang Liu declare that they have

no conflict of interest or financial conflicts to disclose.

Appendix A. Supplementary data

Supplementary data to this article can be found online
at https://doi.org/10.1016/j.eng.2023.05.015.

References

[1] Kalnay E, Cai M. Impact of urbanization and land-use change on climate.
Nature 2003;423(6939):528-31.

[2] Montgomery MR. The urban transformation of the developing world. Science
2008;319(5864):761-4.

[3] United Nations Department of Economic and Social Affairs. 68% of the world
population projected to live in urban areas by 2050, says UN [Internet]. New
York City: United Nations Department of Economic and Social Affairs; 2018
May 16 [cited 2023 May 17]. Available from: https://www.un.org/development/
desa/en/news/population/2018-revision-of-world-urbanization-prospects.html.

[4] Liu T, Qi Y, Cao G, Liu H. Spatial patterns, driving forces, and urbanization
effects of China’s internal migration: county-level analysis based on the 2000
and 2010 censuses. J Geogr Sci 2015;25(2):236-56.

[5] Liu T, Liu H, Qi Y. Construction land expansion and cultivated land protection
in urbanizing China: insights from national land surveys, 1996—2006. Habitat
Int 2015;46:13-22.

[6] Zhong X, Hu M, Deetman S, Steubing B, Lin HX, Hernandez GA, et al. Global
greenhouse gas emissions from residential and commercial building materials
and mitigation strategies to 2060. Nat Commun 2021;12(1):6126.

[7] Jiang M, Behrens P, Wang T, Tang Z, Yu Y, Chen D, et al. Provincial and sector-level
material footprints in China. Proc Natl Acad Sci USA 2019;116(52):26484-90.

[8] Creutzig F, Niamir L, Bai X, Callaghan M, Cullen J, Diaz-Jos¢ J, et al. Demand-
side solutions to climate change mitigation consistent with high levels of
wellbeing. Nat Clim Chang 2022;12(1):36-46.

[9] Chen S, Chen B, Feng K, Liu Z, Fromer N, Tan X, et al. Physical and virtual
carbon metabolism of global cities. Nat Commun 2020;11(1):182.

[10] Zhong X, Deetman S, Tukker A, Behrens P. Increasing material efficiencies of
buildings to address the global sand crisis. Nat Sustain 2022;5(5):389-92.

[11] Intergovernmental Panel on Climate Change (IPCC). Climate change 2014—
mitigation of climate change. Working group III contribiution to the fifth
assessment report of the Intergovernmental Panel on Climate Change. New
York City: Cambridge University Press; 2014.

[12] Lanau M, Liu G. Developing an urban resource cadaster for circular economy:
a case of Odense. Denmark Environ Sci Technol 2020;54(7):4675-85.

[13] Kennedy CA, Stewart I, Facchini A, Cersosimo I, Mele R, Chen B, et al.
Energy and material flows of megacities. Proc Natl Acad Sci USA 2015;
112(19):5985-90.

[14] World Green Building Council. New report: the building and construction
sector can reach net zero carbon emissions by 2050. Report. London: World
Green Building Council; 2019 Sep 23.

[15] Watts M. Cities spearhead climate action. Nat Clim Chang 2017;7(8):537-8.

[16] Duan H, Li J, Liu G. Growing threat of urban waste dumps. Nature 2017;
546:599.

159

[17] Nagendra H, Bai X, Brondizio ES, Lwasa S. The urban south and the
predicament of global sustainability. Nat Sustain 2018;1(7):341-9.

[18] Wang T, Miiller DB, Graedel TE. Forging the anthropogenic iron cycle.
Environ Sci Technol 2007;41(14):5120-9.

[19] Miiller DB, Wang T, Duval B, Graedel TE. Exploring the engine of
anthropogenic iron cycles. Proc Natl Acad Sci USA 2006;103(44):16111-6.

[20] Cao Z, Shen L, Lovik AN, Miiller DB, Liu G. Elaborating the history of our
cementing societies: an in-use stock perspective. Environ Sci Technol 2017;
51(19):11468-75.

[21] 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):253-67.

[22] Mao R, Bao Y, Duan H, Liu G. Global urban subway development,
construction material stocks, and embodied carbon emissions. Humanit Soc Sci
Commun 2021;8(1):83.

[23] Liu Q, Cao Z, Liu X, Liu L, Dai T, Han J, et al. Product and metal stocks
accumulation of China’s megacities: patterns, drivers, and implications.
Environ Sci Technol 2019;53(8):4128-39.

[24] Huang C, Han J, Chen W Q. Changing patterns and determinants of
infrastructures’ material stocks in Chinese cities. Resour Conserv Recycling
2017;123:47-53.

[25] Tanikawa H, Hashimoto S. Urban stock over time: spatial material stock
analysis using 4D-GIS. Build Res Inform 2009;37(5-6):483-502.

[26] Lanau M, Liu G, Kral U, Wiedenhofer D, Keijzer E, Yu C, et al. Taking stock
of built environment stock studies: progress and prospects. Environ Sci Technol
2019;53(15):8499-515.

[27] Guo J, Miatto A, Shi F, Tanikawa H. Spatially explicit material stock analysis
of buildings in eastern China metropoles. Resour Conserv Recycling 2019;146:
45-54.

[28] Takahashi KI, Terakado R, Nakamura J, Adachi Y, Elvidge CD, Matsuno Y. In-
use stock analysis using satellite nighttime light observation data. Resour
Conserv Recycling 2010;55(2):196-200.

[29] Bao Y, Huang Z, Wang H, Yin G, Zhou X, Gao Y. High-resolution
quantification of building stock using multi-source remote sensing imagery and
deep learning. J Ind Ecol 2023;27(1):350-61.

[30] Bai X, Shi P, Liu Y. Society: realizing China’s urban dream. Nature 2014;
509(7499):158-60.

[31] 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;238:442-52.

[32] Hong L, Zhou N, Feng W, Khanna N, Fridley D, Zhao Y, et al. Building stock
dynamics and its impacts on materials and energy demand in China. Energy
Policy 2016;94:47-55.

[33] Wang H, Lu X, Deng Y, Sun Y, Nielsen CP, Liu Y, et al. China’s CO, peak
before 2030 implied from characteristics and growth of cities. Nat Sustain 2019;
2(8):748-54.

[34] Mao R, Duan H, Dong D, Zuo J, Song Q, Liu G, et al. Quantification of carbon
footprint of urban roads via life cycle assessment: case study of a megacity—
Shenzhen. China J Clean Prod 2017;166:40-8.

[35] 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):1349-59.

[36] Guo Z, Hu D, Zhang F, Huang G, Xiao Q. An integrated material metabolism
model for stocks of urban road system in Beijing. China Sci Total Environ 2014;
470-471:883-94.

[37] Mao R, Bao Y, Huang Z, Liu Q, Liu G. High-resolution mapping of the urban
built environment stocks in Beijing. Environ Sci Technol 2020;54(9):5345-55.

[38] Han J, Chen WQ, Zhang L, Liu G. Uncovering the spatiotemporal dynamics of
urban infrastructure development: a high spatial resolution material stock and
flow analysis. Environ Sci Technol 2018;52(21):12122-32.

[39] Guo J, Fishman T, Wang Y, Miatto A, WuytsW, Zheng L, et al. Urban
development and sustainability challenges chronicled by a century of
construction material flows and stocks in Tiexi. China J Ind Ecol 2021;25(1):
162-75.

[40] Gong P, Chen B, Li X, Liu H, Wang J, Bai Y, et al. Mapping essential urban
land use categories in China (EULUC-China): preliminary results for 2018. Sci
Bull 2020;65(3):182-7.

[41] WorldPop. Global high resolution population denominators project—funded by
the bill and melinda gates foundation [Internet]. Otara: WorldPop; 2020 Feb 1
[cited 2023 May 17]. Available from: https://www. worldpop. org/geodata/
summary?id=24924

[42] Ester M, Kriegel HP, Sander J, Xu X. A density-based algorithm for



160

discovering clusters in large spatial databases with noise. In: Proceedings of the
Second International Conference on Knowledge Discovery and Data Mining
(KDD-96); 1996 Aug 2—4; Oregon, Portland. Cambridge: AAAI Press; 1996. p.
226-31.

[43] United Nations Environment Programme (UNEP). Global resources outlook
2019: natural resources for the future we want. Report. Paris: International
Resource Panel (IRP); 2019.

[44] Kleemann F, Lederer J, Rechberger H, Fellner J. GIS-based analysis of
Vienna’s material stock in buildings. J Ind Ecol 2017;21(2):368-80.

[45] Miatto A, Schandl H, Forlin L, Ronzani F, Borin P, Giordano A, et al. A spatial
analysis of material stock accumulation and demolition waste potential of
buildings: a case study of Padua. Resour Conserv Recycling 2019;142:245-56.

[46] Streeck J, Wiedenhofer D, Krausmann F, Haberl H. Stock-flow relations in the
socio-economic metabolism of the United Kingdom 1800—2017. Resour Conserv
Recycling 2020;161:104960.

[47] Bai X, Chen J, Shi P. Landscape urbanization and economic growth in China:
positive feedbacks and sustainability dilemmas. Environ Sci Technol 2012;
46(1):132-9.

[48] Liu Z, Deng Z, He G, Wang H, Zhang X, Lin J, et al. Challenges and
opportunities for carbon neutrality in China. Nat Rev Earth Environ 2021;3(2):
141-55.

[49] Meng X, Long Y. Shrinking cities in China: evidence from the latest two
population censuses 2010-2020. Environ Plann A 2022;54(3):449-53.

[50] Qi W, Liu S, Zhao M, Liu Z. China’s different spatial patterns of population
growth based on the “Hu Line”. J Geogr Sci 2016;26(11):1611-25.

[51] Tan J, Lo K, Qiu F, Liu W, Li J, Zhang P. Regional economic resilience:
resistance and recoverability of resource-based cities during economic crises in
northeast China. Sustainability 2017;9(12):2136.

[52] Gao B, Huang Q, He C, Sun Z, Zhang D. How does sprawl differ across cities
in China? A multi-scale investigation using nighttime light and census data.
Landsc Urban Plan 2016;148:89-98.

[53] VandeWeghe JR, Kennedy C. A spatial analysis of residential greenhouse gas
emissions in the Toronto Census Metropolitan Area. J Ind Ecol 2007; 11(2):
133-44.

[54] Gontia P, Thuvander L, Ebrahimi B, Vinas V, Rosado L, Wallbaum H. Spatial
analysis of urban material stock with clustering algorithms: a northern
European case study. J Ind Ecol 2019;23(6):1328-43.

[55] Tanikawa H, Fishman T, Okuoka K, Sugimoto K. The weight of society over
time and space: a comprehensive account of the construction material stock of
Japan, 1945-2010. J Ind Ecol 2015;19(5):778-91.

[56] Schiller G, Miiller F, Ortlepp R. Mapping the anthropogenic stock in Germany:
metabolic evidence for a circular economy. Resour Conserv Recycling 2017;
123:93-107.

[57] Daxbeck H, Buschmann H, Neumayer S, Brandt B. Methodology for mapping
of physical stocks. Sixth framework programme priority. Report. Austria:
Resource Management Agency (RMA); 2009 Oct 6. Contract No.: 044409.

[58] Zhao G, Zheng X, Yuan Z, Zhang L. Spatial and temporal characteristics of
road networks and urban expansion. Land 2017;6(2):30.

[59] Hong J, Chu Z, Wang Q. Transport infrastructure and regional economic
growth: evidence from China. Transportation 2011;38(5):737-52.

[60] Ameen RFM, Mourshed M, Li H. A critical review of environmental
assessment tools for sustainable urban design. Environ Impact Assess Rev 2015;
55:110-25.

[61] Thacker S, Adshead D, Fay M, Hallegatte S, Harvey M, Meller H, et al.
Infrastructure for sustainable development. Nat Sustain 2019;2(4):324-31.

[62] Song Y. Rising Chinese regional income inequality: the role of fiscal
decentralization. China Econ Rev 2013;27:294-309.

[63] Li KQ. Report on the work of the government [Internet]. Beiing: State Council
of the People’s Republic of China; 2019 May 16 [cited 2023 May 17].
Available from: https://english. www. gov. cn/premier/speeches/2019/03/16/
content 281476565265580.htm.

[64] Jekel CF, Venter G. pwlf: a Python library for fitting 1D continuous piecewise
linear functions [Internet]. Online: GetHub, Inc.; 2019 Feb 6 [cited 2023 May
17]. Available from: https://github.com/cjekel/piecewise_linear fit py.

[65] Cao Z, Myers RJ, Lupton RC, Duan H, Sacchi R, Zhou N, et al. The sponge

effect and carbon emission mitigation potentials of the global cement cycle. Nat
Commun 2020;11(1):3777.

[66] Ren Z, Jiang M, Chen D, Yu Y, Li F, Xu M, et al. Stocks and flows of sand,
gravel, and crushed stone in China(1978-2018): evidence of the peaking and
structural transformation of supply and demand. Resour Conserv Recycling
2022;180:106173.

[67] Buhaug H, Urdal H. An urbanization bomb? Population growth and social
disorder in cities. Glob Environ Change 2013;23(1):1-10.

[68] Lai L, Huang X, Yang H, Chuai X, Zhang M, Zhong T, et al. Carbon emissions
from land-use change and management in China between 1990 and 2010. Sci
Adv 2016;2(11):¢1601063.

[69] Elmqvist T, Andersson E, Frantzeskaki N, McPhearson T, Olsson P, Gaffney O,
et al. Sustainability and resilience for transformation in the urban century. Nat
Sustain 2019;2(4):267-73.

[70] York R, Rosa EA, STIRPATDietz T., IPAT and ImPACT: analytic tools for
unpacking the driving forces of environmental impacts. Ecol Econ 2003;46(3):
351-65.

[71] 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 Recycling 2018;129:36-44.

[72] Ajayebi A, Hopkinson P, Zhou K, Lam D, Chen HM, Wang Y. Spatiotemporal
model to quantify stocks of building structural products for a prospective
circular economy. Resour Conserv Recycling 2020;162:105026.

[73] Lanau M, Herbert L, Liu G. Extending urban stocks and flows analysis to urban
greenhouse gas emission accounting: a case of Odense. Denmark J Ind Ecol
2021;25(4):961-78.

[74] Miiller DB, Liu G, Levik AN, Modaresi R, Pauliuk S, Steinhoff FS, et al.
Carbon emissions of infrastructure development. Environ Sci Technol 2013;
47(20):11739-46.

[75] UNEP Copenhagen Climate Centre. Emissions gap report 2020. Report.
Copenhagen: UNEP Copenhagen Climate Centre; 2020 Dec 9.

[76] Liu Z, Deng Z, Davis SJ, Giron C, Ciais P. Monitoring global carbon emissions
in 2021. Nat Rev Earth Environ 2022;3(4):217-9.

[77] Stephan A, Athanassiadis A. Quantifying and mapping embodied
environmental requirements of urban building stocks. Build Environ 2017;114:
187-202.

[78] Mi Z, Wei YM, Wang B, Meng J, Liu Z, Shan Y, et al. Socioeconomic impact
assessment of China’s CO, emissions peak prior to 2030. J Clean Prod 2017;
142:2227-36.

[79] Yu B, Li X, Qiao Y, Shi L. Low-carbon transition of iron and steel industry in
China: carbon intensity, economic growth and policy intervention. J Environ
Sci 2015;28:137-47.

[80] Gao T, Shen L, Shen M, Liu L, Chen F, Gao L. Evolution and projection of
CO, emissions for China’s cement industry from 1980 to 2020. Renew Sustain
Energy Rev 2017;74:522-37.

[81] Dunant CF, Drewniok MP, Sansom M, Corbey S, Cullen JM, Allwood JM.
Options to make steel reuse profitable: an analysis of cost and risk distribution
across the UK construction value chain. J Clean Prod 2018;183:102—11.

[82] Wang SH, Huang SL, Huang PJ. Can spatial planning really mitigate carbon
dioxide emissions in urban areas? A case study in Taipei. Taiwan Landsc Urban
Plan 2018;169:22-36.

[83] Bao Y, Huang Z, Li L, Wang H, Lin J, Liu G. Evaluating the human use
efficiency of urban built environment and their coordinated development in a
spatially refined manner. Resour Conserv Recycling 2023;189:106723.

[84] Song L, Han J, Li N, Huang Y, Hao M, Dai M, et al. China material stocks and
flows account for 1978-2018. Sci Data 2021;8(1):303.

[85] Stephan A, Crawford RH. The relationship between house size and life cycle
energy demand: implications for energy efficiency regulations for buildings.
Energy 2016;116:1158-71.

[86] Helal J, Stephan A, Crawford RH. The influence of structural design methods
on the embodied greenhouse gas emissions of structural systems for tall
buildings. Structures 2020;24:650-65.

[87] Crawford RH, Stephan A, Prideaux F. The EPiC database: hybrid embodied
environmental flow coefficients for construction materials. Resour Conserv
Recycling 2022;180:106058.



