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Abstract: The growing scarcity of freshwater represents an increasing risk to human society. Water scarcity is often
presented as a systematic water scarcity, which is often caused by complex factors. Most previous researchers have focused
on either available or virtual water in order to design strategies for mitigating water scarcity ; however, herein, we argue that
systematic water scarcity due to urbanization requires an assessment of the integrated metabolic efficiency of available and
virtual water. In the case of Xiamen City, which is located in the shadow area of the rain belt in the subtropical monsoon
climate, the dry years of 2003, 2009, and 2011 were selected for the assessment in order to implement the results in water
management policies and mitigation measures for systematic water shortages. Material flow analysis (MFA) was employed to
analyze integrated flows of urban available and virtual water in the dry years from the perspective of water metabolic
processes or patterns. It was found that MFA could derive effective indicators for the integrated assessment, based on the

comparable, comprehensive, and verifiable MFA charts, according to the effects of indicators in identifying critical
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pathways and links of the integrated flows. Using these MFA indicators, an indicator system could be formulated following
the trade—off between socio—economic and environmental benefits. Finally, the indicator system was empowered by the
analytic hierarchy process and was used in the integrated assessment. The results showed that improvement in efficiency of
the integrated metabolism was accelerated in the past 10 years, and this was dominantly driven by key indicators that
evaluated the socio—economic benefits of water use (irrigated area per cubic meter of water, industrial output per cubic
meter of water, retail sales of consumer goods per cubic meter of water) and assessed the function of water metabolic
processes or patterns (freshwater reuse rate, the proportion of water used in the ecosystem to that used in socio—economic
system ) . These indicators show that the improvement in water metabolic efficiency was dependent on the positive adjustment
of water use mode, structure, and process. Scenario Analysis was applied in the design of a better urban water metabolic
management system, based on the key driving indicators derived from the integrated assessment results. The indicator system
proved robust and operational, and reflects the interaction between natural and social water cycle. In addition, it allows
dynamic interaction between water flow and the related socioeconomic or environmental processes to be analyzed, and
therefore, could be used to formulate water management policies or developing urban water metabolic models with high
efficiency. Establishment of indicator systems based on MFA results in this case study would open a new window for the

development of operational efficient indicator systems.

Key Words: available water; virtual water; water metabolic efficiency; material flow analysis; indicator system;

scenario analysis
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Fig.1 A conceptual model for analysis of the integrated metabolism of available and virtual water for Xiamen city
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Table 1 Indicator system for assessment on integrated metabolism efficiency of available and virtual water flows in Xiamen
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Table 2 Results of priority setting for indicator system and its application in assessing on water metabolism efficiency

G PP SC EN EV
W 0.153 0.431 0.170 0.246
I R, R, IE, R# R, P& C, P, U, v, F. " E, Q..#
FEbRSERRE 2003 0.079 77.948 1.294 73.707 58.413 1.4 0.004 0.015 1.138 0.079 46.02 45.166 18.746
Actual value 2009 0.161 90.4 1.768 64.96855.673 1.2 0.01 0.012 1.091 0.179 38.68 40.76 31.857
2011 0.569 93.699 1.55 63.45572.187 2.24 0.014 0.016 1.016 0.313 42.8 46.211 21.81
FEbrAREAAE 2003 0.001 0.779 0.647 0.263 0.584 0.14 0.206 0.491 0.569 0.159 0.46 0.452 0.813
Normalized value 2009 0.002 0.904 0.884 0.35 0.557 0.12 0.481 0.407 0.546 0.357 0.387 0.408 0.681
2011 0.006 0.937 0.775 0.365 0.722 0.224 0.714 0.688 0.508 0.625 0.428 0.462 0.782
W 0.365 0.293 0.076 0.078 0.189 0.128 0.646 0.227 0.750 0.250 0.128 0.220 0.651
AT 2003 0.408 0.262 0.466 0.688
Evaluation value for each group 2009 0.465 0.418 0.498 0.583
2011 0.500 0.646 0.537 0.666

IG, indicator groups, FEARHE; W, weight, AT ;1,indicators, F845%, FEFRFEFRIFEFRCS & LI 1, #HEH/ N RIFEIR ; & F8H AT AR
KA ,2003 Fil 2009 AFFAEAIRTF I 1 Ge 15 BRI Hob, 2011 Bk [ LT SCHRE 5 w2003 A B Ok A SCERE3 2009 4F B R B 3
R4 2011 AEEUE A 2010 SRR , ok 1 Sk
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M T H ARG RGN 2t 2k Kol N2 TS 28 A0 I AN s 1, N 2880 A SR KT A R e i iR
FLA R BRE i JE e, 1 an AR SIURIRT K e 4 i 8 AR [ AR VK 2R G T B0 T AR AE T 1 S i I
FHRRAEE BN oI, K BRI v AR i S AR TR AR IR R v A AT AN & B AR R 2L . PEf
SEFA A JE 1]/ IR CI R R o 2 1 S B T S 2 B AT ) A K SR B4R e (K 2) o kAN
JE K AL BRI ZE B SR AKAEFRFNAL S KGR AR L R 1T, 2 i UK IR A K I R A 3R 1, IRLE, 52 i
UK FE PR KRR A AR B IR KA JKIE P AKHERR . KA P FKHER L2 KT 2R L
W, HEREFKIE SR (E 2) .

IKAE P BEL5 J7 T, S RE AR AR 77 A 3 FHAK R AR 7 B ADLK™ i A 7 i 5 7 S S5 A HRGR TR DX P o
KT 2% 5 B RK BRI . a0, A3 7K R 78378 T AR A P30 T sl sl K X3 B K R AIGAE 7K =i B INEL ™
i1 EAK 52 2 E 1 R RE K 7= il AL S e T B R TR KRB AR R, LK A 7 R 1 A
FHRSCR G ML A 982 7K 7= % 58 FAR A 0 Az 7= FIASE, B8 we AT 7K v BRI 1 AR 25 M 7 [ B 28 35 b T o L
B T AR RK BT (B 2) | R UK B R 2 D B T AN R UKL AR O, A AR T
PR IR A 7= ARG KSR

TR Bt K I T, KT R A2 55 T SR 52 e, A2 55 N AP B HUK B2 5 5 ), DRIk jg 400 7K 98 9% 3R S L
ST R R BT NI 2 BT R T PN AN AUK 57 5 8 N 5R 5) A M (R i 028, 2007 41 v P
JITE M ADL K B BCER I 2% 4 ) o 4 AR IR K SR B 1) 38% | A K B HE 1Y 39% 5 1T [l B 52 5 T 25 HE LA 7K
PREECE AN 38 U o 4 B BUK ) 17.4% EKIE S0 16.1% , o 95205 IR Bz 5l i B & 1
HEAK 5 5 KT A= IR KT B0 52 28 55 & R KT P RE K 5 ) 7K 9 VR L R A 7K 5 U mT R
5 E S G T K I 2 ] DT e 4 R 25 )

TRHERCT T8, A48 B V5 7K HE ORI B B R LK ) AR B 0 HE S . 2 75 7K HE TSR 2 4k 27K A B4 AT ) K S 1)
THFE W2 H AR KIEF KA B AT i3S . Vs KRG 5 08 5 7K v s el & s B Tk o i S5 T 2 4
14, TR AL BRI G e, Tl PR/ HE OO e B AR BU R Toalb 25440 81 2 HE s B B ke
TAM A P SR AK - SIEAF A RE S, B E RAE TG T 2% 0 I 9K,

BRI A 5 5V PR AL (B Pearson AHOC/HT 25 R R I (3R 3) , MK BEIRAC I RCR Y = F 48
PG BT FHZK I TR IROK MR 38 B0 K Tk (8 By FIZK AL 230 2 S B4 AR S K L] G

BhR 5K BERARRCR T Pearson AHCREGA 0.9 L b Hofh S ZARFR A5G A & JEAKE K 57 HE 420K 81 7]
BT K SN B0 A K E ], X S8 b 5 K B IR ITRCR 1 Pearson AH3C R %A 0.8 LI 1, v L,
FHK IR bR 5 AR B S5 R 28 b e K SR IR G AR A A i = ZEAR SR bR, PTAVE Rk B IR AR Ak
PRI T S8 0 T KA

F3 KFERMBETNES BIEHRARE L ER Pearson 13547
Table 3 Correlation analysis between values of water metabolism efficiency and standardized values of indicators
fihr
Indicator
Pearson 0.991 0.852 0.334 0.817 0.900 0.888 0.962 0.831 -0.996 0.990 -0.223 0.398 0.003
EPMUS A U 1
5.2 KBRIEACHHL A

DI K AE 2% SR sh 46 bn SEPRE AR A A B AR (32 2) |, IBUE AR S84 SR sl bn A28 Ak 3 B 2 2003—2009
SERAES AL I 5 5 7 R RSN AR AR ALl 2009—2011 4E A AEAS Ak 38 5 vh 5 SR 4% IK S48 bR AE 28 1k i
FE R AR RAAAGARAE A B S, AT 45 2020 4F (46301) 12030 ( H38)) 2050 4F (K 3) i b AR
T R 1 ISR PR TE (% 4) .

Ry, R IE,, R R, P C. Py, Uai Ui F, E Que

P p
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IRSFE A R4S A N K SRR = oy RV T 5 01L AR 4 IR sh e b b MO Ry
KT (3 4) B HABFERRE A FEVEAE 2011 AE92PRAE, W AT R4S 2020 4F (JEH81) .2030( HH]) 2050 4F
(CKI) B b K R T TR IRIRRCR (R 5) .

ST IR VT 11K B2 D5 RS8R AR 38 1) /K B WA I RCR AT 5 O R 54 - ARG K AR /K B AR i
BORAEAEA N B (4.3 M AR5 5007 ) |, B KT K IR SOR AR AR ALk o4 2003—2009 4F (1 448 1k
FRERE , BIK R AR ACR ARG 2.2% ; i3 )7 S /K B IRARISTRSCR AR AR (R Ry 2009—2011 4F (1 478 Akl B
RIS YA BCRAE YN 13.6% 5 T )5 287K BE AR 8038 A A0 A 18 B Ay i AR 8 A7 A8 Ab 3 B 1) P-4 4, R
IK VAR AEBIE N (2.2%+13.6% ) /2 = 7.9% ., WIATFE 2020 4F (1) 2030 ( H111) 2050 4F (K1) 14
T AR R IR BERAACR (£ 5) .

®5 kEBRERHUEES

Table 5 Water metabolism efficiency scenarios

7% Scenario 1= Optimistic i Average {I% Pessimistic
BY 0.610
G 13.6 7.9 2.2
2020 1.357 (0.441) 1.043 (0.444) 0.730 (0.437)
2030 2.186 (0.497) 1.525 (0.503) 0.864 (0.498)
2050 3.846 (0.654) 2.488 (0.621) 1.131 (0.619)

BY,base year, 5:fE4E (2011) G, annual growth rate, 4F383 (% ) ; #4555 NEUE N IR FEAR AR R AL A A T /K 8 IR A BIRCR G (8 75 5
HNEE R T BUARPEAN A 7K 08 U5 AR I A7 H1 388 3 ) 7K e U AR TR 1 (L

55 2003—2011 4F 7K BE YA RAR AR AL A B2 B R T A9 0 v IR s b AR SR 1K B PR3
FAALE SRS ARAN [ 4 A AR AR SR A QR I S AR, e FEBR O 58 2020 AFSMa v i 7 58K 58
PACHISCR I SHEAR 3 5 LA L (32 5) o mTIL SKSIHE bR A R A AR K B IRACACR I St it B AL T A
PE. PRI, PTAR 3 26 S R A i s AR, 17K B TR A B SR, TR K [ FH 38 IROK R AL S B K I 2k
W WK BUHAMRAS W E A S 23R A R T RIRK BRI, Bt AR S B R, 0, IR i
VAT T ] HEE P2 30 R (B AR I T S AR T SR K M K T K S 4 AR A
WA AR

6 it

S MEA MKAR S I e -5 0 Jaa B () 254 OB ISR R R 8h K G A A, — I T vl [+ 28 25 e 5 3%
G301 K B A\ K R R AR ZR 8 N AR 2% BT B KARIPARRAE , 53— 0 T8 T ]I 52 R 95K AR R 80K ) A6
FRIE, AL, JEK SR bRy AOK BEIRA R PEAN R AR A 28, AT R GE i bP o A AR . W2
SR, 1T AR SRR BRI A e iy, RO T 2 22 U UK AU R B B i 5 AR T, AR S ER
S ORAHSCR S R E R BRI a2, PR AS RS 2R AR IE A AR S o A W], FOK RO B8 bR Al
AKACHE AR 5% SR 2t b S T K AR AR A i) SRS da b, U4 ki Ak A2 5 AR 2k
KGR IACGH 247 0 B 8GE AR RS M R 0 B, RIS X 28 T 2 bR st T K AU R 2%
X, AR TP i R SRR i B S 2R A

PRI IR ], AT 2R SN B BEEUK -5 EADUK IR & B TR B0 A gt . SR, B TR
T R BT UK -5 REAUAK R A AR A o B AR BEIRS RE AU B DR AORR G 0 AR it T REZRIEA , A A TR ECR e
SRR AN S 2 P e b IR S JR R IE ) R ST b , SR AL SR AR 5 1 SROK AR 30 (8 SR IR 5T, 0
— Al ZR A PR BT B SRR AU , o K B IR B A B 0 PR L T T SRR TR 1k
S, T BT P SR IR MBI P S 2SR R FE AR A A T o8 38 BRI R bR R R A e Be 50705
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