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Abstract; Phosphorus (P) is one of three nutrients (together with nitrogen and potassium) essential for plant growth. It is
also an important non-renewable, non-metal mineral resource. With economic development and population increases,
phosphorus scarcity has become an important global challenge to the sustainability of agriculture, the economy, and the
environment. To analyze human influences on phosphorus flow, research has simulated anthropogenic-centered phosphorus
flows within socioeconomic systems and sub-systems. This paper reviewed recent progress in phosphorus flow analysis,
identified the characteristics and insufficiencies of existing studies, and projected future avenues of development for
phosphorus flow analysis. Existing studies may be categorized according to the scale of the socioeconomic system (or sub-
system) into four levels—global , national (including multi-national ) , regional, or city level—as well as either enterprise
or product level. Presently, most studies have been performed at the global or national (or multi-national ) levels, while few
have been performed at regional or city levels, or at enterprise or product levels. So far, more than 15 countries and multi-

national regions have carried out phosphorus flow analyses, most of which focused on disturbances due to agriculture and
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food production. A few studies have examined disturbances due to forestry, iron and steel production, and energy sector
activities, and the potential for increasing phosphorus use efficiencies in these sectors. In addition, most current studies use
static models, and few employ dynamic models that consider long-term changes in phosphorus stocks. Fewer studies
combined classical methods and tools, such as life-cycle analysis or input-output analysis, with material flow analysis or
substance flow analysis ( MFA or SFA). We identified five topics for future research; (1) dynamic simulations of
phosphorus flow with consideration of long-term changes in important driving forces ( population, diet, bio-energy
development, etc.) and in phosphorus stocks, (2) phosphorus footprint analyses at various scales or for various sectors of
economic development, (3) the critical need for phosphorus for social and economic development, compared to that of other
elements (such as metals or rare earth elements), (4) the vulnerability of phosphorus to global changes ( particularly
climate change) , and (5) the relationship between phosphorus and other important elements (such as carbon, nitrogen, or
metal elements). To meet future research demands, it is necessary to develop a dynamic model of phosphorus flow and to
combine traditional material flow analyses with current tools and models, both from industrial ecology and from other
disciplines. These may include economic models, input-output analyses, life-cycle analyses, network analyses, and
computable general equilibrium models, and agent-based models, all required to project the effects of global changes,

socio-economic development, and technological innovation on phosphorus flow and the resulting environmental impacts.

Key Words: material flow analysis; substance flow analysis; phosphorus flow; phosphorus footprint

% (Phosphorus, P) & 4 335 A= W) R SE AR L RE A Pl Bl O B 288 R ou K, e AR At b R R A e e
W W2 20 MELAAE AR B B . ANTTE s el IR WAL AR 7 RO E A 5
BRI AR R MR A R I BE R S | LA R A A s S BT R . BR T RS BEAT , B A 18
AT LA R i i B R A BILIE SRR S A ™ i T MU TR 24 R KSR UL IR B | R A
Tl FRIT . BEE N TR ARSI A8 A D e 28 5 i e i i, i B U 1) 5 SR S AN T, B0 1) SRR
T AR B Bl 5 SRR Ak KA B RV B — IR A Lk 21 e S BRI AR 36 [ i
JF 4% )5 ( United States Geological Survey , USGS) BB AR B/ | 458k 2013 AEAUBER" 41 fif 200 670 1217
Pré 80—90 14 t W, SRWALTF AT L SZHE 4Bk 200—300 4F (975 3K, (AUE W JE IR BUAS | 28 5 i 1t U X RE
THFAEERY) 50—100 AERYTFR O o E A BRI GE 2 186.3 2 t(HT AR |, SR AL A (R
B A B % YRS 28 S A (AR 17% , T FESF241°8 30%) ,80% LA ok FRAI S 2 B, 28 T il i A R 4 15 1 7Y
50—70 AEATH TR oK JEH AR o SOy T, BT R B T DL B S T R R AR
FrBE AR P HEBCR AR T — R B PREE )R, A0 45 3K 1) B 8 SR AR B TR I 5 00 A A S s
()L, 38 U ) T R S R ] B LR S e 8 )y [ N A3 12 SR R B B 2 )

Yy 53 BT ( Material Flow Analysis, MFA ) i i 7 5 43 B 5 I ) RS ] FR N ) B (BT ) IR 5%
g IR HAG I SRR A A ISR FH Y B8 A 0 2 0 AL 2 0 RS 5 H AR IR Z A ) B 2g 4, DU
JEW) Jo A P 4 B 58 5 0 489 735 A (] B ] AR 25 [ RUBE PN 6 958 ) O s AR R 4243 T L kg 5 ) s 288 R
EHARMLE R TRRAR B R T AT IR A BRI 0] R S R VAL A OGS T A A TR 2
O RO X e e R VR T R A AN B [ N AT R R T R G 2 W R A, A
SRR EEBE TR W FFR A7 T I SR B B A B HEER 19 i PS5 52 e A0 5 PR T80, it stk ARl Fn
IR RREL R e . AT LRIR T BT R W B e A B R BIF etk e, o0 i 1 A W oc R W B i o s
FUR L, DU B AR TC R W Bt 43 M B AR DA 5 1Y) & i ka3, Shy 1 PN AT 4ep 282 10 Tl 6 0548 R (4 k2
E)sE 30N

1 YRR S AR
Y 4B ( Material Flow Analysis, MFA ) 4534 ] i B ~7 18 2 A, LLSEY) 090 B0 5T & B0, 75— & B I

http ; //www.ecologica.cn



20 1 WREBOHNS 25 . BT R W ot o A 0 5 a2 A 22 3

[ 3 L AN 2 [ s BN X e e SO E 2 280 RGTEAT I N BRI A7 e de 9 DB PR B 2 2 ak
LR R B R G VPG B R AR S AR A R AR SC S R R TR, 8 I A aok
PR BT E YA I B 7 BT S A R VT A A A A Sl R T TR SR SR TR 2
— LR A AT I X G Ok R T R (BN AL B LB L BRSEAE ) B0 SR — W R, R S T R AT
(Substance Flow Analysis, SFA) , HRI 7GR AR PE LG Y 95 FOCREARRRE T T 0 R a8, H
TR AT KR ZHOT R N A JE TR,

W5 o3 AR R 3 A 4T 2% PR 8 Al ) i A B N SR A B A Sl SRR PSS i 32 %
FHT 5 F ARG IRACFNTS Y IR TS [l 4k s 2 B IR R S BUN IR R, J5 35 2 T3 i S # At
LAV R IR IR BT R R R AR L a1 B R OGRS R IIR A B T SR A6 S
Jo s SR A% HH ( Total Material Requirement and Output, TMRO) FIJCE i 434 ( Substance Flow Analysis, SFA) 43
Pk B e i BE C i A 1 508 5 2R T-BOM T B 455 45 S A7 1 3R ( Physical Input-
Output Tables, PIOT) A= 2% JE 384347 ( Ecological Footprint Analysis, EFA) | 2% 43 #T ( network analysis) A4 fiy
JEI 5381 ( Life-Cycle Analysis, LCA) Ja#f X5 ( partial equilibrium model ) 5545 , Fo/0 T[] @R TR BE T B A1
Xt PSR 1) S R T R R e i Ak

2 EREYIBUR SR

F O A S 2 i E B SRR DA ROR A R v () SR 2 AR 2 ], W T 28— EL W T o0 B A DG G
HERPGECREZ " HRTHE R EAE A A R A% AS 6] ) BB 2 T K i oe Z A R A AR I
BT R BYANTE] , B B G 2R M B 20 M T AR A e BRORBE | R R X 3T RBE Aol B 7= i IR
PUASJZE YR, Ho [ 5 ROBE A 5 02 E RTBEY) BT 40 B ik 58 1 3230
21 ERRRUE

MEBRRER , AW LT TR NG FE BB 5, L LG 28 Ak T 35 300 B Ui 3 %
VR A FEIE B PR BE S Wi B e A SRS (2 1) o Smil " R AT T BRI F AR AR, R Tk
NE ARt A 30 MY 2 7K A HE AR AR 1) - S8 okt 55 0 DA RV A A RN 2 A ) HEFSORR R fn e T 4Bk A
FBEACE (P metabolism ) 38 B, I-A5 55 2000 442K A A 205 B0 B AC 158 B I A AR TE PR B 1 =
5. Villalba et al'"7' Fl Liu et al ™ 4351 Az F= FI7H 9% A0 A B2 Ak T @ BREEICIT L R 48 1 2 BRIF R 80% Y
G T A PR AR PR AE (2 SRR SR SR T I 5 B 5 45 IR, Cornell et al'® "2 087 T 2 BRE
A2 PRI PR R RS IRE , LU T AR i 4 ( diet preference ) FYBETT K, B 5 2 FRAGBEIE(E (P peak ) ¥F
T 2030 4EZC A 3R 3, PRAT W 5 JR I RE 6 42 BR 50—100 4E A9 755K, 1 4% L 3 5k AT I 25 B e ke (P
scarcity) " [A)f3, van Vuuren 25 H B2 P2 HIACH BUA BEE IR Z A0 T 2 21 22 B Bk TR, 2Rk
PRI WA AT BE L BRAE 21 g R, B 24 HH0 2818 TR 60% ., Scholz I\ A BLA PEASL #RIE T H S 845, Ik
AAf I F A (Static Lifetime ) | W5 A 45 il 28 ( Hubbert Curve ) K 25 15 /R - % 2 48 %X ( Herfindahl-Hirschman
Index ) 5545, X SO F AT AR 52 bR 1 I 0k T W U8 %) 40y 3L PR A i, DAL L o 20 3 2 B R AR I A 7 e o
1 BEIEFEHURAE A7 284k A50348 T ARG B0 R 1) 8 Tt 3 04 3 A5 A5E 28 Ofe 3 B A B il Bk [B) &, Koppelaar
1 Weikard ™ FI| FH 2009 4 f1) S BRI T SRR 1 o) 30 AR BURSEADL S0 M T S [R)BAAG 35 (0 8 A 008 it oF 4= Bkl
Y UG AE B I Y R ), 45 SR I B (B T AR R 203 22 thE e i R %) T AR A AR R,
ATl 0 Ul P A A AR TR DR R 1 ol R it 1) A A, DR B IR (B AR VB A () i R i ) FE R B[] 4
Kz 23 tell5,

22 ERNE

MEZFEREER, HRE 246+ E K (455 EIX ) 7R T 3R shrss, i Rcem e s |

P A e e N B AN R 21 SB[ e ol = M5 W = I NN - s

http ; //www.ecologica.cn



4 A E = 35 %

RVEIE S A E 0 (R 2) o IBFSE ISR, 5 R 98 22 S TR AR AT 83 6 b 2 7= R0 2 304 26
ST WE R SN P 5 B H v A BR85S0, 9 4 Sub AT Yee'™' | Cordell et al'®’ | Senthilkumar et al"***'  Chen et
al A Al Y AR A TR] A AL AR 4 4 B &R G010 IR (embodied P demand ) | B 8L 8% 7 oK (virtual P
requirement ) A1 /2375 (P footprint) [28,57,41] s LA S HABERTT 4 Gn Aol 35517 L BETEER T AR R AT L O
BT SRR L SR RIS B R Bl g (05 & N B K AR Bt 028 fL 45 46 ) X i AR g s i
PRI RRIE T | 1 28 R i It sl A B DA SR Ny (R A — SR TR T 4 5 PRl 11 AH DA 7 1t AR AL A 5y

‘j:&q%?m[lz,s‘),ssj S

x1 EHRREBTENVRTES HRLER
Table 1 A review of global phosphorus (P) flow analysis

SGTE R FEARLR TN iR A REAVFFAE P[] SCHRR
Research problem Major natural processes Major human processes/sector ~ Model features Time Sources
T e e . RADIE ol RT W RIS A 7= R 2 1R )
b 0 SRAE o e e .
oA T g R TR MR KRR - -
natural ovel fP‘ BRAE LMK R P AT R DA AR S X A AR 30 - )
e e et B
AT S BE 43 A 9 o0 2R T B BRI RANT. BERRAE R S,
P flow analysis from I TH B BRI R At = i A ik T A 2004 [17]
production perspective PR 2 ARk
Sy S FAVE K
W AR s o ERR I e g ot
. o W TR L b B P B T B
P flow analysis from R DL B HE e 1 BF B (FEETRER) 1 s 2000s [18]
consumption perspective L > " H 2% AP HEE R A |
SHT T B RS B S A B IT 2R (WL A 7 DA
B GEUR R FE IR (BARUEA) (KSR FRFE (KR e
P flow analysis for food system x %'Hhﬁl) EMIETE OANBEY s 2005 [4.20]
and P peak Hit
B FF 2R W IE AR 7 A
(S 28 (PR H
RIRDHS -4 B B 20 40 PSR HOZE 7 HIH 3 (U
M Impacts of different measures {27l AR I %) Tl B Oy, FOELAL S 2009 [25]
on alobal P flow ’ ) (BEOHE) (FREE L (SR
i IHERT) TR S B
Eilaiii
x2 ERVMREBREBTEHYRIRSHRILE
Table 2 A review of phosphorus (P) flow analysis at regional or national level
i Rt i yopuN YL Rn SRINERT]
o Stk l\a/{—:ﬁ F A I?)\ﬁd&/ﬁ& HRERIRFAE W SRR
ajor natural Major human Model .
Country Research problem . Time Sources
processes processes/ sector features
Wi 15 [ o g S Y A A A Tl T 3% 2 K R ) Ak 2R K
EU-15 BRASIIOSEESI  RIGRRSEERE e e e T 2008 [26]
s, 54
X e e i T BEOIRR MERVEFS WA, Ar A W14
?_Sf Eﬁi@fﬁﬁ%ﬁﬁi@ T RMT EESRMT ER AT A 2007 [27]
: Bl AN B I 7 il 5 T
e
£ 3 [ Al 1 1 1o Pl FR A0 i JE I R B2
USA F R ( embodied TG Sy BB O BERm T A #Rs 2007 [28]

phosphrus demand)

YIREIR

http ; //www.ecologica.cn



20 H#A WREms A5 . Bon Y R AT RO AT 2k R f R B 5
3 R R + g R /AT = Ij‘f
EES Stk i‘f? ﬁj‘;‘f?ff ;f?”;ﬁ KR ﬁ"’f‘fﬂm W SRS
Country Research problem ajor e Ajor Aman . oce Time Sources
processes processes/ sector features
TR ALRE AR 3 Aol
A AR A R oK Mk B SIS B R OK ks 2007 [29]
Australia R Bh UENESEAS IR N FE 4y Ak B B A 45 = 5 A 3 -
H
o g FH (L HE P RO |
T T UL Pl AR L £ AR 9
¥l UK % m ' ("“dosed_h): KR4 RHE R R T R R OK A B 2009 [30]
j :emem) Pk B AR R HE B AR 5GP
8 38|
T FEE P RGIOBE RACUTRE R B R JRROL R BRI, B
I France idh il bk T s 20022006 [31-32]
KR (AR Aol xEAR AR ek s
7%2% Finland MBI S K) TR AR M T ER T R AE P EY WS 1995—1999  [33]
HER IR K Ak AN i
FRAE D FRAE Y B R R
I BT AR YU R Tl MRl 7 A S BRI, .
#2 Finland RIB ) R AL AR g T 1995—1999  [34]
Y
. B s ImPACT
JF2% Finland [ IR LEL T ;E;ﬁ’ﬂ‘wm‘%ﬂ‘%%”“ﬁ‘ Ao A 1900—2003 [ 35]
ne ik
- 3 AR AN 3 AN
B Swede g (\izk;ﬂn%i;%?t Mg b AR RRORE KRR AR B A 2008—2010 [20,36]
o R B A it 11
Hi Swede ﬂ%ﬁfﬂf % BTRER™ B BTRAL BAIT 2012 [37]
- footori B ETE S R YR K A B A HE -~
ootprint )
- 8 Tl KL Toll FEAL
14722 the Netherlands ﬁ&iﬁﬁ s S 3 P RO RATE R KR WA FE #Es 2005 [20,38]
e F e
p e e Aol Toll 5 5 i e B A ,
LA BRERNARE 5 W e gk gk S5 T 001 2]
Austria gl w=A Mk
YIHEK
9 it R
; A SR MO AL T T N
. P —— . Ml AT o
JUnH PRI ke wCrn ik oewe S R 2004008 1307
ustria b5 B PEKAS T 2% i;r A
wARME
+HH [ A R s % Rl TR 5 iR EME  HIETAF 2001 [12]
Turkey E R K PRANHER R R AT =AMk
s e oo TE T PRI s, S
H7 Japan ?g\gj}“ﬁwm% iig A, PR R Yyab B HE R RS 1S A AR 4y 2003 [40]
- I Histifr

http ; //www.ecologica.cn



6 £ A ¥ W 35 %
5 v I? Ep/SuK I?Aﬁﬁﬁ/ﬁﬂk HERVEEAE . Sk
Major natural Major human Model .
Country Research problem . Time Sources
processes processes/ sector features
25 7 55 10 1 1006 e
R (Vitural R kg SRR L L (6
H A< Japan Hoebhons TR B AR B S 2005 [41]
feqéﬂemﬂ‘lt ) AEH T B KB
o e W IF R AR, FR . R A
WERAT b A B 3 B - . Ny X y
‘ Wt EHCRB KRN AR P LT
i [H South Korea éf% Y i [ H T B AR 7 R B K R B A 2005 [42]
A ERAHERL B S A O
LR PEIE thE % T R G Ak, Tk B R R AKFIEY
Malaysia i sh * gl s 2007 [43]
WA 31 2 58 1 &5+ ; R ..
. Al RV RS EKE  BETER BRI R R
' China gggWENWﬂ HOT R Sl B R i & 2000 [44]
L DIERE SRR AL .
- A A 7R R B . b on RUEMY FREEME ASCBOKRBE L,
"B China wiarsnsem )8R g e reere. 2000 [45]
. P B IER BRI R R,
H1[E China K SRR A:] 75 & S T H P ) A EES 2003 [46]
WAy A o
e o o » o e BETER BRI R e
{11 China A AU TN I ST TS S I R P
= %/ﬂs 1= 1% IE\:U_'H“E] WRZE
{1 China ﬁgEQM%Wg % o B Pk BAEBE 19852006 [48]
Bl B R . o oo
. AL kR I T B LA
H1[E China (phosphor T PSS R R R K TS 1980, 2005 [49-51]
roil:fi’;t;’ o = b FRAIHE
. eI Xt MK R BEFIER BRIRAE S M O Ok B IR R
1 China WAL He e Y AR i 1980—2008 [ 52-35]
" China W2k P R B RCR ¥ WHAE (R FREE IO s L 7N 2010 [56]

2.3 XSRR T R

DI B T RUBE AT 58 A A5 R I Sl T /S DI OB [ ) dn 4 B | IXS545 ) AP AT i e R W o
MSE . 5 EZZRBIFAR L 22 R D WL, HET R T 8 sh i o8 i i s a4 v
PR YR b 3 ST T RN b s KR ek i A 9 RUR O R R JE T e
Linkoping 111 Hit i) Gothenburg 1'% BRI i Haiphong T, i E Ak a7 R F4 e ™, 53
A Wu et al ™ iR EF X LG TFR T 8 KEBE A IR BT, WBRIURHE R, 04T DXISURI 7 R A 37
S FEARRT (] B, AR Ry | SRS ORI S R R 7K AR 152 ), JGHR KA B B AR s
2.4 Al R R

Al = it ROBE R AR AL ™ 8 BOR RGBT, H RTAHDCRIFGRAR 2 (H & X KRR %
3 15 B Ry LA AR BB 58 25 A R U0 A 285 . 10, Bai et al ™ BFF5E T 2010 4F SRS T
HEZK 2 G0 A )4 AR BB B R 5 B9 520, Asmala F1 Saikku BIFZE 7177l 688 €0 A 72 FIH 2R AR R WS 30, 0BT
IKFPEFEFEAME A KR & B SR B TR, Ridoutt et al ™' PEA, T ELAT i 5 20R F R AE (/K RS R GO R BE R i), 3

http ; //www.ecologica.cn



20 1 WREBOHNS 25 . BT R W ot o A 0 5 a2 A 22 7

BIZ KA AT LASD 689% HYBERE$ ATF RIS BIRAE ) K AR 2K
3 NABYMRRSTHARITRIRE

— B, AW R W OC R IR 80 12 X 43 H AR T 8l (natural flows ) 1A i 31 ( anthropogenic P
flows) , Horft AR Bl =25 TR DTRE AR il A2 i Nk 2k A5 B, N A i 20 U4 BRAUF 5 RUBE 9 () R A
5% B B BYAS R DO AN R ) F R G Z A AR A RIS o R A 5T RUBE | [R1EURN H 1A FieAS ], A w5 )
Yy o i s AR S5 A8 A G AR K AR, A T B A4 1 1 RGBT R BEALA 7 ARl A 7
(VEI R 3 & R0 el MOl 45 ) Al Tl Az 7= (EIn PR & i ds s ek ek s m s ) e R 2%
(BB AN SCB = 5 ) LA SR K R D Ab BRAL B FNHERL . T3 2 5 A Sh X B T R i sl 3
e JHLAF N 7 SR (A S 52 M, B IR A R 15 Sl Bl 3t s ik A (49 an XUk Kl R DTRE MR & IR e
JEE ) ORI AR A D ek I T R IR S W BT R W B i RZ i, BRI, B RIS SRR T B A
AT, LR U R 5 HA E 20 R AR G BN LB iR 4 5 ST AT

MBS TR AT AR 2 AT 2 i A Bl LA A AR | [m] s 2% Tt o FNA7 AR AR i s B R
G AR A A T I AR A R A SR I AR 45 S (BB R B
AR5 HAh 5 45 A A RIS IEZE3E 0, 401 Sub #1 Yee™™ |, Matsubae-Yokoyama et al"**" 43 514 49 Jit i 43
Mr 5 A= fn R e A B A= 4 S, A T 95 R H AR B S AR ORI B e R A R FH SR R el Wi A
Metson et al' ™" il Straat' ™ 43 ST X 4 ER A HLFE G ADEE T B AR DRIk, A J5 W A4 0 TR A3 200
2 5 & T XA G A ARV AL 6 . BIINGTeBA A an B 00 AT I T A S R i
0T IS AT AT — PR AR A AT T AR Y (agent-based model) SFAEAE G K& e TEAE AL IN Bl
BT H DITN A ERARE At 2280k J FoRAS S BUR ke Ji S5 28 A0 X6l ik 20 1 48 3l S HEAR 1 1 34
BRI

ISR [RIRE , BAT A 5 2 88 G 1 B 8 VR 6 B A 7S R TmD A, (1) Wl % R SR Wi L FE 985 B[] ( depletion
time ) A AH 2 2805 & R 0 SCHEAE 5 (2) ARl (B i A2 77 FNTH SR X oC RAG PR L3l S H R 52 5 (3) #h 2
2T R GE R IR AR FLETT 5K 5 (4) S WY R /K B HETSC S L A BE 52 1), G HZ % b 3R K A & 78 574k
FISEI 5 (5) 2 Wl P 40 02 7K ) AL LAk 2 R [T o7 5 DA % (6) AN ) 49487 BRI AR S 8 Tl 9 05R mT e e 01) FH S
T PREEHER R R AP ARG e 2 (58 ISR = 28 M, B IS e 2 (W e 538 T T o AL 30T, R, i
AN [7) ] G AR DX I EL A A ) ) 1l 9 B, SO 3E g I 1 RNl e S () R A AR K 25 5 911 H A s 61 4 Ay
BEUG IR D A% SP O IE POAR [RIR A SRR A5 A il B2 U5, 0 T AN i e I WL i v ik o, 25 SR 2 B
BRI R BT AT LR B A [ R B Y 10% LA b 2 o L I S0 g B i g R 0 Bl R
PR B4 22 T, 56 ) e L OO Bl O S AR i X A W IRREES T, AR B R AR W IR R X I
S, (B RTE R BR B B AR R ZUAR LA 50T, anfe] o3 Al W ) B it sh O 084k A TRl #h 25 3K 3
IR K A R M LA e A BRAS AR G it e FAE e SR A8 A 0 B

25 TR B 0 I AT B A A G A S G ) FR B ) S KT 1« (1) B REAL 3K B Ty (N3
K AT AR HORAZFHNE U A 47 ) FIAF = 284 AW S5 i s R s 284, DL Bir AL S R 7R SR 1Y
WA AL RN 43 o5 S AR R, RS R, (2) AN[RZ R I 2 il Y, A 4t a2 22 0% R T A e A2 8 LA BAN [ 7 i 1)
RS  LAGM AN [ 2 20 T 2 JRASS RIS [ 7= St o il 22 B T SR A B M), DT B MRS 2545 BHLAY £ B 40
A 255 K R A AN A i B etk . (3) o R 5 HA TR A BAH bE (AL ik )@ K5 ) |, Xt
T ANIHE 2255 K SR ELVE (criticality) 7% BRI E LA B9 T5 R AR A4 A% R, WE—FhoC R A4y
WAL SR B, — T 75 T R AN AL AR VR i, 25 BB Z AR B et b, (4) A 3RkA8 Ak (il n < fi
) BT, B RBHKAREISTE ) BRI HT S ERAR AL A 255 R £ SR R R S L ER B R, il
T B T v 2 A 2 R APl S 1 TS A8 DT 3 S5l A P P e 18 M 0 3% T 22 () Sy R0 s Tl A% S (ARG o 2 T 9 388 ) 1)

http ; //www.ecologica.cn



S % 354

AR B SIS R 7 (5) BEMHABITR 1R G W ShBIE ST, 45 HAB i 258 FRou R (A Bk 81 ) A
GJRICE (B Y AR ) | LA HTAS IR BOR R w22 Fh s e ) i 2 A BRI S A ALRS (co-
benefit ) 54 AU ( trade-off) .

5% 3Lk ( References) :

[10]

[(11]
[12]

[13]

[14]
[15]

[16]

[17]

[18]

[19]

[20]
[21]

[22]

[23]
[24]

[25]

[26]
[27]

Cordell D, Neset T S S. Phosphorus vulnerability : A qualitative framework for assessing the vulnerability of national and regional food systems to the
multidimensional stressors of phosphorus scarcity. Global Environmental Change, 2014, 24(1) :108-122.

United States Geological Survey (USGS). Mineral Commodity Summaries ; Phosphoric Rock. USGS, 2014.

Prud’homme M. World phosphate rock flows, losses, uses. In:International Fertilizer Industry Association (IFA), Phosphates 2010 International
Conference. Brussels, Belgium, 2010.

Cordell D, Drangert J, White S. The story of phosphorus:global food security and food for thought. Global Environmental Change, 2009, 19(2) .
292-305.

Van Kauwenbergh S V. World Phosphorus Rock Reserves and Resources. International Fertilizer Development Center (IFDC) , 2010.

WINE, RANF, X2k, B0l , FoBi. R B SEIE 0. (LT 5T, 2010, 39(9) :1-5.

[+ B IR0, T P AR A 2013, JURT . HUBR HIRAL . 2013, (http://www.mlr.gov.cn/zwgk/qwsj/201311/t120131129_1294361.htm)
FHAR, SR, P EBE FEIRABRIL A ™ 5 2. (LTSN, 2007, 36(9) :30-32.

Brunner P H, Rechberger H. Practical Handbook of Material Flow Analysis. Boca Raton London New York Washington, D C:Lewis Publishers,
2004 :1-318.

Huang C L, Vause J, Ma HW, Yu C P. Using material/substance flow analysis to support sustainable development assessment: A literature review
and outlook. Resources, Conservation and Recycling, 2012, 68.104-116.

A, FAMEE, RS, DTS A AR TG 1 B o e e e S5 e 2. B URARY2% , 2006, 28(6) :189-195.

Seyhan D. Country-scale phosphorus balancing as a base for resources conservation. Resources Conservation and Recycling, 2009, 53 (12):
698-709.

Chen W Q, Graedel T E. Anthropogenic cycles of the elements: A critical review. Environmental Science and Technology, 2012, 46 ( 16) .
8574-8586.

TR, R, ERE. BESMBUR MO, A BHR S IEIRATE, 2010, 3(2) :29-34.

Chowdhury R B, Moore G A, Weatherley A J, Arora M. A review of recent substance flow analyses of phosphorus to identify priority management
areas at different geographical scales. Resources Conservation and Recycling, 2014, 83.213-228.

Smil V. Phosphorus in the environment: natural flows and human interferences. Annual Review of Energy and the Environment, 2000, 25(1) .
53-88.

Villalba G, Liu Y, Schroder H, Ayres R U. Global phosphorus flows in the industrial economy from a production perspective. Journal of Industrial
Ecology, 2008, 12(4) :557-569.

Liu Y, Villalba G, Ayres R U, Schroder H. Global phosphorus flows and environmental impacts from a consumption perspective. Journal of
Industrial Ecology, 2008, 12(2) :229-247.

Cornell D, White S. Peak Phosphorus: Clarifying the key issues of a vigorous debate about long-term phosphorus security. Sustainability, 2011, 3
(10) :2027-2049.

Schroder J J, Cordell D, Smit A L, Rosemarin A. Sustainable Use of Phosphorus. Wageningen : Plant Research International, 2009.

van Vuuren D P, Bouwman A F, Beusen A H W. Phosphorus demand for the 1970-2100 period:a scenario analysis of resource depletion. Global
Environmental Change, 2010, 20(3) :428-439.

Cooper J, Lombardi R, Boardman D, Carliell-Marquett C. The future distribution and production of global phosphate rock reserves. Resources
Conservation and Recycling, 2011, 57.78-86.

Rawashdeh R, Maxwell P. The evolution and prospects of the phosphate industry. Mineral Economics, 2011, 24(1) :15-27.

Scholz R W, Wellmer F W. Approaching a dynamic view on the availability of mineral resources: What we may learn from the case of phosphorus?
Global Environmental Change, 2013, 23(1) :11-27.

Koppelaar, R H E M, Weikard H P. Assessing phosphate rock depletion and phosphorus recycling options. Global Environmental Change, 2013,
23(6) :1454-1466.

Ott C, Rechberger H. The European phosphorus balance. Resource Conservation and Recycling, 2012, 60:159-172.

Suh S, Yee S. Phosphorus use-efficiency of agriculture and food system in the US. Chemosphere, 2011, 84(6) :806-813.

http ; //www.ecologica.cn



20 1 WREBOHNS 25 . BT R W ot o A 0 5 a2 A 22 9

[28]

[29]

[30]

[31]

[32]

[33]

[34]

[35]

[36]
[37]

[38]

[39]

[40]

[41]
[42]

[43]

[44]
[45]

[46]

[47]

[48]

[49]

[50]

[51]

[52]
[53]

MacDonald G K, Bennett E M, Carpenter S R. Embodied phosphorus and the global connections of United States agriculture. Environmental
Research Letter, 2012, 7, doi:10.1088/1748-9326/7/4/044024.

Cordell D, Jackson M, White S. Phosphorus flows through the Australian food system: Identifying intervention points as a roadmap to phosphorus
security. Environmental Science and Policy, 2013, 29(9) :87-102.

Cooper J, Carliell-Marquet C. A substance flow analysis of phosphorus in the UK food production and consumption system. Resources Conservation
and Recycling, 2013, 74.82-100.

Senthilkumar K, Nesme T, Mollier A, Pellerin S. Regional-scale phosphorus flows and budgets within France: the importance of agricultural
production systems. Nutrient Cycling in Agroecosystems, 2012, 92(2) :145-59.

Senthilkumar K, Nesme T, Mollier A, Pellerin S. Conceptual design and quantification of phosphorus flows and balances at the country scale : the
case of France. Global Biogeochemical Cycles, 2012, 26(2) :12-25.

Antikainen R, Haapanen R, Rekolainen S. Flows of nitrogen and phosphorus in Finland-the forest industry and use of wood fuels. Journal of Cleaner
Production, 2004, 12(8) :919-934.

Antikainen R, Lemola R, Nousiainen J I, Sokka L, Esala M, Huhtanen P, Rekolainen S. Stocks and flows of nitrogen and phosphorus in the
Finnish food production and consumption system. Agriculture, Ecosystems and Environment, 2005, 107(2/3) :287-305.

Saikku L, Antikainen R, Kauppi P E. Nitrogen and phosphorus in the Finnish energy system, 1900-2003. Journal of Industrial Ecology, 2007, 11
(1):103-119.

Linderholm K, Mattsson J E, Tillman A M. Phosphorus flows to and from Swedish agriculture and food chain. AMBIO, 2012, 41(8) :883-893.

Stréat K D. Phosphorus Footprint Model ; A Model Development and Application to the Swedish Bovine and Poultry Industries. Industrial Ecology,
Royal Institute of Technology, 2013.

Smit A L, Van Middelkoop J C, Van Dijk W, Van Reuler H, De Buck A J, Van De Sanden P A C M. A Quantification of Phosphorus Flows in the
Netherlands Through Agricultural Production, Industrial Processing and Households. The Netherlands: Plant Research International, Part of
Wageningen UR Business Unit Agrosystems; 2010:56-56.

Egle L, Zoboli O, Thaler S, Rechberger H, Zessner M. The Austrian P budget as a basis for resource optimization. Resources Conservation and
Recycling, 2014, 83.152-162.

Matsubae-Yokoyama K, Kubota H, Nakajima K, Nagasaka T. A material flow analysis of phosphorus in Japan: The iron and steel industry as a
major phosphorus source. Journal of Industrial Ecology, 2009, 13(5) ;687-705.

Matsubae K, Kajiyama J, Hiraki T, Nagasaka T. Virtual phosphorus ore requirement of Japanese economy. Chemosphere, 2011, 84(6) :767-772.
Jeong Y S, Matsubae-Yokoyama K, Kubo H, Par J J, Nagasaka T. Substance flow analysis of phosphorus and manganese correlated with South
Korean steel industry. Resource Conservation and Recycling, 2009, 53(9) :479-489.

Ghani L A, Mahmood N Z. Balance sheet for phosphorus in Malaysia by SFA. Australian Journal of Basic and Applied Sciences, 2011, 5(12) :
3069-3079.

XUBL, RS T PEBHER R R . PIEERERE, 2006, 26(2) :238-242.

Chen M, Chen J, Sun F. Agricultural phosphorus flow and its environmental impacts in China. Science of the Total Environment, 2008, 405( 1/
3) :140-52.

Zhang W F, Ma W Q, Ji Y X, Fan M'S, Oenema O, Zhang F S. Efficiency, economics, and environmental implications of phosphorus resource
use and the fertilizer industry in China. Nutrient Cycling in Agroecosystems, 2008, 80(2) :131-144.

Fan Y P, HuSY, Chen D J, Li Y R, Shen J Z. The evolution of phosphorus metabolism model in China. Journal of Cleaner Production, 2009, 17
(9) .811-820.

Li G L, Bai X M, Yu'S, Zhang H, Zhu Y G. Urban Phosphorus Metabolism through Food Consumption. Journal of Industrial Ecology, 2012, 16
(4) :588-599.

Ma L, Ma W Q, Velthof G L, Wang F H, Qin W, Zhang F S. Modeling nutrient flows in the food chain of China. Journal of Environmental
Quality, 2010, 39(4) :1279-1289.

Ma L, Velthof G L, Wang F H, Qin W, Zhang W F, Liu Z, Zhang Y, Wei J, Lesschen ] P, Ma W Q, Oenema O, Zhang F S. Nitrogen and
phosphorus use efficiency and losses in the food chain in China at regional scales in 1980 and 2005. Science of the Total Environment, 2012, 434,
51-61.

Wang F, Sims J T, Ma L, Ma W, Dou Z, Zhang F. The phosphorus footprint of China's food chain ; Implications for food security, natural resource
management,, and environmental quality. Journal of Environmental Quality, 2011, 40(4) :1081-1089.

XUAE, WILJE, BRI, TREEER, 2. FRE BBy R . BUUET., 2005, 25(6) :01-06.

Lo, BAILE, BRAETT, 251, 1980-2008 4F i [E @ BT I n9 /- Bl o, BURALT, 2011, 31(9) :10-13

http ; //www.ecologica.cn



10 £ ¥ i 35%

[54] ThEGE, S, BRETE, 251, T E B S A5 F ARt RRAE B 0 BREE B 671 for B RE M. BRBERLAE, 2012, 33(4) :1376-1382.

[55] MaDC, HuSY, ChenDJ, Li Y R. Substance flow analysis as a tool for the elucidation of anthropogenic phosphorus metabolism in China. Journal
of Cleaner Production, 2012, 29-30188-198.

[56] Bai ZH, Ma L, Oenema O, Chen Q, Zhang F S. Nitrogen and phosphorus use efficiencies in dairy production in China. Journal of Environmental
Quality, 2013, 42(4) :990-1001.

(571 X0B, Bl 7. BB RBBHESS RE MY BUR T, FREERIS: ) 2006, 27(8) :1549-1553.

[58] LiuY, Chen J N, Mol A P J, Ayres R U. Comparative analysis of phosphorus use within national and local economies in China. Resources
Conservation and Recycling, 2007, 51(2) :454-474.

[59] EH, m=Hf, B4 i HAES RECE T, hEFEERE, 2010, 30(12) :1658-1663.

[60] YuanZ W, Liu X, Wu HJ, Zhang L, Bi J. Anthropogenic phosphorus flow analysis of Lujiang county, Anhui province, Central China. Ecological

[61]

[62]

[63]

[64]
[65]

[66]

[67]

[68]

[69]

[70]

[71]

[72]

[73]

[74]

[75]

[76]

[77]

[78]

[79]

[80]

[81]

Modelling, 2011, 222(8) :1534-1543.

Yuan Z W, Li S, Bi J, Wu H J, Zhang L. Phosphorus flow analysis of the socioeconomic ecosystem of Shucheng County, China. Ecological
Applications, 2011, 21(7) :2822-2832.

Wu H J, Yuan Z H, Zhang L., Bi J. Eutrophication mitigation strategies: perspectives from the quantification of phosphorus flows in socioeconomic
system of Feixi, Central China. Journal of Cleaner Production, 2012, 23(1) :122-137.

Bi J, Chen Q Q, Zhang L, Yuan Z W. Quantifying phosphorus flow pathways through socioeconomic systems at the county level in China. Journal of
Industrial Ecology, 2013, 17(3) :452-460.

e, RS, BRAE. T BRI 2K P LI S IR PR AT, FREERb 21, 2009, 29(7) :1549-1560.

Metson G S, Hale R L, Iwaniec D M, Cook E M, Corman J R, Galletti C S, Childers D L. Phosphorus in Phoenix: a budget and spatial
representation of phosphorus in an urban ecosystem. Ecological Applications, 2012, 22(2) .705-721.

Tangsubkul N, Moore S, Waite T D. Incorporating phosphorus management considerations into wastewater management practice. Environmental
Science and Policy, 2005, 8(1):1-15.

Neset T S S, Bader H P, Scheidegger R, Lohm U. The flow of phosphorus in food production and consumption-Linkoping, Sweden, 1870-2000.
Science of the Total Environment, 2008, 396(2) :111-120.

Neset T S S, Drangert ] O, Bader H P, Scheidegger R. Recycling of phosphorus in urban Sweden:a historic overview to guide a strategy for the
future. Water Policy, 2010, 12(4) .611-624.

Kalmykova Y, Harder R, Borgestedt H, Svanang I. Pathways and management of phosphorus in urban areas. Journal of Industrial Ecology, 2012,
16(6) :928-939.

Aramaki T, Thuy N T T. Material flow analysis of nitrogen and phosphorus for regional nutrient management: case study in Haiphong, Vietnam //
Fukushi K, Hassan K M, Honda R, Sumi A. Sustainability in Food and Water. Netherlands; Springer, 2010:391-399.

Qiao M, Zheng Y M, Zhu Y G. Material flow analysis of phosphorus through food consumption in two megacities in northern China. Chemosphere,
2011, 84(6) :773-778.

LiSS, Yuan Z W, BiJ, Wu H J. Anthropogenic phosphorus flow analysis of Hefei city, China. Science of the Total Environment, 2010, 408
(23) :5715-5722.

Wu HJ, Yuan Z W, Zhang Y L, Gao L M, Liu S M. Life-cycle phosphorus use efficiency of the farming system in Anhui province, Central China.
Resource Conservation and Recycling, 2014, 83.1-14.

Bai H, Zeng S Y, Dong X, Chen J N. Substance flow analysis for an urban drainage system of a representative hypothetical city in China. Frontier
in Environmental Science and Engineering, 2013, 7(5) ;746-755.

Asmala E, Saikku L. Closing a loop :substance flow analysis of nitrogen and phosphorus in the rainbow trout production and domestic consumption
system in Finland. AMBIO, 2010, 39(2) .:126-135.

Ridoutt B G, Wang E L, Sanguansri P, Luo Z K. Life cycle assessment of phosphorus use efficient wheat grown in Australia. Agricultural Systems,
2013, 120.2-9.

Metson G S, Bennett E M, Elser J J. The role of diet in phosphorus demand. Environmental Research Letters, 2012, 7(4) :44043-44053.

Shaw A, Barnard J. What is your phosphorus footprint? Proceedings of the Water Environment Federation, 2011, (12) :4422-4429.

Erdmann L, Graedel T E. Criticality of non-fuel minerals: A review of major approaches and analysis. Environmental Science and Technology,
2011, 45(18) :7620-7630.

Graedel T E, Barr R, Chandler C, Chase T, Choi J, Christoffersen L, Friedlander E, Henly C, Jun C, Nassar N T, Schechner D, Warren S,
Yang M Y, Zhu C. Methodology of metal criticality determination. Environmental Science and Technology, 2012, 46(2) :1063-1070.

Ulrich A E, Schnug E, Prasser H M, Frossard E. Uranium endowments in phosphate rock. Science of the Total Environment, 2014, 478 :226-234.

http ; //www.ecologica.cn



