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chastic Frontier Analysis, SFA)""'S5%4i 4145537 (Data Envelopment Analysis, DEA)'*' 2 f1, Ul Reinhard 55
PATs =05 M o ), SRR SFAT L, R BRRFHEBCE A IETRCR I iy, A 5%
WHIAAFROR, REFGEINXIRE, 4 DEA 5 Malmquist #8806, #E173R1E 3014 X A= 8%
RESMFFAEBETE . SG5RRW, (e JEIAGT TS Qe il M GTIRHFE LR T, A 2R M XA 2500 T
FRU. Tone 42 H TR THA L 77 AN TS B OSSR AR (Slack—Based Measure, SBM), I il i —
AR T SBM 41 AR, AN B T BEACHL™ AL LAY [RDEE, [ g ke 1 AR ER P AT AR TR B PR AL
RPN, O RCRIFTE T R A TR TR I E 5 SRR T 1996—2015 4FF0 E 31 M (T, [IX)
T AR R FHARI B i) SBMUBE AL B2 1 3 [ A A= 83R48 Br 22 5 PG i [ 217

VB 245 i 2R 25 22 T o M AT 5 20 K R AE 7 U A AR AR TF BRARL, KK 238 (Grey Water Footprint,
GWF) HR MR, i A b A 7= X 7K B8 ) 2 i S A3 10 (9 B AN AR, ORI 48 DL F AR AR
R B2 R IRAT )RR /K JB R R Ry B, K — s 8075 G 0 67 A W ML ) A T s R R K AR AR R K 3 DA
IR B A BE VP K TS G AR, EOUID S 1R A 7 S B R 0L 2R R DX K PRI ) 7T
B AR IEFEARIN AR B ) SBM, R (/K BRGS0 T A RS AACR DAl SO RGBT g it IX
KRS e 3 B BB W 1=

TEM X EREZELMRE X, B “0KkZS” WERE” 2K, E4k, hREREY
4w RO AR R T R R BRI TS YRR H A5 S IRFERIT, SR BE K Y 3
FGRYR VTR BRHEI, AN A 738 DR ST A BT Rk K 70% , B 24 i 2 15 8 AR 119
BRI, ST, SCEE R IR R W X 34 B (I R BIHTIEIX, RO AL I B 5 SBM-Undesir-
able U B ST ITIE AN G, BEATAL FRBERLAR S /R BT nlHp S B 5 PEAG I, LS DAy 1] 0 X i
s gl e i 2%
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B S LT T skt B A A 2
#A gighty GBS ROTN) AR Ml N BRI (8 5 AR 7 (8 L
MBS HOBERRH (O Gl FE A U442 (1994—20144F) IR A AR e TH4F 2 (1994—
HUACRR S AU B A (kW) 201449 )M TR GETHAF 25 (1994—20144F)

fol I ()
P WP R OTE) (B 1994 4R A TS
M RIS Y SR A () Al

GWF = ———— —
C max — Cnat

GWF* RIS e I IR ST 5 o R AR IR IR 5 Appl - AL NS48
1 Cmax: I ARV BB R s Cnat - 15 YW A SRAS IS e

T I CWF B BUE IR, %09 2% T AT AR AN AIBE S BCR s o R AR TR 2 W0 X 5 AR I8 5 B0 P (143, I W X 0
BB SR b7 5 BN Y 7.49% ~ 22.50% , RG-SR %N 9.37%, PHH R FN 19.77%, HAAR IR )E Ekmdi?ﬂ@frﬁ*&%k%ﬁﬁ%
TR 5 S AR A A R TR B9 LU AR RS, Cmax SR EPAARMERAIE 4 0.01g/L>; Cnat: BE—fB% K 0

1.3 SBM-Undesirable # & pI & X 3 # /53%

R = R G A n AR .96 (DMU, Decision Making Units), bmu;, je, 2, -, n), BN R B
TCEAH m A, iel, 2, m), SOMWIEEFEH, SOMAEWIEEP= Y, mEFRRN: XeR,, YeR,, YeR,,
TE RS X=[x, 2,0, 6,]€R s Y[y ,0ee, ¥ JERS, Y=y ee,, ¥ 1R, Hi X >0, Y0, V>0, #%p={xz
XA, y*SYA, y'2YA, AZ0}, p WZAEF=R RS, RIONEE n P8 AT A 0 0 28 = Hh RN S B8 7= ) i
gﬂl:l

HRAJE Tone %E S, 45 SBMAEEY Hy .

S
1——2—
p = mE (1)
1 S¢ S
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s.b. xg=XA+s, Zj_ (S=YA=sE, Zj_ lsj=Yb/\+s”

520, 520, s'z0, Az20

XL (D) o, p  ARFTFRE AN IERORME; m. s, Fls, 20 BB IS ORI A5G s
=(s7, s, VA P I AR B B S s W Ry IR B P AR, A AR
i, AeR®, /\>0?\%ﬁ“%ﬂ*ﬁ?&@‘lTﬁR(Variable Return to Scale, VRS); BRIg “0” SHEEM oG, X, Y
Y I3 R AR B IR R . EAR R B KT s, s, SRS BRI, HLO<p's
1o X} FREE BTN Ao, M HA Y p =11, Bis=0, =0, s'=0R}, P PAIT(Decision Making Unit,
DMU)SE AR #ip'<l, VEHIRSEHICAAAERBCRI, AT LGE AR B | 1B ™ S AR R ™ ok
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1) EBE IS d (d<e) W B0 n=~d+1), JETEANTE, Z3CKE DR d=3,
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PAZRE PG IR ARCR s ik At . A0

S
E']QI = AP] (2)
SIP, = i (3)
J S

K (2) 11, EJQARGRE jA> DMU BYHE—F A5 55 57 290 T s oK R 38 i s RS 71, SAREREE 4~ DMU
B IR B R A BRI P A st AR i, APARERES ;A DMU B SEBR A E0™ it . EJQ AR DMU K —
FEPR A TUAR SR EE ™ R TR A RA S AR 1t 5 SE PR A ™ R A LB, OB T ol A = i A rp B — 4%
AFEbR s AR IR 7 bR i A s HE ) g s ], 28 (3) h, SIPAREREE A DMU A — 48 A F8 bRk
RS Y A A AR, 25 DMU B3 —F8 bR A TUAR BRI 7 3 TR A ot A% 5 5 i 48 b T A
DMU £ A JTAR AR A EE 7™ AR I RA St AR f SR OB, Rl TRl A 7 e — 48 AF8 hn ol A A 2 ™ 1y
PRI IE DX A8 A 15 249 0 HE (4 Y 7 B0 SR R AR . S AR AR/ A DMU 9 A sl 10128 7= Hh 11
Fastb st , ARFRZIRARETA DMU AOFA S AR 5 SR
1.5 KINEENEREN

JK B R JJ (Water Environmental Pressure, WEP) /24§ X 384 b A= 7= 5 B B HE R KK R 308 5 7T 458 9475
et i LB, AT TR A AR 7 X M M K AR S AR L 12 SO — 2R AR TR 5 L8
HEXT 2 b /K PRI R T B SEBREZ A, AR AE SBM SR i (1 IR R I AA S AR 1, A4 S K IR TR T AR TS S48 4
IR T BEAR TS AR 8 A0l 2 77 1 BOK R i HE i CRK R iR FA S AR B ) 5 > b e 2240 S48 i o
HHfE . HHEAR N

Sews;

WEPj: R »

X (4) i, Py, AR A DMU KIS R )W 1, T d9; Sewy 274 DMU Y9 SBM A A Hhji 7K
SR RAGEAE R, m'; R, AR () 2P EREAR G, m's Hi 240 408 0 a8 R I8 T
CHIRE A K EIRAHMD) (2013—20164F) KA MR TR FEIR A, R (1. X) SR E
Biw, @ik U A KEEAR) (2013—20164F) FI48 (T, X) SEKRAGE AR,

2 HERAWM

%30 FH SBM-Undesirable BRI 8 M e, BETRUBIHRIN AT A8 (HREM AT A, @FR VRS) ik,
THER B XA A ROR S48 L FEBIERE = 1 (BOK 2T ) mfash, 4540 (2) 50 (3) K
HH S IO B R AP0 ) 5 48 DA
21 FEREWL
211 R XA IR RCR AR PR AR A

B3 1996 4F41, 1994—2014 E IR EI SR LI s K %, 1994—2014 FFHCRETE 0.49~0.76, 21 4FH]
SRR 0.61, 3K REBR A WARE Y /AR =i ) ik ok, O IR SRR T 39% . 1994—
2000 4R B2 ] X 32 T 3 AR RHEET K, WX 2 R ARA I, AR i m TR AR RSO A= 7 1R
WA, BRI W, RAEYREF RS, SRS TR ERCRIRTS , 7 AR AR AL 3
BERRA A 0.58. 2000 4F 1 g 44 4 TAELASEHE -+ = R A0 T AR 0y, HEFEA A 477 i 2546 F) 3]
FRAL , S0 AL B B AR iy oy H A AR AR, RO RS RICR B AR B . 2005 4F LR 1 RS 4 %
Jo AT AT BOH AL . i S SO A 7 Y\ SRR SR I, BRI T AR, B T ARRIAKR
AP AE PR R, AR IR EEROR 2 I SR A

P (4)
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BAON AR A RO HFICT, SEE R E, X N
KA I i HAT R el 23 1) 3
2.2.3 23[R ARFRE

bt — 2R B W X AR PR RR L T4
W15 GWF HET 1 123 R EARRRAE , % SCHEHR 1994
4 2000 4F . 2007 4EF1 2014 4F 34 B (1) A9 % i 4k
P, MHE=C (2) BRI E () 4= RamaE (K
5) o 1994 45 2 i X A% b P1 358 R0 AH IR BOR 0 &
fRER 1 DMU B o0 224>, (5 & XOEB) 64.71%.
ZACE . WEE . WS, RHTEXSTh ). K
M LA B Bl T 5 Y 20 e, ARl 2 A
XA G MR . B E GWEF I HEE T, ik
NEFE 0 FIHRAL, IR AR R EH . R E
()5 T BEUY 26.47%, 328243 A 1 328 15 31 2 19 1) 2R s,
b5 A B X . 2000 4 B2 5 XK 80K 1 DMU (5 [ b 7

[ 3t st

61.76% , HEUET 190440 EAKAE L, JORHP T mmow oun 0w

A A BERCRELAL 1994 4F T [ 66% , EATHLAL S o o

A Al BLBR 8 B 9 015 249 98 J1 53 4R 1 76.06% A4 RRAERLEFRRTES CWE
RHEE TR = 8 53 Fh

74.59%, b geh A G TR, WA EOR
BT, PRI E ., €55 Hmilim, Ea
IR RBCRIX, 5T RESCRDMU BB 50%. 2006 4F 5 B 4 HEgEm B 5 AR R A, Ak ik
O SR R A 2] 5 R v, 2007 411 2 15 X AL AR 2098 J1 48T 2000 4F T % 16%, AR IR BE ORI K<
21.8%, {RACR A DMU $E 55 2000 4F T F 32.84%, 5 BH 7 48 ORI VT EL A B 908 T, e ol
109.22% F1103.84%, il AL = 1 B rp b B TE 5083 A BN T8 . B 2R 1) DMU R A L 2000 4731 K
49.98% , KU HE X A PR EEBCRAE L T 2000 4E 1K 67%, AL 290 ) TR R, ik
66.68%, FI UL AT Rt T A AE 75, Bt TARARAE FEACR . 2014 A7 B2 ) DX AL A B RCR A A
#0.72, N AEPAERCR A SR ARG . RSCRE) DMU SR AL S 8035.29%, 07 T30 25 1 2 18 [X s
SR DMU #2007 416K 25%, I (51 X 3 DMU ) 44.12%, HrR 808 0 DMU F14 73.33% SE P
BUORTEEA R, HEATE GWFIBHEE 11880,

CEA AWBIERE, MEHIX 34 5 (1) RO SORE R LI K AT, IRFCR 1) DMU &85
A HAr AR B BE L . SRR E DMU B 2, ot T3, ATt 55530 117290 1
NRERR, 4300 T % 36.07% F159.87%, ARV ARG AT B 0%, 578 I Iim B A S, 55
AT L R LT AT TR X 4 WP RO RS RCR R B S A AL, SR R AR A
HA R, Al GWF HERCS BV -l o 37 T 2RI X A3 B B 5 1 258 B A lb R 855 35 A5 AR 0.35, i
FHE R “RKARE” HDXUPRIVE . s . SRV 2338, HOK BRBE T o K VT 5 S
TLIAESR T CEE , A LN IR EEZE WA A7 S, )™ 5ol A= 57 S E ¥ ik A 4 F
CHERE” 175, R E AR E AL FEOI RSN, R IREES Y H, ARl E =y UG A
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2.2.5  JKIREL R REAR VG 0t 2 6] 43 A

LR RS L, RIES (4) MEFEIX 34 5 () Al A r= MK IREE HE T AR, A
SR b 3 AT ARV IR 7K 38 D HE VS 70 6 % Mgt X K IR R T S AR B, AR K I TR T A T A ) S 2 1
ICE MR EZE R 2Tk, K34 B () 43 AIREE 3 IX (0, 0.000 4], AR X (0.000 4, 0.020 6],
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EUE AR AR A, DL A AR B A r=RE S, [ sy A IS i e it FH 5 s A S, AR i AR 2R
B, TR X SRAGEA XM E (07 8o, Bk r 20.59%, %28 X8 o FREAK K OK
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AN ANI P S A ety “ = A7 TARRAE TRE) (Ps—S30fF), BIwd il T m e 2 XU,
PR B E A ™ i AT A BE S o AT, IR AL TS R BE B, TR W AEAT 3, SEB IR 254l
MR, HERERAKIRETE B, SEm AV IMERCR, #E I T ARG Qe SRR %00k
THOK BRI, I AR 32 DI g W XA SR I SE DX, SR AR B H 9 SBM 77 303 A 5 28 i
FrAMP BRI G /K PR AT SR S B S PP ST . BFFE 21 3T, SBM 3 =X 7 5 V6 REAR 4 3b v i
A= PR AR DR, AR PRI M B O R . B [ RS SBM AT 4 SR T A st AR
AR FIRBA 515 Y Pl 5 AN, B BOK RN A SBM B S M L, n] R ALK BRI 2
R T A PREERCRAE . IR IR TS QR AR T« Ao s il AR i COBOK ) Y
At i) B 5 2 3 22 AR AR IR R, AR DK PR T ) AR PR AR Y, DRI L A XK BRI T T %
R A 23 (8] 73 AT R IR . WFSE 4 SR Al St AL TS 4%« 4R TH IR ROR S A e 5 T7 i 3. R,
FEBLSAO A = i R v, FR A RS S AR B AR Z L B AT B, I OSCE T TR
BHEABR, REETTHIEX — il BAN, S M RO IR EE 15 Y A £ BOK LI, 1E4 T sed, i
FULRIE . KK RIS A S IR A S, FFA SRR, AETE 0% SR = H A LG
ZFER L, LR A AO B A S AR B = ARV 7 L A DR 5 T i HRE g, BRI O 4R Al
WERCR, RBEAOY rT 358 A R FR AL T O 4 Tl A 28 S H

4 FHitH5EW

ARy A 7= B KR T G B B A 5 R X Sk K RS T i (0 R 2R, T K BR B 2 R an T 4 v
Al IR R R L R 2w A T R A R AT A T B ST IR . A R M A A S A AR R R R A A
GBI Z —, BRI R AR B RCR AN S U 207 10 T8 bR . I SCHE T IOK IR BE , BEHL
A AR 7 DR I X R B ST X, SR P EE 7= Y B4 SBM i 2Q 4 TS AR HE £ 7 4l FR BT 8505 5 7K 3A
Be nT R B S PPA Y . REASIE S EWUINT .
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MEASUREMENT AND EVALUATION OF AGRICULTURAL ENVIRONMENTAL
EFFICIENCY AND ENVIRONMENTAL SUSTAINABILITY FOR
WATER IN THE MAJOR GRAIN-PRODUCING AREA BASED

ON GREY WATER FOOTPRINT®

Fu Yonghu'?, Liu Tie', Liu Junqing'**, Hu Han', Wei Fanqing'
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2. The Chinese University of Hong Kong, Hong Kong 999077, China;
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Abstract The non—point source pollution caused by agricultural production has been a key factor affecting the
quality of the regional water environment. It is an important research topic to improve the efficiency of agricultural
environment under the constraints of water environment in the field of sustainable agricultural development. Under
the concept of green development, it is necessary for making quantitative measurement and evaluation for water
environment status and resource utilization in major grain—producing area. Based on grey water footprint, this
research took 34 major grain—producing counties in Dongting lake area as the research objects, analyzed spatial and
temporal evolution characteristics of agricultural environmental efficiency, and evaluated the environmental
sustainability based on the panel data of major grain—producing area from 1994-2014, then measured the
environmental efficiency of agricultural production by using the Slacks—Based Measure (SBM)—Undesirable window
analysis. In addition, the potential models of agricultural resource saving and grey water footprint reduction, scale
reduction and water environment pressure reduction were established for analyzing water environment status and
resource utilization. The research were showed as follows. (1) Taking Grey water footprint (GWF) as the undesirable
output in this SBM model, the environmental efficiency of Dongting lake areas was relatively lower, and the GWF
had a higher reduction potential form 1994 to 2014. (2) From the perspective of spatial distribution, the distribution
of agricultural environmental efficiency was characterized by large spatial differences. The high environmental
efficiency of DMU was mainly located around Dongting lake and far from the lake area. The DMU with
environmental efficiency value of 1 was increasing year by year, and the distribution tended to be balance. (3) The
grey water footprint reduction potential of agricultural production were higher than other counties in Xiangyin and
Huarong. It had a higher potential to reduce scale and water environmental pressure in Xiangyin, it should be the
key area for prevention and control of agricultural non—point source pollution. In summary, It should adjust the
industrial structure of agriculture, soil testing and formula fertilization way and measures such as reducing
emissions and grey water footprint to alleviate the local water environment pressure. The research results can
provide theoretical and method basis for water environment regulation and sustainable development of grain
producing areas.

Keywords grey water footprint; agricultural environmental efficiency; SBM—Undesirable window analysis; po-

tential of water environmental pressure reduction; Dongting lake area



