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Abstract: The fracturing flowback fluid produced during the hydraulic fracturing
process of shale gas has the characteristics of complex composition of pollutants,
high concentration of total dissolved solids and heavy metals. The “dual carbon”
target has prompted the fracturing flowback fluid treatment industry to urgently
transform its carbon emission reduction. Membrane technology, as one of the key

low-carbon technologies for energy conservation and emission reduction, has the



potential to reduce industrial energy consumption by up to 90%. This study
focused on the integrated membrane process of “pretreatment-tubular
ultrafiltration—nanofiltration—electrodialysis-reverse osmosis-mechanical vapor
recompression” for treating the fracturing flowback fluid, and conducted a
comprehensive life cycle assessment (LCA) and analysis of each treatment
process from the perspectives of pollution reduction and carbon reduction. The
results revealed that the carbon footprint of the integrated membrane treatment
process amounted to 86.7 kgCO, eq. In terms of the global warming impact
category, the carbon footprint contribution of pretreatment, tubular ultrafiltration
membrane and mechanical vapor recompression was 90.7%, which was primarily
attributed to reagents utilized in the pretreatment process while substantial
electricity consumption was resuled from high-frequency operation of the
processes. For the greenhouse effect and other typical indicators, the sensitivity
of influencing factors was as follows: electricity > sodium carbonate > sodium
hydroxide. Therefore, reasonable and efficient operation of the equipment could
save energy loss and ensure low-carbon operation. This study clarified that
pretreatment, tubular ultrafiltration and mechanical vapor recompression process
were the keys of pollution and carbon reduction that should be focused on for the
treatment of fracturing flowback fluid.

Keywords: fracturing flowback fluid; membranes; waste water; environment;

LCA (life cycle assessment); carbon footprint



TUASAEN— R R AR R R AR, & —FiER . SRR TR . TUA SR T8 S a0UR TS
it 2, FRMBAR R MGE, ARk TSN, KAERM A TR TUE A=, BarEd
) DL 2 A N B SCHE AR A S IR, SRS N DU SIS IE R 2L N R 2R R b J2
JRKIRA, BUNEZORANE, HEAGRMIMRE IR, SV EAR A E R IR T m R . R2RIRHER
Hr AN QOB A 2 SR B I B S g J fa

JE 2GR AR A B 7 AR, 2R, AREER, AR TR T - N H - S - B -
VbR A T2 R COD PI/KEE LR 450k, £ EH /K COD A% 96 mg/L, 1AH
K—PHEBARAE o ATL GRS LK I TR 2R HERAE I 705 5, R FH <R Bt el LR35 e W B T A 2
GiE AT IREERRBEE TN AT AN B . AR, T COD LBRFIX 65% L4, LidHEA
WFRJE, COD WREEFER 100 mg/L AR, H/KEE R —HHbrdE. (BT RERHREE &6 =R E Cl
>12000 mg/L), HAEDMIHARBERK. 51, U ERRABGEE AL S TR, WE0EE, £
NCAREHAE”, B AATFERSEIRHE, HaZSB T2 A 7 KEMREAE, SEEN 07 B
.

B XU HARIISEH DU BRI R AR A, IR HEBUAFRAMHERb BRI R b, 00 B R A o
FA T IR HER 02 AR FH B R HE TS I8, 52 [ EUIR < Pl Ab 3-8 (UF) - 7Kk ik )R i21%E (SWRO)
AR R B%E (DTRO) WA RS 248 (MVR) “ER T EAIEZGRHE . R KL, BERR
GG R A A RIS BER, WKV R AR 28 R 4 i, SCBLBEUR & 3R 81
BEAh, B i SR TR - R A - SR - T B - AR AL B AR G AL T 2 S TAL B R DR - BB - IR IR
JEAE AR T I HE B Y R 3L 5 AT X B A 791, 5 Rl 1 foR, AR R T2 AR GRE 20
539.67 kgCOz/m?, FHHFEmRHEB G EE 1.3%, PFEmH G EE 98.7%°! (B 1(2)). AR L ZRcHER A 2
N 64.946 kgCO/m?, Ho i FFERRAE (5 LE 42%, VIFERHEI S EE 58%!7 (] 1(b)). IAR T ZRkARREEEAH
TS T2 K2) 87.9%. [FIBT, XTEHuardr T Eidfe g 5 T2 B 547 COD R, iR hE 2
. KIZEFREA COD HE HE % T2 0.06866 kgCO, K FEFIHIAL T2 0.02054 kgCO,, HAFEIK
KMEFEREA, WS HERT IR & T 24 B Ak R 0 B AR SEI, R B8b T s =2, 1B
TR R AR = Rk SREALEE .
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R T2 WARTZE
B2 #a5MRL2%EBRA COD kHNE
i b, EHESRAER T2 R RR ARG AT AR, TR L 2R 2 H IS AN B . Rk, A&

BT R RLR HER AR UL B T2 AR AR R R, AR TR . SR ORISR, W PR EE
KL EWAEE s 2 e B2, A dr AN (Life Cycle Assessment, LCA) &) ZMNHF A AL T, B
JIEEAT WK IR G2 A0 5 B HE SO B o b, 10 R S A T e R F v A P PR B TR R4 2, R
Z AR IR R SRR AR M . BRI, ASHIEFT DA A S TUE S K O, BT A “Tiab B U
J& (Tubular-Ultrafiltration) -4} (Nanofiltration) -HLiZ#T (Electrodialysis) -/i%i% (Reverse Osmosis) -4l
W2V EZE (Mechanical Vapor Recompression) ” HFHRSER T2, KH LCA J7ik A H AR RR HE
ISEBRIZATIE DL, NS AR BT A BT M R, U A B IRAR IR B S A (R O, T A SR Al
AR SR T 20 R -

ZBRELAICODBRHAE keCO,

1 AR5 T A

1.1 B4R

ARPAR ISR B T N Sl FR X 58K 2 B 3 USSR = AR R ZLR AR . AT TP
b %o IR HEVR AL B B TC AT PR B R 40 AT, WSO A o A T )35 e OR BRI AR I L, AT
3 A FL TG RERE . BRCHECRIEA SR 2, AW SGE S 7y, 2 R ZOR HER AR AR . SRR
IR S o
1.2 DieE R R R

AW FT AT ST R R b= A8 (0 2R HEBE N e 5t 5. SR A% A B T 2548 3% 1000kg )
JEZLRHRRAE A AT OB R R TIRE AL . AT HEA R X TR 261, TRRRIES )T, R
R SEHIZZ RN R, YASFisk. T R&R) s rIaerem A 1 Fe.
1.3 RE8#F

TR LCA Tk B R ZLRHRR N RGUA S 6 ML c R 3 fiw, BARGE:
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FECRBRE, I TR L BRVE R A5 B 7, PRIIE)S S T2 MRS AT, PR T 2035 G R
[10]0

EAHDE (TR-UF) AHE RS @KLK FRER . Frsrem. AR MEGRY, EEMNT
B ERGR AR A (SS)  MAEIFIER ) COD. ANH ST UM L 5l — 5 ) (PVDF) HEZAT,
LW EAL ATV IT I LS M B RORTE B BR S e EAFRE ER A ARI, GRAERE LA (0 84T

g (NF) #55: TIRIEE 32 T-EBRIEK TR/ T COD RIAAHINEE, R KA >
ik, KT BB K T B ok, BEAT RIS A

HEHT (ED) R4t B4LIFES B e iR, R guig i Kt — P b A2 . B
FERT LA 88 728 B AT OB A5 7 K i 7 HH 44K

[iBiE (RO RGE: B BRAGHRENTOKPR— i, DT HEIWE, ARk T,
ARG 7KK B HE R HE

AW E4EBOR (MVR) + MVR B B A0 ZIRFERER, XHANERE. BT AIR E K
BEAT 2 RORAG A T, A5 BV AERE 95% VA B IBRIREN . SALNGE M Eh, IR ARk (Rl 2 B E AT
TIRAEEE , SEPL T BRIRR S BRI, e TG R e AR,
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14 £RBARKERR

ASHIE T T 7 BRI T SRR 45 R . R R ALY 1000 kg BB ZGR ARG, THEIF >
PrHAIHRE. ReFESRAFIGE . B AIE R R 1 Por, RARENEYE i EPs (data quality indicator,
DQI), #7 FAEEHE AR T A RAT ML 225 3R

=1 1000kg EZIEHERAIB T ZRIEMNE G EHIES

POELiE N &Sl L&D HE
TiALHE S A kg 1.05
BRER kg 10

KSR kg 0.33

IR JEK kg 1000
R kWh 30

8 B IR K kg 1000
R kWh 5.13

GERC AIENE 7K kg 940
R kWh 2.2

g R HT IR ™K kg 688.33
K kg 275

HLRE kWh 1.25
MU A P 40 YIS K kg 60

RS HTIRIR K kg 251.67

HLfE kWh 349

1.5 A AHEMITEN (LCIA)

ISO. SEATC. EPA &R A oy IS PPN IO “ =077 B, RIor2R. RREfb. Andfefblidl, 72k
FE K3 B (N AN B 4 BN R A B R 26 . BT SimaPro #REfTHL. BUREFE . 29T
TEMT R AL, AT LR SimaPro9.4 B, X R RRHNRACEE T 2 AT IR EE R bt . N T SR AR VR4l R
LR AL IR FE 75 YW HE O IR BT 5200, AHIE TS 5O R T Ecoinvent3.8. ELCD S54#E &, HEHL
Recipe 2016 Midpoint PRBER M P-4l 7792, 20t A i B AHERGS Bt T3R50 18 Fhigmy, AfchR =
WML, PREREMNFE. BEmES . RENMERE, gERYEK. REMAES RGN E. M R%ER
. BAKEEFA. BEE SR, iR E . WAKESTMN. FEASEN. AMRBUEEMT. A
JEBoEEE. T S BT IER R, A IR, KA
2 #RT®
2.1 Bk B IEES HT

72 B A 0 1 AN P T A A R A B B IR SRR B R . B T B A R
MEARE S T K] A i o 3 P 45 Al == SR BCR R, B AR S (COzeq) oo, THHEAR
ﬁu—F[I“]:

CF = Z R'Qij'GWPj (1)

i=1,j=1

X CFOEE, PONEENEE, Oy NHEI T, GWP A kAR 5 H -
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H 56, AT AR IE -GN IE- LIS T - SIS IE - AT P e 4 4R i T 20 A 3 2R HRR ) ik A2 28
AT, S5 RNIE 4 iR. A0PE 1000 kg H 4R ARG A K 2 25 A 86.7 kg CO2 eq,  HH TRALFER B
TR-UF. NF. ED. RO. MVR 4} %]’A 17.48 kg CO» eq. 28.26 kg CO» eq. 4.84 kg COz eq 2.07 kg CO; eq-
1.17 kg CO eq 32.88 kg COs eq. THACERISFEH, REHBINA A0S 257048 oA 2 105 5 8k T 21 20.2%;
TR-UF JEACBE R, Sl K (R A7 VAR 7R E LR, 210 5 8K T2 1) 32.6%: NF. ED. RO
S HAMEEOR FAEHAE RS, (HRHASATIN 18] DL RATZE AN UK, B2 538 4A T2 9.3%; MVR R4t
P EBMERREE S, iR AR T2 37.9%. WEBAATZMERE, BEHIEFER ISR £ 15K 2
T (5 BRI 7o T F O 2 s PRI s B B A2 1 D R P B R 5

b B
20. 2%
MRS R 48
37. 9%
BEAEE
l 32. 6%
RiBE ‘ ]
1.3% ‘ 28
HEHT
2. 4% Ebd

5. 6%
K 4 B AEBEEOR KRR AL 5 L

2.2 FFEFIIES
2.2.1 FHEfEE R

FRAE Recipe 2016 Midpoint FIRFIEALEAN Fi%, AW FERIA SimaPro A28 1 RSS20 vEAN, THE)
RIS RN 2 Fon. 45K, XM sTk B o NS0 B0 IR R RS
P A TR AR WS TN YOKESTM, Z SIS S S AR R L, A
IR BOZ AN PR 5 W R AT IS AR TR M o AR R — P M 2R AL SN 100%, il i B — A A JH
W BEAE AN S R A R BT 5 (R LeAp], AT SN B BORHE R 2 M R SR R A KN . g5 SR S B
N, TEIZEERACEE T2, BRI TAL B AU 287 R R0 BOW AR IR SR s m sk ok, Ok & =GR
BYBe, N HIBHT. IRIBIEXT B DTRR BN o IRIE I A T 25 brig AT oL, X T 2 N FE bR
T4 ER T BEASE < RUBRIE H N 25 7R BEARRRE B, K 24 A B0 2 3e e 55 L A1) )i 2 SO P A, R 2 28
Ny B BRI R S8 A MU RS R AR . KA 47 S A s, [ K 40 i (X
) FELRE A SRR T R IR BE K 1 R H, IR RS, ok AR AR S0 75 1 A0 B b A= A B PR R i 2 1),
FEJF R R ERIRHR N COD. HA R IS5 e, Sl WA U IE A5, 155
rERIRE T BRI, f5 B Ab B ) 7K S 46 a3 NAR BRI AN o 25700 RSB0 B U IR B DL AL
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I S8 R G I RFBHEAT . MR BT A 5 e S F BB IE i e R . £ b, R [ SR
BOBOR S, R B& mR08AT, 2550 BB 2 R 2RR HERUAL B BOAR T RE R B 1A 00 B It

R 2 LCAFBEMFHENL D LEER

M) kb3 R Y HE AT RiBE BUBAR I i 48

IR E MM /kg CO, eq 35.60000 31.30000 5.37000 2.30000 1.31000 53.40000
SRR AT #E/kg CFCyy eq 0 0 0 0 0 0.00001
HL B9 4R 51/kBq Co-60 eq 0.90000 0.47800 0.08190 0.03510 0.01990 0.58300
REANESH/kg NOy eq 0.03940 0.08690 0.01490 0.00640 0.00360 0.10400
PR A i/kg PM, 5 eq 0.02990 0.04770 0.00820 0.00350 0.00200 0.05670
S it b A A5 E M kg NOK eq 0.04050 0.08710 0.01490 0.00640 0.00360 0.10400
Fiti 24t /kg SO, eq 0.07370 0.10700 0.01820 0.00780 0.00440 0.12600
K EE T /kg P eq 0.00920 0.00580 0.00100 0.00040 0.00020 0.05640
R E 7 /kg N eq 0.00900 0.00040 0.00010 0 0 0.01930

R b A= A F M kg 1,4-DCB 59.20000 17.10000 2.94000 1.26000 0.71700 21.10000
KRR /kg 1,4-DCB 0.72400 0.30500 0.05300 0.02260 0.01320 10.30000
A A5 /ke 1,4-DCB 0.96500 0.42300 0.07340 0.03130 0.01820 13.50000
AR # H/kg 1,4-DCB 0.87400 0.95300 0.16300 0.07000 0.03980 1.48000

NARAESUE 5 kg 1,4-DCB 15.50000 13.90000 2.39000 1.02000 0.58500 229.00000
-4 15 i /m2a crop eq 0.52400 0.36500 0.06250 0.02680 0.01520 0.45500
W= R #E/kg Cu eq 0.02340 0.00940 0.00160 0.00070 0.00040 0.01190
A BRI #E/kg oil eq 9.19000 6.09000 1.04000 0.44700 0.25300 7.25000
IR e /m? 0.26000 0.07750 0.01330 0.00570 0.00320 0.09740
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80%

60%

40% M

20% M

W T

MABORTY  RSAN MMAESEMN GRENE  REEAENE RSN
FUZABESL ] ksl hshE 9k &g wik |

K 5 mhfa) mRFAE AR A 2R

2.2.2 FrifEfEs R

PR — Rl 2 BN A Tk, DMEAS R FR bR 2 (R AR B LR . BRvfE A6 AT DLSE A Bl 0l 1227 i 3 R G 1)
T BRSO, S R T 2 A AR AL BB 2 R 3 iR, IR 0.01403. fb A
TEIHFER 0.02459. RKEE TN 0.03592 HFFEASTENER 0.04605. RAKAERTENEN 0.05833. AEEL
FEEEER 0.31206. & 6 AT NREE AL T 285 AW BERIAREAL 45 5, IR HER AR B I 78 %5 B B (1 PR 5% s e s i
KN PiAb B> WU 2875 FF IR 40> SR IESgHIE> B > RIS IE . RS R BIR, AR EUE B2
B, BB T AR TR U VR R AR R G0 A KR 2 i A — M [ PR AT & 1AL AR B, 17 S B B
R R AT AT R, B BRI IR A, RIS R S 2R R AR AR Sy, IR
AU ELBYIEE, 35518 R R K NAREUE AR o DRI, He 28R HER 1) A P2 0 R 75 228 2 A i
B 1 R BRSSP ™ A E . YOKAES T WEAESEME. RKEEFRMAE LS R ER, H
SRR AR R A R R L IR AL B, V5 iR B R E R TR, SEURBIE IR G KRS RS E
Bl A% . Ao BHIRTH AR £ A TP E TA SRR A 2 R . WUBK AR TR TR 4 o R A B A ) B A
B AW ORI IR 2 A B R PE SEPRISAT IR DL, (4R LS, 3 IR U T 2 K BRIZ AT
. BbAh, AT HT ELE T IZ AR AT 2 A ZRHRR S AT RS S R sk (B 7D . Tk
L BAEIE IR, BB RIBE . VAR 4 20 ) 5 38 SRR BT 33%. 27%- 5% 2%~ 1%.
32%. HAE N EZGR AR T2, BABHRBRI ISR S, (B0 RRE 0 TAC B Y B (1 2
FUBINA R SRRV AE, R ] oo % T 28— R iE 17 .

R3 LCAERMITENLLSER
E2ES]| LS5 BB wiE B4 RiBE MR B RS BE
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B ERUY 0.00445 0.00391 0.00067 0.00029 0.00016 0.00455 0.01403
TRERFEE 0.00020 0.00011 0.00002 0.00001 0 0.00013 0.00047
B EiESt 0.00187 0.00100 0.00017 0.00007 0.00004 0.00116 0.00431
BEAERE 0.00192 0.00422 0.00072 0.00031 0.00018 0.00491 0.01226
BRI B 0.00117 0.00187 0.00032 0.00014 0.00008 0.00217 0.00575
REAMHESEY 0.00228 0.00490 0.00084 0.00036 0.00020 0.00570 0.01428
fhER 1k 0.00180 0.00260 0.00045 0.00019 0.00011 0.00302 0.00817
HKKBEFRN 0.01420 0.00888 0.00152 0.00065 0.00037 0.01030 0.03592
BEEERL 0.00196 0.00008 0.00001 0.00001 0 0.00009 0.00215
Riiith 4 2551 0.00389 0.00113 0.00019 0.00008 0.00005 0.00131 0.00665
HIKERTM 0.02870 0.01210 0.00211 0.00090 0.00052 0.01400 0.05833
EEEAEMN 0.02220 0.00972 0.00169 0.00072 0.00042 0.01130 0.04605
ANEBRES M 0.08490 0.09260 0.01590 0.00680 0.00386 0.10800 0.31206
ANEI RS 0.00050 0.00044 0.00008 0.00003 0.00002 0.00052 0.00159
T 0.00008 0.00006 0.00001 0 0 0.00007 0.00022
T RIRERE 0 0 0 0 0 0 0
WARTEEE 0.00937 0.00621 0.00106 0.00046 0.00026 0.00723 0.02459
PI ot 0.00098 0.00029 0.00005 0.00002 0.00001 0.00034 0.00169
0.18
0.
0.
VY
x 0.
I
H2 0.
N~ -
= .08 F
= L
%ﬁ 0.06 H
4 L
0. 04
0.02 M e
N P .
fabE  EEE Yk HIE AT EE WK R

5 5 ROSTT) P e Vs e oK & 7 (R e S R HDOK) UK S T NS 1]

Ko KA BrAEIL LS
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CENE V)
Bl 7 S A BEER 0T SR FA SRR R 1) ST R

2.2.3 UL AT

B A g

FRURAE M PR A B2 i PR OIS M 45 R L R AR R 45 DR K R e TR R 5 R R L, ]

FHFAS 36 S50 R R 48 0] A i FAL SIS PP A 180 3R (R MR P, Bk L2 38,

oM
! AF,

(2)

Arf: AFFRRHNLES TR, AFFFHE L 10%;: A4 RS j B FRLIERE T,

XTSRS i MR BTSN TE AR AR R O By R N AL B I BURE R 5.

x4 TRERFEFIER+ 10% FRIBURME R H

. MNMEEL =N WATEE  WKEE AN BKAESE
i EE JV; THFE 7L I 163
K1 HUBYE REL |y
H1 7 0.652 0.592 0.615 0.193 0.069 0.065
TR R 0.215 0.099 0.132 0.06 0.062 0.062
S 0.026 0.011 0.014 0.01 0.006 0.065

HIZE 4 w1, A2 E RN RN I R 2, UM R0 0.592, RIUVEUK, HIONTRIRNSE
255, BURTE RHON 0.099, RIVIRBUR, PR AR R ZRIRHERUAC B T R A R . [
X N BRI B E R BN 0.652, RIUDARR U, 1 ER R T K3 b DGl I s ik be
SR ITR RIS, LA IR SR AR A BURE R BOL R 0.615, RIUVARHE U, BEIRATK
B ZIERIE R KBRS, AR W% RS ARG AR F I i IR K AR5 G R AL
%, RIVIRBURBAEUR . SR AN ZG T A X 2% SRR B s M S R U E R KL, PRI (R B ek
AU, HIABGUMEUN o BRIRENZG TN T N0 S M BURTE REO08 0215, RIDVBUR, Tl2E6
3 BT P 2 %ok N e ol B SR AN PR S, AU th R 5 G RE R 200, AR FUE B (7 B S N AR B
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TR IR ERE . SRR, BUUARAE IR 10% 0 A IR, S5 5Ral& 8 Fron. HIiH
FER AR PR A 21 1 SR, SR — e 45 R — Bl TARBRIER NI FH X PR 5 R 0 1 5T
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