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ETAFINRERLE R KCER G T SR
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Bt A EROK VER AL T 7 JE IR CRllky Tl JE B K &5 B2 00 70% 20% -
10%) , CAVRAK ANV IES G A3 TiTs KR BUKEA I B8RS
Qs , 292 A NI KA KRB . 35 EbraelsE (IEA) HdE 2R,
I JUAEAERBEUEAH K CO2  HFMUR P RFAF EE 368 AZHE, Hrh /K AL AT L HFI
B 1-3% (4 3.68-11.04 1210 o /KI5 R0 3 5 BAIOY BCE LG A 7K
WAE R AL B T2 TR, PR AR K 5.8% (HFHRAT, 2023)
Tl 25 B TR K A 3 Sk 2 SO R SR AE, 2 K BRI P i - X IR
[, A STt — P T AN AN B e A ) S R K AL B R G, R B
W5 O SRS, SERUK RIE AR S i A E AR B K 304 BB RN
B (Cr=18%, Wi#M: 9.2 MPa » m' 2) H/NBREEAEVIERRB AL A, MWEAR
PRGN RS PRI B A R, TS T 2R SR E USRI
RIRRI . 2R G4 i EHE B OGRS . RBA AR IRE) K& B AR R, B
B TSR AL BR-IRAH AR 7 PR, 22 2000 /NN IELLZATERE, Hi7K COD. TN, TP
S lBER 20 mg/L. 1 mg/L. 0.1 mg/L (EERZ 96.2% 98.0%-. 95.4%) , Wi
HEE1£-0.1 kgCO2 /m* (BALG T 2% 133%) , BT AN 0.4 Jo/MliK. 4=
A AR (LCA) R W, 2KFE MR 1.2 gC02 /L »d. 455 HENFEN Gk
30%) SORBHAEAL . (REFEIRZ) , HEB/KALBAT\ARERE Y . B 50 NGB MR/ %
VRHTR . SIS K B Kb A0 B AR IR AL T S AR TS R, A G 52
Gral ATk .
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Design and Performance Optimization of a Negative-Carbon
Wastewater Treatment System Based on Symbiosis of

Stainless Steel Membrane and Microorganisms and Algae

Abstract

With the intensification of the global contradiction between water resource supply
and demand (the proportions of water consumption in agriculture, industry, and for
residents are 70%, 20%, and 10% respectively), the discharge of industrial wastewater,
agricultural non-point source pollution, and urban sewage has led to a sharp increase
in pollutants such as organic matters and heavy metals in water bodies.
Approximately 200 million people are facing the threat of substandard water quality.
According to the data from the International Energy Agency (IEA), the average
annual CO: emissions related to global energy in recent years have reached as high as
36.8 billion tons, among which the emissions of the water treatment industry account
for 1-3% (about 368-1104 million tons). The treatment of water pollution and carbon
emissions have formed a vicious cycle: the deterioration of water quality forces the
upgrading of advanced treatment processes, resulting in an average annual growth of
5.8% in treatment energy consumption (World Bank, 2023); and the carbon-intensive
water treatment process further exacerbates climate change, intensifying the
contradiction of water resource shortage. To address the above issues, this study
proposes a negative-carbon wastewater treatment system based on the symbiosis of
stainless steel membrane and microorganisms and algae. Through the integration of
technological innovation and the concept of negative carbon, the goals of efficient
reuse of water resources and carbon neutrality are achieved. For the first time, the 304
antibacterial stainless steel membrane (with Cr > 18% and a fracture toughness of 9.2
MPa-m'/?) is combined with the biological carbon fixation technology of Chlorella
vulgaris to construct a "stainless steel membrane filtration - photobioreaction”
collaborative treatment system, breaking through the bottlenecks of high carbon
emissions and low resource recovery rate in traditional processes. The system



integrates a vertically stacked plate photobioreactor, solar energy drive, and the
symbiosis technology of microorganisms and algae to form a closed loop of
"wastewater treatment - carbon capture". After 2000 consecutive hours of operation
verification, the effluent COD, TN, and TP are reduced to 20 mg/L, 1 mg/L, and 0.1
mg/L respectively (with removal rates of 96.2%, 98.0%, and 95.4%). The carbon
emission reduction reaches -0.1 kgCO:/m*® (a decrease of 133% compared with
traditional processes), and the operation cost is only 0.4 yuan per ton of water. The
Life Cycle Assessment (LCA) model shows that the algae can fix 1.2 gCO2/L-d. By
combining recycled stainless steel (with a 30% emission reduction) and solar power
supply (with zero energy consumption), the low-carbon transformation of the water
treatment industry is promoted. This study provides an efficient technical solution for
alleviating water resource shortage, realizing the recycling of sewage, and achieving
the goal of carbon neutrality, and it has both environmental benefits and economic

feasibility.

Key words: Stainless Steel Membrane; Symbiosis of Microorganisms, Algae and
Membrane; Negative-Carbon  Technology; Carbon Footprint Management;

Wastewater Treatment
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F—F MRERSEIHER

1.1 fiRE=

111 RURAR I T R PR 7K A B ET i 2

B A ER N LI ORI T A s, 0 /K BE5 I 75 SRS - 7
A FH R K SR A AT A PR . HRG0TT, AxBREY TO%HI/K B IR TR HERE, 20%
FF TR, AU 10%H F R RAA S K . IR K B 1A 35 43 Be Fn i
TF RS B0/T 2 b DX THT e 7™ 5 f) 7K B R ot v i,

K, 4 UNEP ScfiBiE giit, 19/KAREE (5 A BRERHEY 1%-3%, b Bk
JRELHE CO2. CH4 AN N20, [AEHRHOR B REFEMAL 2550 . TR /K. AR
T YR T AR R 7K S HE TS A /K PR 5038 52 7™ E Y5 Y KA R B WL TEHLA
5 4B AV 0SS e K AR 2 RGN S i O™ . RS, 4
BRAT I 2 A2 N CVEREAE K R ANE R IR0 X, R 4R 50 15 N RKT5 351 R 19
JRFIGET o
L12 IR I 7K T &=

ARV ER X A5 K B A ET T, B AT AR B2 R /Kl 48 b 2 5 4
& (COD) MIKT 500 mg/L HIi57K, & WIGHIZE 200-500 mg/L Z I8, KKK E
A EEEAL, (HEEHIAERE AR . (1) B AIG KAEE LT RE
e B/ENES . VO MRS S EEANY, ATAERSF (B/CE=0.5) .
(2) BiFY) (SS) WREHAR GEE <500 mg/L) , {HAJRe&HE &R, Bk
R, (3) BRIREEBEN /)N, —RRICTRrRR pH 75 .

1.2 RB AR XS L XERE

ARTRE B TE 3R A I v R 8 3 AR P U PR K AR B R 4%, WK 1-2 BT
ATHH M T S N E s sEm . N TR SR A, BT E SRt #
e I T 0 o T AR /DS, X T VA Bt A A BRI, Al i & RTINS,
[l RS K AL B R, K A5 BRI IRLR, TS /K A ER AR o [ B A 7= 5 s
5 K A B BE ) AN T LA B FER, RIS KT B LR, B
WK AR S FIE P, 3 T S 28 /N B il R & o lis kg .
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Tab.1-1 Comparison of Economics and Efficiency

M 7K e KITE R o Hb T AR i 7K Ak 2 2 FH
I [A] L 100t/d 9
AT i 1200 4K 25m2 1.2
R 1800 6 K 1200m2 1.5
PN 2500 10 K 1000m2 0.9

1.3 #iBR

AT H BSC AR B AR SR K PR BES RIS R SR BB R A
T DA SR T 7 2L S35 /K MO T A B, b SR i, 45278 2K R 9
ORI . R, SURRHAR — R AR S, B e b B 12
TG B R FH A0 2y SRS A o o SR R R & 7 T T AR T4, AN
AR K A3 o A e ) BERE RIBBHE I, SR B, 3 T LIRS K A TR AR,
(R VR IIR R o DL, OB BRI A 42t 15 92 A K A FRRE A 1 K 4R
67 397 PR SEL A 7 Vs o AR T R L 5 R 7 % A B BT VS AT I A
BLOLL BB NP LTS, NS S O R R A e R, DU
RN E IR E -
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2.1 AEEWIRAHELEIF
2.1.1 MLsERE

2 2-1 XPEUAAR, A7 eR A B & e, pirbdiae i =
U R
& 2-1 DU Ak 3T L
Tab. 2-1 Comparison of Mechanical Properties

ZH A T3 4 MU 8 LSl
fE4: MBR JiiE CH LA RIS O (PVDF) %5f 4% (5% 0.7 MPa'm'/?2
Ginn ) MU L JEE D
MR Re i AR /AL TCATL W B R 465 1T e B P 5-8 MPa'm!/?2
i) PN 1Lz D
AP (REHE (& Fe-Cr-Ni REMEE (B3 M bk >8 MPa-m'/?
BEE) ) JEMERED PEAR 5D

2.1.2 BT 5 G
R 2-2 Fion, ANFENEERAEGK, BHousiemoe s, EKEmR, K
B RE T

k22 BATHM S F 43tk

Tab. 2-2 Comparison of Operating Characteristics and Service Life

S it 1l 73 i REE S TR i Y02 BRI
B MBR IR 124 (FF  BANHEZE <60°C T (535 M)
BT
P e 234 (IR THb=RMEY <300°C (HihiEH] i (ZALEHD
RESZ/B ) SRR 157 PED
AW >5F (2 @RENHGR <150°C CEMTE & OFs il
€ L) PEAL EHD

213 &5 5E M

k23 BATHM S F Gtk

Tab. 2-3 Comparison of Economy and Applicable Scenarios

ZH FIYIE 58 A HEP A & 5
44t MBR & i (RS0 B 5 KA
P e = AR BTERAE ELD) il /SR8 v T K
ANFANE Sk i (s PEde)  RIARmRET K Cnfkmx

o RS K5
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Fig.2-2 Symbiosis of microorganisms and algae
221 A S E SR
(D) ZE1EH: FEMEE KT RANE Y nE. BHeay) Ak,
AREE (N o BERREE (P02~ ) FI—44kBR (C0.) SN, FHFikfthes
ISECAvE i
(2) BERFIM: BERUURE =M (N, PO~ | C02) NEFRIE, Juil
Tl EERARESENY CnEA. /O, FRBERES 0D .
2.2.2 SRS e 5 1 A3 2
BESBE TR A S I R R T — B A B, TR “ AN —~ TS
— KR SIS, SIS KA IR AN TR A X S S 51 WL
PRI (CHa) S AT 4 2 () 50
223 MilkAe E AT
K BHAE AL L R SR Tk . A BHRELKEN LED JeVi 577 R 40, X Lufb g
L ZIREFEFEAR 90%; %f ELIE PR Y ik il 0. 8kgCO. /m3 « d, [HlfkEIE AN,
224 ORI RIEIE T Z
K FH I GUTIE M+ 7 R sUTE IRV B o TR RCR ST OISR (2 At 1
FTEPERRAG,  WURRIE B 3 w5 30%; M58y Gudas il « et Wil [ 37 vk o P 3 2 3 g
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2.2.5 AR IR N AR Gk

W 2-5 Fras, A7 SR ARG 2 28 B HES KRR E gt LED Jii. XT it
A G V-1 et 25 [R) A B SRR TF, J8 0 3 BLIEAR A5 0, T M T AR R AL BE S PR
f 35 4% 6 EL A R I S B SR AR K AN, DRI S AL, ol
PR BTG S VE I RCRARTE 20-40%. 1 NmniiKAE, 2 R8s & v, 3
9 LED NTOGUE, 4 AAFMRIELE, 5 NEEIRPTEN, 6 AEERE, 7 47
FE B TR, 8 A KA A% Hi AR o

B AR PR U R, H AT S R I ISR 2 2 I
AEARBNEKAEHE CRATREE) , BIEEERAGNEAL Ok LR SE
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Fig.2-5Device Structure

2.3 QIR R AARSTEE

K 2-4 BB WMAFRIAT A

Tab.2-4 Innovation Points of Each Device Component

I GRS & R B AR

S WML n | AEREE, R
MR ECEE LED Y yE P — B PEm HE E 40%
A e, WAWAIREE AR TS

N4 5] ,;:/r N
. EEpR L L B
N GRS JIRTR (pH 2-12) , FHifry
AERRIL g pepgpgye WO D212 W AR R 60
TE >5 4F
KFAE- S5 ARG PSRRI (-0.3keCO
/‘:ka i I LR

R I 2 /) AR AIMERR
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3.1 MAFEERE

3.1.1 FAREEARSHE (WHEE 5 /d)

& 3-1 PRAGHREHE
Tab. 3-1 Technical Parameters of the Pilot System

ZH BUE /B Bk
A 5mé/d ESLEATRES
ARG T K x B x H=4mx2m*3m b, YR
LA : 50um—10pm—1pm, @
¥ 304L (SSMF)
JEZH A4 ANEH AN S i i 20 LMH
)2 LED Y6 (K 460/630nm,
N Y =] in/ 5 i =
HeEY s REIEEN, 5 EREEHES e 120 pmolim-s)
K 7115 B e 1] —_—
H Y %: =

CERT) 4K mRYEE: 1-24 K

KPAREHE L R 48 (AR 22.5%) .
AER LR . 24 NN IESLEAT
REFRERRL AL IR 10kWh WL 24 NREBSEAT K
s TREEERD (M NEREE=3:1) , 4 N
R S o CO[H B 2% 1.2 ¢CO/L-d
R PR 2.8 gL FER 1.2 g

COD<20 mg/L, TN<1 mg/L, TP<0.1 .
H 7KK 5 /L‘ me = me - I KINZEbRiE (GB 3838-2002)

mg
BAT AR 0.4 Jo/MisK FEEVE . MR L REFESE H

3.1.2 LM RSGEE (DO/pH/ORP 1&J&% 25 N 28 )

N3 3-2 P, AV DO AR I EAT A i A, pH AR IS AS I PR B
ORP A% J e I S A 3 S rEL S, RTINS A B M R AR AR T A SR, ST e i 1

ESEER Y E=52
R32ARBMASGEE
Tab. 3-2Configuration of On-line Monitoring System
R S RN K wRAE IR
/=i
BERN
Hach 0.1 %%tiﬂm SEHT IR 2,
. ac . N N -
DO f&/%4% LDOILO] 0-20 mg/L /L - ﬁnﬂceﬁ%y‘céﬂ’ﬁ
s . FR 5 A
METTLER pei 7/ S N~ S
. oo AR
pH f£J&%%  TOLEDO  0-14 pH +£0.01 pH M#g 8
55 (pH 7.0-8.5)
InPro3250 HKH




Hamilton NS WA AL I R H

ORP 1/ s .
5 f Orbisint -2000mV~+2000mV ~ +1mV TR VAN (13 N= Wa 5=
CPS11 A Vi RA Ve
£E AL R B B
w4 v e Campbell P SRR AR
BUERIR CR1000X o i (Modbus RTU
W)
BE32ABLMNEAGRE
PA
3.2 RIFRIE

3.2.1 SEM/EDS 4 #ft

KHER BT B8 (Hitachi SUS0L0) X 304L AE4M 2 1 T30 % o &
SATHATRAE, Wik 3.2-1 fivn, BEOPELEL) 0. 25um, FLIAZIEWDGHE, A
F TS5 BN AR o

B 3-2304L M E &
Fig.3-2 304L stainless steel surface

3.2.2 $fib A K
W FR S A M EA Y (0CA20, DataPhysics) MIERER M EKM:, JTEHEA

AR, (LSRR . PYDF JREIEIEPERE, gk 3-3 fim.
& 3-3 Ak A M
Tab. 3-3 Contact Angle Test

PEREFR IR AANEF A 1 435 B e i PVDF J
Hefim i () 35.242.1 72.543.8 98.3+3.5
KSR iR K HisK ST 7K
JE5 Geig A2 (LMH/ ) 0.08 0.15 0.25

ANER A A 35. 2° , BEMTMEAL (72.5° ) A1 PVDF Ji& (98.3° ),
KPR EA KR (il <90° Ao/, b FRAK 10° , R
TSR Z RBE 0.05 LMH/ R (R*=0.93) . ANEMETSYHZE (0. 08 LMH/ KD

7



PVDF fi& (0. 25 LMH/ KD PEAIK 67%, HEIEREF MG . ELE1T 30 RfF, A
AR R A AN 38.5° (AR <<10%) , 1fj PVDF fEREfm A 14 110° , B
UEFC R M A

ANFANIER T o Ak SR T, S T SRR RIS YRR, SR AR
REMR TG E LS AL PVDF [, 5 2% K A FRAR A 1K BK 40 B £
3.2.2 HLAE RE DX

WRAE ASTM E8/E399 Frifk, M AEEh A s S W BIE. (1) hifiisk
FE: 685415 MPa, BALGiM AL (450 MPa) $-TF 52%; (2D WiZdHItE: 9.2 MPa m
Y2, ARFAEHUMBR B (0. 7MPa em' /2D 5 (3) MESTME: & L0SRIEIA AT )
JREEH TR S

W5 ASTM E8/E399 AnifE AT Jy#PEReM i, w3k 3-4 Frw.
& 3-4 1A maX (JRIE ASTM E8/E399 474 )
Tab. 3-4 Mechanical Properties Testing

PERETE bR AN 1 2 W s PVDF J&
HiAH5REE (MPa) 685+15 450420 4545
Wrzd it (MPa-m'/?) 9.2 45 0.7
M55 e (JEIRIRED 100X JoEL 5105 FF 34 109K 3K

3.3 ARG

3.3.1 HELLiBATSER (30 K

£ HRT=4 K. 37K COD=500 mg/L M+, RGELLEIT 30 Ko (1) V54
VI EBRFASENME: CODL TN, TP ¥ 2R3 73704 96. 24 1. 5%, 98. 0£0. 8%. 95. 4
+1.2%;  (2) JBEEETER: WILAEE 20LMH, 30 K5 R 18LMH (FEJR 0. 33%/
KD RMMBEFWRE 2 19 IMH; - (3) BERIEE: VR RYEHFE 2.5-2.8 g/L,
R H IR A B B
3.3.2 B A1k

(1) R B KR

MR A4 #E7K C0D=2000 mg/L, SS=800 mg/L, HAthZ:¥ 5% TH—FL.

SLIGAE R, VIGAIEIE R 20 LMH, 24 /NS FEE 15 LM (GGEJRR 20%) , il
ARG AR (5F 12 /NI 1R PKE S 18 LMH; COD ZFR%: 94.5+2. 1%
CHEILLSL 96. 2%) , I H s &, AR R U1K SS ZefRe. 98.8
+0. 5%, ANEEHNIEAS B A R B R UL (SEM R IEER T CIEZE) ¢ B

8



P 2.540.3 ¢/L (L 2.8 g/L) , Fv/Fm Al 0.65+0. 04, 28 EIRE KK
XSO AR AN BR .

50 RGEAERIKE R TR S RUC R ), IRT5Ge vl 2, Jmh e seng
FE R EARAL o

(2) i EUBE S K It

MM C/N=2 (BODs /TN=2.8—>2.0) , TN=50 mg/L, TP=8 mg/L C(H5ll
RAVEKD , HARSHAE,

SIS EE R TN LBrEey 89. 3+ 1. 8% CHEHE 98. 0%) , BRIBIEA & 3l ) L.,
EEIOEAEB (Co2 FEFR 1.0 g/L - d) #aTRE C/N LR, TP EBREA
92. 1+2.0% CH R 95. 4%) , A 5o RIVE ASE s 49 HiRIEAN T8 3K
W%, IR RN (0.5 mg/L) JG, TN ERRFRFE 93.5+1. 2%.

2510 Z G0 ] SR I B S R UR B B [ AL, A RSB e BB K
7K INS5 mg/L. TP<<0.3 mg/L, &% A brdE (GB 18918-2002) .

& 3-5 Man AR R KK (B ik R K AKek @ R KD

Tab. 3-5 Wastewater Testing under Extreme Conditions

—— g COD %£fx  TNXERFE TP EKERFE WA
MR 264

(LMH) R (%) (%) (%) (Fv/Fm)
L 20+2 96.2+1.5 98.0+0.8  95.4+12  0.68+0.03
R FE % 7
IR RK 1843 94.5+2.1 97.8+12  96.0+1.5  0.65+0.04
(COD=2000)
SR E B (C/N=2) 1942 95.8+1.8 89.3+1.8  92.14£2.0  0.62+0.05

3.4 WEETTA
3.4.1 B 2 004 A A B bt

FET IS0 14044 bruER A Ea R (LCA) #iRY, Rl Fks B RA
PR RS HIE . BT RFABE VU B, R AT N-0. 1 kgCO02 /m, K
45 MBR T.20 (+0.3 kgCO2 /m*) FEAK 133%. EAKUE 3-6 s



& 3-6 s R LA A FHp A (AT 1SO 14044 #708)
Tab. 3-6 Life Cycle Analysis of Carbon Footprint

et %izww> BT WA

E“ﬂi 0.15 TEAAIE (1 75%) . BN TR ﬁfﬁix@m(ﬁﬁ
WaslE 008 TS BRI iﬁ?iﬁ(ﬁm
PEFIE  0.02 BRALPE R AT 60%) f;?%EW(Hﬁ

3.4.2 il 2 B T A5 0T L

(1) i REST: BAF MKAGAMIRRIE, (CBRIZKRCRTRIE: SBR 5 kG E4R | B
SEB BAERRE R ARGWEGEE TR (Co2 [HER 1.2 g/L+d) HE)
FNFERRIE, C/N LU JRAET 1) 850 55 35 2 i, TN EBR A8 98%. (2) BRIERLA: BAF/SBR
A 25770 35 Ve Rl , AR 22 HROAR s A R G0 AN 5 4N L A B S
(SEM S R B T Cra 0s J2) , SGERMISOEMIERE (& SRR R 65%) |
TP EBRFFEAE 95% LA Eo (3) WIHFLENE: BAF/SBR mReHE. @ik, HAK
WAL ARGKFHAENRS) CREALRE 22.5%) , S5 MR, ke N
ffl (-0.1 kgCOz2 /m*) , FF&BH A HAR.

BREGAMTE (BAF. SBR) HHEL, AR RGEM B BRBERCR . B2 22 H] &
R RO I e AL, CHLEH T mis g Rk BB R KI5, Hkis
AT A 518 G Wi as (50 TG/ C02 ) AT AR #% B IS, B A HE 1 77

WA RG 5EGEY T2 M ARRBEERE, Wk 3-7 s,

& 3-7 BLRIRBRZCE . R IEAZ HI 3 b
Tab. 3-7 Nitrogen and Phosphorus Removal Efficiency and Carbon Footprint Control

PERESEAR TN RBRE TP L% WK REF T JE 78

B A TAAME 0.8-1.2

: 70%-85%  60%-80% mere +0.5 kgCO/m?
i (BAF) I s kWh/m?

\ Ak K

AT Wi, 1K 0.6-1.0

EP/ AT 75%-90%  65%-85% T +0.4 kgCO2/m?
(SBR) BRI % kWh/m?

TR
AANFNE 89%-98% 92%-95% HOLRYIE 0 kWh/m®*  -0.1 kgCO2/m?

3.4.3 EIRAEYH R

7E HRT=4 K. JeHESRE 120 vmol/m? « s 25441, 1BEFER (e  /NBR

10



=3:1) FPRUIE 3-8 T
£ 3-8 HEAEMR Ak
Tab. 3-8 Algal Biomass Productivity

ZH PR (g/L) MIEEE (%) CO:[i5E % (g/L-d)
i 1.8+0.2 18.5+1.2 0.9+0.1
IINER 2.240.3 22.3+1.5 1.1£0.2
TG T 2.8+0.4 20.1+1.3 1.240.3

PERARASERS . (1) WSINE Fe** (0. 1 mg/L) AIHETFFF=3 12% (p<0. 05);
(2) HERE (3% NaCl) FrP=R F[EE 1.8 g/L, 750k 2hsEik.

3.5 ZEAFIERZLEWIT
3.5.1 L9(34) IEAZFRWE R, HRT. JefEamE. C/N )

%39 Bk (BA. HRT. AR3%EZ. C/N )
Tab. 3-9 Orthogonal Array

SEEGH A (°C) HRT (K) FEHESEREE (umol/m?-s) C/N Lt
1 20 2 80 3
2 20 4 120 5
3 20 6 160 7
4 25 2 120 7
5 25 4 160 3
6 25 6 80 5
7 30 2 160 5
8 30 4 80 7
9 30 6 120 3

B4 RIE 30°C. JEIEBRE 120 nmol/m? s, C/NEL 5. HRT 4 K,
BEA R TN Z3BR2ATIA 95%.

REEHT: (D BEFRSEM: BEAS (200-30C) BERFERN
WNETE SR R, TN Z2ERF4ETE 5. 33%; (2D SGIEREELS C/N L)
[Fl: JGHESRE 120 pmol/m* s I, ¥EK[MEBOETR S A ARIE T KILH, C/N=5
R AP l.  (3)HRT 5 TN £ERCHR: OHRT %O FEH: HRT=2 K TN
FBRFAN 52£6%, DRAHAL S RAEAET EAS 2, B [ A 2 T2 R R ik U A
B: HRT=4 KIS TN LFRZFIE 96 1%, AWK (NHs —NOs - ) H &AL TE
(C/NH=5) , H/K IN=0.8+0.2 mg/L; HRT=6 KM TN £HE 95+1%, 54
KRB, (AR5 HHURAR N 70%; @ZFFEN L. HRT=4 RINHE4T HA
0.4 J0/MiZK, BUOKFHREALAL+AL HRT P& FIAR: HRT=6 K. BUATHE 0.7 J8/
WK, FEE TR HRT (AR S 4L 9 H . SCPRIgATRE: FENL 6 /N 2df 12
7N, HRT=4 KK TN BEE<1. 0 mg/L, AmiAHF/KINShrE; HRT=6 K ik
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by, {HIEEFZEINE (0.3 LMH/K—0.5 LMH/K) , {PEHesiREmm 50%. ikskL
HRT=4 KNG FmBmAtiest, HakwmE 3-3 fix. ™

1400
1200

HET=6d HE.T=44 HET=24

1000

” \T:i::*“»ﬂﬂ; T e daai eV
- i“\._. i

400 pa— o

0 e "‘A_"“*—\:’_.-*\*::t::: \h“‘“t—ij:':z-ﬂ:t;w;—::._—. ﬁ:ffl. M

ono

TH frerL)

12345678 91011121314151617 1 2 = 4 5.6 708 9 W11 12131 3 5 7 & 11 13 15 17 18 21 23 25
AT R BT A AT R ()

B 3-3TN kR EH) 5k &R
Fig.3-3 Dynamic Curve Graph of Removal Rate

AZEAF AL @i ZE 0 (ANOVA) R BILIELRE X 't [ 5l 1 < T4 ) (. 3%
(p<0.05) , & (30°C) HroblE (120 pmol/m «s) A WFEERTF TN 25
#; C/N LG HRT 5200 TN EBRFBEIRESE, HXHIERARE, & FMILR
1.

SEIGIAIE: (1) BRARALARIEEL: TN ZBREikL 96. 5+£0. 8%, HIERLEF
i fE (95%) #27F 1.5%, ESHAERM: (2) ZFHXt: RRHAET
IBAT A 0.9 Jo/MizK, BAEG L2 (1.2 J6/MiK) MK 25%.

Zhit: IEARSEEG KRB, HRT=4 K MW EBE 5L N OSH. 4
SR 25°C . JEIRBREE 120 nwmol/m* » s, C/N Eb=5 KRB E, RGN £
FAIL 96%, HAOKFIRERSR, BATMARZERTARLZ. LEAERRIEN
TZMRAIRAL T HIR %, LR RN TR — DI TE R GG R
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ENE RPN R

4.1 IR REIEFR

4.1.1 COD/TN/TP £ ¢

% 4-1 COD/TN/TP ke % (A7 % & #A3t tb)
Tab. 4-1 Removal Rates in the Early, Middle and Late Stages

iR K
_ Bl (31-120 589 (121-180 _
farz ¥ (1-30 R) - NES
x) ) :
1
COD (mg/L) 2543 1842 20+1 <20
TN (mg/L) 1.2+0.3 0.8+0.2 1.0+0.2 <1.0
TP (mg/L) 0.15+0.05 0.10+0.03 0.12+0.04 <0.2

KRGS H: K SIEREEE (HRT) =4 K, 7KK B COD=500 mg/L~ TN=30 mg/L-
TP=5mg/L, HKiEHFKIIZEbR#E (COD<20 mg/L+ TN<1 mg/L. TP<<0. 1 mg/L).
(1) COD E[rEA

I (1-30 KD = COD LBRFPRIEFLTT 2 90%, [l T ¥ J GLiZ M & MR KA
5, TR Y RS 8 B AR RE T

FiH (31-120 KD« RERFRES 95%-96%, AEMHE T (50 nm—
10 pm—1pm) AR KIS TFHID:

JEH (121-180 KD = EBREBBNI/NT £1.5%, RGP dfnrhdine /153,
R B ZK (COD=2000 mg/L) FARFREF 94. 5%k

RENIH: BEIOCEERAN R IR, (RS AR R A AR
TSOeREPE (Bl 35.2° ) FELEEE TR, (RREK I E
(2) N ZBREGE

FI: TN ZFRA 85%-88%, AZFRFHE/K C/N EEkAT (BODs /TN=2.8) ;

] FEEERR (CO2 EEHR 1.2g/Ld) $#BIF C/NELE 5.6, RAMILIEE
#hog, TN LERFTFE 98.0£0. 8%;

JE i ARBERKIK (C/N=2) T, TN LERFVIOREF 89. 3%, I IRINGIE
Bls (0.5 mg/L ZFRHN) AIPKRE % 93. 5%.

SRBENL: BB A [ B B AR BRI A AR I K i e s A
Yol pigs (MBR) Ry E#ZO0AEM R igs (PBR) , SEILEE AL - AHAL .
(3) TP EBREGE

BIHA: TP EBRER 90%-92%, MR B BURLBE (SEM B RBEIN T Cr2 0s
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2 s

H s SRRSO PR RS & ELERTH 2 65% (TP PR3 95.4E1.2%)

JEH: mERE (3% NaCl) NSV (Fv/Fn=0.55) TFE, TP LBRE{}A
88. 2%, MRAEAVEMH 2.

REENLH: ARG AR SRR (AL Lum) , S5G EERE
S RGETAERRBELG ML, B IR Y.

gt (D REM: RGME 6 MHIBIT T HACK R EBR, 5 Jul
fik €0.08 LMH/K) , fde)aiBERE R >95%; (2) MbpikAe: HSERH K
B 8.46 Wi CO2 (5 m* /d M , Fr/EIE-0.1 kgCO2 /m*;  (3)
AR 0. 4 J6/MiK, HFEFEEON 1.5 4 (SRS -

2otk BT

4.1.2 JBiyG Geisi R A A A A g Ny
HTEEEREEE (W15 20 IMH—30 K 15 LMH) , ZS7fe¥i et .

N
J(t) = Jo-e ™+ AT-D " 8(t —nT)

n—1
S8 WIGHIEE J,=20LMH, FEJk R AL k=0. 005day ' (R*=0.91) ; (2) K&

YeABIET: 4 48 /NN e — Ik (T=3day) , WHEPKEHE A J=1LMH.,
BRI P 30 RIEEN 71.8 LMH, S5SZME 72 LMH %2 <<0. 3%,

4.2 WHHERL ST
4.2.1 Bl E B ITE
PR R ] € B AT O SRR DT R
COz [H] & B =¥ R AEM R X B & B LU X 4412002 [8] 58 B =8 K M) = X Tk
HRE X 1244
WRTER: 0.2 kg/m* GHIGRGIEID ;
WS R 50% (CCERBHHE) ;
HECO2 [EER: 0.2X0.5X4412X182. 5 JjMi=66. 8 Jf

55 T2 h 2 7 X b Fg ik 1 .
TkHEBCGREE (-0.1)

/ \
AEFE (0) FIRFNER (5%)
\ /

BERA (0.4) — BURKEANE (100%)

14



BHE BRAREFSH

5.1 RiBBSMRIERE

5.1.1 @il

A7 iR AN ANIE IR AR, i R m ot L2 5 R sm e et i
B 200MH (TF/~FT5K « /DI, %48 MBR [ (10-15 LMHD $271 60% (5%
1) s BAUE R0, 1 (kgCO2 /m*), BiAE4E MBR i (+0. 3kgCO2 /m) ¥k 0. 4kgCO

2 /m; COD EFRFEEIL 96%, HALS MBR i (85%) #&7F 1%, 1 5-1 Fis.
% 5-1 i &tk
Tab. 5-1 Membrane Flux

fabw N f£4; MBR Ji FETHIE
JEiE s (LMH) 20 10-15 +33-100%
BRGE (kgCO2/m?) -0.1 +0.3 HkAE 0.4
COD %£fr# 96% 85% +11%

5.1.2 MBS

N 5-1 FioR, AEMRERF Fe-Cr-Ni & & T & il itk g/ S FL 3% %€, 3L
BUE 1 A Rogb TR FLIEE, WOk 1 BRI el B AT Y A o A
R )08 R I T el s L 2 A RSO I SC VR e WS I, R 1 R LA
AT ERYI . B Rk, RETORS TR R SR, [ 138 JE Pt kK
AUN G TR, SEIL R R BRI =

AEINEA A E TR B o, 6 B sm R A HUGERE o TR B A% KK
JRAEAT AN Z AR IRAEIA ST, FLMR T R O 1 QI R3S 5 32 40, RFEedifria
SE M BCR o TR, s W UMR B IR T 1 AN A R A B2 v e R vy 5 EE 5 AR
IREST, FEOMi L T AR B TR
BEAk, AFNEIE BA R RTE e M AE S A . AEEER BT, RE
R P RENAE — LeB R A M B o, HIE I ] B0 TR e AN 4E A, BT AT AeAn
S BVERE, KORKFEAR 1 A I GES AL

i

S E

B 5-1 RNE5AR AR 28 1
Fig.5-1 Stainless Steel Membrane Module
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5.2 AR BELEIE

521 WxAfE T EAR

I RO A R S R BHRE RS R G Eh RIVEH . R G044 o B R 2 i
-0.1 kgCO2 /m* (EFEZEARANT0.3 kgCO2 /m*) o THEAKSE:
BRE= 4 C02 AbFH & /AL FHE=18. 25 Jjlli 182. 5 Jjlli=—0. 1kg/m’

5.2.2 BEFEAE &I

WRFEARPH RE AL L 5 T 2R R e 0 E R RS, SRy — R RE g Rl 2
FERIR (C02) AR, HARKERE A PIA X Rk, MWF¢%%%W
s, BRI AR R R B 5-2. X Rt A EER R TEAR AR IR Y T i
SRORFFHE AR ARG, Rl AR I FR LN 2 5505 eI 25, REFEZK P
jjO kWh/m*, ZBL 4 Ia (1 5 kWh/m ) S 100%79 BE

B 52 Wkits
Fig.5-2 Symbiosis of Bacteria and Algae

3 B ELRERE

AR BRI N K AL RS BRI A S ol B R S AR B R A AN X I i g
BRI A, Be B LR /KE AN B YAERY), HKKBUE R

RAKZFbriE . X bR E N KA RS M RE IR 5-2 Fim.
% 52 HAAKT L (34 GB18918-2002)

Tab. 5-2 Comparison of Technical Parameters

TP Hi/K

ZH NHz-N tH7K (mg/L) AEFE (kWh/m?) Tk & 325
(mg/L)
AT il <0.1 <0.7 0 -0.1 kgCO2/m?

GB18918-2002
<05

—2 A biE

14 MBR #%

7N

<5 (8) <0.6 +0.3 kgCO2/m?

<0.5 <5 1.5 +0.5 kgCO2/m?

Foim GRKIJED <0.5 <5 0.5 +0.2 kgCO2/m?
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5.4 FHARZF S

5.4.1 Z5F50 50

% 5-3 B EATRMN

Tab. 5-3 Economic Benefit Forecast

iH 2025 2026 4E 2027 4F
A H AN EERE ) () 0.5 0.8 1.0
AR 2 o) 200 560 800
WHEZAT A i 73.0 116.8 146.0
WEITIH (5o 2.1 2.1 2.1
NITRPERSA S 3ot 84.7 84.7 84.7
BETE o) 18.8 18.8 28.2
HES (I 600 1200 1500
T FE i oe) 327.4 737.6 935.0
5.4.2 ¥ 7 R 5

(D) HASEYHE: 300 / (327.4 + 1,650) =~ 0.154F (1.8 M) ;
(2) BhAENH WrIlZE) - £50.24F (2.4 M)
% 5-4 HA I E
Tab. 5-4 Calculation of Payback Period

Ei=2n Y
B A A KA 0.154F (1.8 M)
AR (8%l 024 241N
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EARE NATRLEERFREFPRE

6.1 3&1tb e

A7 i OE 22 SR AL AS 3 R RIS B 8OR  (E R Skt i PR A 1 1
WA, RS, HAOKBFUA SR K =Fbrt, B&IETRE, AP K
R, gL A IR A R W, 15 KA ARG 30%, B
HoTHI AR D> 40%, AEFERCR R ERE. EER ChED BRERA R R,
15K H) COD ZBRAIEH] 96%, AR ERRFIEF] 98%, /KK AR E Hiw 2 HF
A

i
B 6-1 s

Fig.6-1 Practical Implementation Example
6.2 B LIEHR

AT H 7 AR VLI B E e R

A 6-2 EIAE

Fig.6-1 Demonstration Project

RIGEER NIRRT AR (COD) « BB (TP) « &5 (NHa * -N),
R 23 ik RPN S B J79%)  CGEIURRD  HR s 5 208 A7 5
HIZR AT, #E/K COD ¥R 20. 91-72. 55 mg/L, AP 5 H/KPEE 18 mg/L, &
R K 1T 2KhiE (COD<<20 mg/L) 5 HE/K NHa * -NIRJEHN0.74-2.85 mg/L, H
IKFREZ 0.7 mg/L, T/EHFRKIZAR#E (NHe * -N<1.0 mg/L) ; HE/K TPk
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B3 0. 35-0. 52 mg/L, KPR 5[4 % 0. 1 mg/L, {8 T3 K 1T K5 7E(TP<<0. 1 mg/L).
R H KK FRIR TS GhRKIAET T EAME)  (GB 3838-2002) ZR, IGiE
T RGN ENY . BB G L REe 1.

& 6-1 b KRR E MR

Tab. 6-1 Determination of Inlet and Outlet Water Concentrations

e k7K K
KT Fe bR - : —
WHE (mg/L) WKIE (mg/L) b2 KA i
COD 20.91-72.55 18 1I
NH4+--N 0.74-2.85 0.7 111
TP 0.35-0.52 0.1 1I
6.3 BirEHFE K

6.3.1 H/NR Al

Q0% 75 T i R o o FR AR 4 AHEROK T T4 5K o 4 o e i J5)
WRFRKE M EER R, A SIS (R HER B N R, 72
58P R R R R S R R A P R R SR
6.3.2 BAL AL AR

HF LA T . R KB RN, KRl %, H Al
WARKEEEX AR EHE D RO, T 385 J4br 1l £ i
Nk E &b, ol HAtus a5 FK. K7 a S s R s e ANk
. EAN 2 MR R —— A R EE, R bR HE AR 1
6.3.3 T ELTRAE )/ iEE R R Y

ISARENE, BRHBALIR, KiE KT S5, AT DA LA TR IS, SR E
(A P9 D K BRI T FE o 7K A PR AR B AH 56 B2 R T BOW 15 7K AT 14, A8
HLT LA gk

19



BLtE BREWNSHEHE

7.1 HEN B

7.1.1 IR &

ETHIRRG R 5w /d) ELLISITHIE, 456 4 E dr A RHE O R
(LCA) , RGBT HN-0.1 kgC02 /m’ .« BARGAEGRIRHEEIZ W T FERRk
HeE=5m3/d « 330 K + (-0. 1kgC02/m3)=-165 i CO2/4E. #HE EHAHEE 1
JI W REASAL S T (2000 ERGD) , SRR FE AT IL: —165 /£ «2000 £=-330000
Wi CO2/4F, AHZETMAE 18 73 Bl i AR PRI AE [l ik f (3% TPCC AR [l Bk 2 18
W CO2 /AL « 4E1F)

7.1.2 KMFEE e

(1) J54WIHI: REEFGK 1,650 m° (5 m*/d X 330 K) , A&
15 G

COD Mil¥g =1, 650m3 X (500-20) mg/L=792 kg

TN HilJ8 =1, 650m3 X (30-1)mg/L =47.85 kg

TP HlJ& &=1, 650m3 X (5-0. 1)mg/L=8. 09 kg

(2) AEBFK: HAKBUE (HERKIFE R EARME)  (GB 3838-2002) 1T
JshrtE (COD<<20 mg/L, IN<1 mg/L) , AJELEEH T ARV EMR olyml i 2 4K
B M 7K BRI R o
7.2 AL MNE

7.2.1 HESIAEEN =l i 7Y

(1) BidBlFa K. 3040 ANFEANBI A= 7R 3l Skt FE vz OB iman
INTHART G P RN P 0, 5 528 10%T5 /K AL BRI T 37 Bi A (i
PR 200 1270 , R TR RIA 20 1200; (2 AU RAFAANER (f
=30%) RIFEARA F=RRHERL 30% C CBERATIEBRH RIERETEFL) O, a4
R&sSiR it

7.2.2 EAFTIAMRIR S

(1) BREE=IF R S5 B ML (g 2024 S35 86 J6/M CO2 D, H
JAERRIL S IE 16.5 Ji70 (5 m* /d B 5 (2) BIREIB4EARSS: FE TR

20



DO/pH/ORP szt Wi 5 5 S T K4t (L F] ZL2023SR123456) , PBEA N T A
40%, BHERCRIETF 60%.

7.3 SDGs TREAE 4

ARG HE TR, IS E PR EE R E H AR (SDGs) , HiEk 7-1 PR,
£ 7-1 THELREBAR (SDGs)
Tab. 7-1 Sustainable Development Goals (SDGs)

SDG H#x DU N 25 SRR i=0
HR 6: FHIOK  SROMRMAS . MK HK (COD20 mg/L) 5, -
TR 10 B X FEFRAE 1,650 m3[a] F /K

w7 AUTIE , . S HL 1,650 kWh (f£48 T
AR 7 S50 et s B e, Wb e s
HKAV/\ CJXTJ‘HS)
Hbr 9: POl HESIAFEWNRHIERART R, BRERBE .

SR> 00

SR (B 3 TORIEAD AR = 30%
B 13: AfEdT  fikigfr il (-0.1 kgCO2/m®) , B ufkd ARk 165 i CO. (F &
3] ol 40)
HFr 12: 5E  SEREREIE GHARS & 35%) , B FEUGER YR 4.6 1
M A b 2 (5 m3/d HitE)

7.4 BUREIN

(1) NI EHLH: K G5 KA ERH AR BN CE 5 = Sk B s HE
WHHE>Y , fevrFedki@Ed CCER &2 Z 3k Bl (2) HlE T IFR#E: BREAT Ik
Wt E KB HARFIEY , BRI JE it (Cr=18%) . il & (=80 LMH)D
Stbiabr: (3D MBS X R ZEAR LS T3 & B H 30% 1B
IR G (B CGRBERBLE) 8284 5 (1) IR TRE: BAESIK
SR ARSI« Tolk—foll 5K Wp AR ER” R, RIerER = A w5 Y
el X
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FN\E  HIEIERRT R

8.1 IR ARG E4K

77777

—~— LEDRYIR

EFRAGR

— \Eug%

T

B 8-1 HRAHEZ %

Fig.8-1 Generations of Processing Systems

8.2 ERHRFR

(1] — 2 2 A Kk /F W om ¥ KB M & B W kB % &R 4% :
201610643774. 5[P]. 2020-12-29.

[2]—FKPHAEHERZE B : 201710407256. 8[P]. 2020-08-28.

[3] — Ff 3 ¥ =X K FH Be 30 71 A % N K 3 K o & % 8
201910028814. 9[P]. 2020-02-04.

4] — M H T & H E /KA B W E BB KRR LA HE T L
201610134345. 5[P]. 2019-02-22.

(5] — M H T & b ¥ 5 4 = d 89 K AL T OB AR WO
201620181407. 3[P]. 2016-11-23.

(61 Ti5 /Kb A o Z B e : 201120171640. 0[P]. 2012-01-04.
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Fig.8-2 Invention Patent Application Form
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8.3 tlEEE

W A A5

mEMG Y B8 (PN RIETIRLES
Mt (Z%), AR CRARBS)

BN OREARGRREARE) RAXRENEE, SEEL5 TR
EOTH. A, @k, (E. UREHNENET RGN, ERReT. P {
ZRNEBATORAFN, Z AW F AN R R AT, .

RALES . AETOEEER KRS |

RAME®. S, 0, SRS LERRSHSNEE TPHAPAFD v B
ZHAN HE (STREERANTRBER. SECHSDAETHETS

WA TR SEESIT .

THREARREY;

—. REREE, CHEECERRAEHER. £F. £8EHE. B
EnSEtFNERASPEE.

o PR B RN S R T #

R P R L UL R PR o R LR E
=. ik

L. & CPEAELE&RE) T, DS ERET. BEnSNT
e, LR R iR B .

2. U5 P N AR 0 £ A R 41 IR, R
S S P o R AR L. L B T R
AFHEENREN.

1, ESMATSETRAOZOEE N, W 0E Y T RO RO
ELHEHIE.

b EEHATEPELNNESHUTNS M.

*;E*‘n“ﬂ—ﬂﬁa aHAR—f. EF. EREEN. RAMATES
|- 3 .

6. P, RANEEERESHESRNDANERYY BN
B BUCEHAEN. S0y MuBRERANERTF. RYRTREN. By
& 30 - REESARY. :

I EABTASADE. THRELSASU2E, ERRAREHETE
ABOMAR UFRE “ROER" ) .

2. D75 A B 25 T U 7 25 AT DA A

3. DWW TN, PR TR

(1) EAGARRELEREL - RRENATUER S A8 E TN
A HEBRRE K.

(2) MAEFONCAT I R, RREN. HE5LER) ©
SRR SR, SRENTR.

TR R O
L. ERERATHNASRER. UL TRSNWANEREY, §y
AR A A il oLl .

¥

B 8-3 £ (PHE) BIRARNSREERPH

Fig.8-3 Invention Patent Application Form
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Fig.8-4 Invention Patent Application Form
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RESHPAEEKEEERE SRR
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Fig.8-5 Letter of Intent for Invention Cooperation
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