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HER G 1 BOHE IR S AR AR S g T B, B 1T AR
H[23], TSR SR E R TR AR, £
TARSEA T IZ I [24,25]0 3K SERRY 0 FAE (i
2l A B A 1 A AT AR AL T T B A B SR A B [26-29]. (H
R, W EERE IR B BB AL AR Bl B A i) 245 Al A R Ak
PR A 2 R b . Nagrath%5[30] & 7 — 2T AL
PR M 25 CANND [PRGEA, H T A& it 12 .
Pirrung 55 [31] M TEAH FIHUIMASE B % T N AP 28 I 4%,
Ff HEE G R A2 R L 2mtited, DSk EA
EAARIEIERE ) T Z R R E e &

PR 454 Fr B (antigen-binding fragment, Fab) 7% /i
AN 2 4 B FE B4R (monoclonal antibody, mAb) 7=
i 5 BT — AR E AR T 25, DR g R e R
PRAINT B A W 25 [32]. E TALSEE T kK — P&
B P Fab A2 72 5 VAR A 6 BE[33], (H & AEIX J7 [ 1)
SCHRAR 2D o AR FHIOR B AT (3SR S B0 248, X Fab
PR A T T 2 RERA. A T SEIm AT A 3K
AR, BR T AEWTHE 5 IR OIS A 0 HERg AL, 8%
F& T BRAE DR, Rl ik o AP BRI . AL T
PRORBNRE AR AN T B R . 245G BT R BB B B A
A, SR T 2 MRS B AR I B A R TR IR AR 1 Fab
o skng, it Sl AT 1. JEIATPTED, X2
HR AR A P O BX S A Y X Fab ki RE AT 2 RUE
At

ASLHARIAHLUT : B2 Rk 7O R 5
3ERSL T TSR B IR AR s SR ATTRAIR T T4
H B R A B Y s S5 5T 48 T DM AH SC 1 = 41
W B 6T R A AR SR WA T,
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ARSCHFSL T Fab = SR T 2 RAL L. P 1A
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Ja N T (DSP). fEDSPHY, Fab it [/= it
—RINBAE AT AL, BFEEO. WL 8. g/
ZBIE (UF/DF) =AM R @5 0 A 2 3%, FESE A
BH 25 28 4 AR 251 28 #4338 23 BT D 3R

A A 2 s A Al R AR B O
T L ST W 5 AN AP BRI SPAT BAE R AR B AR E
1o FE DA R ARG PR, 30K S S s St 2 it 3t o 2 11
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5, RIGHATIA USREERESH . c@ v THEAS
LA D IS B o — SR B e A A, DUFE SR 46 i 1D
FIBkI% [34]. R H B R LS 005 — MR B AR,
SR J5 1l F§ COMSOL Multiphysics 1 B #4317 15 B ig 4T
DA Bl i i AR BHE SR [35].  BE AR AL AE 45 & A vE
3R AN S o BT 20 3R CRI S R0 €8 3% RN BH 25752 #
BRE NP AN TS E, LA
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RN, BP0 R, R R .

TS IRV A T O R AR, ST VR 2T I AR
M5, AFE&ERE. SKFRFmERIE (SVR) [36].
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BPAT A LIGUE . 25 8 — DN EAREE, nik 28 IR A
ABEWLS Bin S KNSR T R)5, g {EH
FEARM) (n— 1D N8, HRMWESHTRIEATRET
K40 O s A5 Y f T R A P . AEIX T AR R, B A
F BB LR AR 20 AT 1058 4T 22 XEUE, 4 B 50
AR F PR 4651 7 2% (MAE) FAERZIREE &,
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RSM Fll 4y B £k v [] M 7E GAMS [42]FH i FHCPLEX IR &
LR PERR] (MILP) RAESIZIT. RIFIH T AEXS
3081 AN FF ity Y 55 A 15 73 BT A1 2847 /N K it 1R BH &8 152
e £ 3 43 AT B B B R AT A IR IE ST 3R AT 1 T R 22
i

RVEIR, B RV J5 VA8 B ik v A
TR AR TS FE . 2 BRER RN A 7R S | — M
B, fE—NRANEE PEEARS REATANXE, &
X ] (1) R PE e L A S R M RNR R B A . BRI
RN ERAR A TR, G HF 1 20 BRI A 77 v LA B e i
LB IR B B AR 3R AT (i A, Hoh B R AT
Tt 2. 725 B vk A iy #2 i [40], A
WAL BRI NR AR, TN XA, R
MIL P A5 2R iy 58 73 [X 7% B E 9 A X)) R BT R, R
BNk 22 s/ N A B AR oy X AR . FE 2 24 1E
PrRAEZR/T, KM RRE, A8 AR R 2 X AR R
RBMILPRIRL . %MD IR, R P Bs T (af
NZER I Fce ABHES TA8# ), 3R LA MRS DL
HIER TP

TP} =
0.1914-LMY +0.3570-V, — 12.0477 -Hye +230.1318, if 654
<IM}; <1643
—0.003294-LM; +0.008982 -V +43.5598 - Hyr —649.3012, (1)
if 1643 < LM <2629
0, if2629 < LM}, <7069

TP =

0.1287-LM, +2.3940 -V, — 51.4883 - H +895.2814, if 3142

<IM(, <12242 (2)
~0.002489- LM, +0.05041 - V. +260.5745 - H. — 3890.1058,

if 12242 <LM!, <19698

0, if 19698 < LM}, <28274

A, R EFIFRRERN mAgHE. E3RAT AR
Reh, oy M b BRs b K SOBUR B LM Gl i 22 S0k

+1 MAEARFTERLE

[40]Hh &5t BORE FP 0 78 D 20 18 = AN X AL, L0 R 22 /)
T HABPIAN AR R VAH, (53 ) 4 FEAFE R = D o

N TR VLB 3RAS R Kt X s AR Y 9 21 T RSk Y
PEACRE Y by, 7 B 5N ) A B R EEL T E
1o AR 3 A2 BRs I S B R AE DX P, DDKE —
BEFIAZ O, 5 SUNFET 15 ARG WA NI BERE DI RE RS
R BT RE IR ks, F kAR
B ALE (3) -

ZOSI:L Vs e {af,ce} (3)

TESCASE AR A, By N LM PR AR AL T B3 1] B (1)
PN R Cbp, ) Z 18], AT DK LR oR N BT 2 R X

> bps, 4 - Osr+ &< LM{ < bp, - O, Vs € {af ce}
' ' (4

A, e MRANEIECT, TR A 73 B 7 A
B XAl E A A faRis

TP; = Z (ﬁﬁ'}" 'LMsl + 'Bgr Vs + ﬁg’r “Hs + ﬁgr) - Osr, N
r (5
Vs e {af, ce}

X, BLYS Br BLFIBLIEREH IS H. D R
R, BO, =1, %X (4) A Nbp, ., < LM,
<bp, o LERXFELN, MBI EAXIE T R)5E5E
A (5) TR & 45 T30 i [RIRG ' 1 22 14 eR 0 1) i H

TP: :ﬁéfZLMsl +18ng 'Vs+ﬁgr’ 'Hs+ﬁgr’7

ifbp,,. | <LM! <bp, . (6)
T —EB A IR I & R AR A I B Fab il i ik

PRI

Method Affinity chromatography Cation-exchange chromatography
Linear regression 121.40 777.26
SVR 111.31 700.98
Kriging 115.39 720.67
Pace regression 115.50 712.93
RSM 90.45 527.31
Piecewise linear regression 34.68 233.39




4. LAIREL

TEATT A, FRATTR A FH B AR KN B AS () A Ty
W, A BB EE IR S A R SR I K Fab 2 i A4k 2 1
PR S EB BRI R (MINLP) 8, SRJ5,
il ) 2 A AL B R N 2 2 500y fif s IX B MINLP A3 Y 0
HAEE A MILP ALY,

4.1. MINLP #7 A

MINLP Y A ARG 25 GOk [16] 1 52 41 482 24 )
SEN, A TmAbflIE . EHER Y, HRIES
)0 B T A AR R R v R 2L 2B BV 22 ] e ) B i A
RS FEEAE TP s B RS RIAAAR Cev, )
T4 08 B AT R R E AR RS (dm,) R

B Do

4.1.1. FEAR

kTP Rs € CS (CSR GG T LIRSS = {af,
ce,ae}) MIEAEAR (TCV) HiikE K/NRHE (CN,»
e LAFH RLEAE AR AN

TCVszzcvS,lCNS,h VSECS (7)

WG IeAR X, RSP s s
FERSTE, 8 LR 29 B AF 7T DLARAE R RE B 3 — A4
FERE:

sz,izl, Vs e CS (2)

CN,; < maxCN; - X, Vs € CS,i (9)

Kb, maxCN, IR VI B KA T .

TERRAML R, R o A 2D R s 1 ] R A AR [ R
BAEAR (TCV) FeLGRUR TR EL (CYN,) 1447200
JECMACERE NZ P IR T A B A R (M), i
MR AF (RV) HBhEEE GRS (dbe,) FIMNEFR]H 2
(W) HRE.

CYN; - TCVs > RV, Vs € CS (10)
_ Ms—l

4.1.2. 7= 5 &

HENDSPIEFRIIRIGE = i (M) 55T AV
W (riter) FeLLAEW) R BL2R I TAEMAN, RIA9 s
ar AR (brv) LA TARARIEL (o).

My = titer - oo - brv 12>

ML BRs TR I = 8 A R 55 T B — 2P PRs—1
o B3R DA Bs AH N ()7 i yd o

M =yds - Ms_1, Vs (13>
SRR AP RMEEALE (s=bD J5
FRI 7= i o B

AP:O'~BN-be (14)

X, BN CSERM AL AL, PR S v AL BN
EFR, o2t

413, PR
HENDSP (PVy) HIWIUE = fb 855 T AW I N 25 11
TEs, AXRWF:

PVy=o-brv 15

KT Zad B AT AN PR, A KBS L (5=
et BIFML (s=ho). B IKEL (s=cty) FLIE (s
=fi) IR, B Z TR MBI (PV) ST
NI BRI 77 AR A

PVs = PV, 4, Vs € {cty, ho, cty, fi} (16>

TEERM S (s = af) FIPHE PR A S0 (s
=ce) W, FEYIRFISE TR, T AERH B 1A e
e PIR (s=ae) H, FEYMERIAAE .

PV =ecvs - CYNs - TCV| .o + PV 1|z, VS € CS (17)

o, ecv RBEBLBARS OISR AR
TEEE—ANUF/DF IR (s =uf), MEtEgRnslE
N BRI i



PV, = (for+1)-PVee (18)
2, for U P IR AR L . 7ESE /N UF/DF 20 3%
(s=uf), FPIER7=ARFISE T &K DAE 78K E feonc:

M uf’
PV, = fconzc (19

4.1.4. ZPE
TERAG RPN ZrhE (BV,) & XUT:

BV =burs - PV, 4, Vs € {cty, cty} 200
BV =0, Vs € {ho, fi} Q1D

BV, = bcvs - CYN; - TCV, Vs € CS (22)
BV, = for - PVe 23)

BV, = dor- PV, Q24

K, bvr B BAATILL ;s bov & RE o M 25 R s 1 2%
MHFEARTRLE s for M dvrdy 2 55— F1 55 — UF/DF 2 3R 11
TSR EL RIS IR AR AR L

AR TR S & (BBY) 2R PR
g2 f, EFEMNE (ABV) RATH Btk
1) 2B

BBV:ZS:BVS (25)

ABV = BN - BBV (26>

4.1.5. Kb PRI [E]
SF RN 68 1 T B8 1~ A8 £ 3% 0 AT 25 98 1 A B 1)
(T) HEREERE R EH R HEE (TP) BiE:

M

_ N
Ts= TP - 5> ",CNs;

, Vs € {af, ce} 27)

EF B PR i i D b, AR =
(VFR) 4y RIHEINE =Y (PLT) RN (BAT)
AR PRI R, DASRAS %25 B8 1 AL PRI [E]

T,e = PLT + BAT (28)

PV,

PLT = Vrg. > i CNoe. 29

. CYNqe - bevge - Zicvae.j - Xae,i
— VIR (300

. 1 dmae‘,- 2 .
1000'”el'n'z< 2 ) Kaei (31

1

BAT

KA, vel &I B 1A e il o A 20 BRI e i .
SEHEEIE R P PRI AL BRI (B2 1E € (1), 10 AE H At IR A
YT IR, Ak BRI [A) A5 TR BRI P B R LA O
(pry) :

PV i
T, = E’ Vs € {cty, ho, cty, fi,uf;, ufy} (32)

—HEI AR E] (R) BT, 2 B 45 TR P = b T st
[IRa CABE IR R Sk 18] Csfd) R R IIPEIREE (sfn)

o ZSTS
BT_sfd‘sfn (33)

FEACFRRIE] (AT 2 FTE FLIR B L AL PR A ] .
AT = BN - BT (34)

T EEERAERT A Caot) VF HBHEIR PP T B 3256 2E W
SN TE] (st FIAEW I NS (8] (bre) (aot — st — brt)
A PR 1)

4.1.6. HifE Ik S Y

FARN T m) R 1 B AR b — R
Sy BRI R [P (3) A1l (4) 1A .
BT 7E € RS o B 20 Bs FIRRER B 7R B A R R
;hs.rxs.f, AR (5) BT

-y (ﬁ;“: LM BVt B S Xy
i

T

(35)
+ ﬁ?r) ’ Os,n Vs e {af, CE}

B B g AL I R AT IALON ER AU R 2Rl
AVEE AR AR, A AT LA i e S5 A T AR I e
B, e SEERRN TR . XL, B
I 60T R 1) 0 R ELAR N T mi) B AR B (TP
AL P /AW IR



Do (dmsi)z Xsi o
TP, = =0 28 7pl s ¢ {af  ce
(refDM)? {af,ce} (36)

Her, refDMZEIREZ % HAR, (AL TAEF 100 cm.
FE RS RS [ AR v, IR ELAR DY T m AL
5T B 42 BT SR P e A (LMD B SIE B I 28

2
W.LM; Vs ¢ {af,ce}  (37)

LM, =

b R LM, E SOV PN DL
FERR R, E U

Ms—l

LM, = CYN; -5 .CNy;’

Vs e {af, ce} (38)
4.1.7. HAr1)RE

XU TAES, HAs M & CcoGHR /ML, X
HETHEMNLAEA A0 BRUBFERSBEE (4P,
PR S RS T R R ) BT AR S5 A IR D 24 TR 24
I1E Appendix A 51 . HERERELN T

AC
0C =15 (39

Rk, Prig i fMINLP R A 7250 (39) f/hs
230 (3). A (4). 2 (7) ~ (38) FlAppendix A= (S1)
~ (S19) MZyf.

4.2. MILP f57Y 4%
BRR, NMETUE, AT M MINLP R Y & 5
FIEAMILPRL R o BT 2R 20 SR a0 R flr s o

4.2.1. B B S

KT S CHR(1 719 F It 78, A TR EAE 3L
fih 29 6 A R AR LR ME T A LR Ak, KR AR B CN,
CYN MBN B4 R ERIR, WFE (400 ~
(44) Fi7mo

maxCN;
CNsi= > j-Wsij, Vs€CSi 40)
j=1
maxCNg
> Waij=Xsi, Vs € CS,i (41)
j=1
maxCYNs

CYN; = Z k-Ysi, Vs eCS 42)

k=1

maxCYNg
IZ Yoo =1, Vs CS (43)
k=1
log,maxBN
BN= Y 2"'.z, (44)

n=1

A W Y MZ NS EUE FRERAR B 5] A/
kA, Horh, Ak AR RN IE A B R

422 FEARFRZMEAL
TR (42) Fl (43), JELMHLRITE (10
A DLE RN
maxCYNg

Z I(-WsﬁkZRVS, Vs € CS (45)
k=1

YV, < maxTCV; - Yy, Vs € CS,k =1,...,maxCYN; (46)

maxCYNs_
> YW =TCVs, Vs € CS a7
k=1
BEARGINANE LT B, YV, = Y, 0 TCV,, 1AL,

maxTCV, & il 742 B () e R i AL AR .

423 FrEa L
W BINA AR, ZM,, = Z,M,, LFR
JiFE (14) R PET. BT LA PR 5 R [43] 5k
B RIELLIR
[log;maxBN| A
AP = 02" ZMps (48)

n=1

ZMyy, < titer -o.-brv-Z,, ¥n=1,...,[log;maxBN] (49)
ZMysn < Mys, ¥n=1,..., [log;maxBN]| (50>

Z—be"n > My — titer - o, - brov - (] — Zn),

Vn=1,... [log;maxBN] (51)

4.2.4. 7% SRS R AR FAZ AL
W (460 F1 (47>, J5FE (17) A1 (22) W
PLAr ) 55O LR AN 2R R

maxCYNg o
PVi=ecvs- > k-YWo| +PVi|_,.. Vs€CS (52)
k=1 s#ae
maxCYNg o
BV =bcvs- Y k-YVg, VseCS (53)

k=1



ZV, = Z,- BBV F B 7 #2473 X
ZV, <maxBBV -Z,, Vn=1,..., [log;maxBN] (54)

ZV, <BBV, ¥n=1,..., [log;maxBN] (55)

ZV, > BBV —maxBBV - (1 — Z,),

(56)
Vn=1,...,[log,maxBN]
Kk, A (26) ATULESUT:
[log;maxBN] o
ABV = " 2"'.ZV, (57)
n=1

4.2.5. AbFEN A 2R Ak
TR (27) AL E MG N A S NS ECN,,
M E A ET TP R M AELL . 51N T

AN A & TTP, = T, TP MWTTP,,; = W,, T, TP,.
WTTP,,; 7] A TTP @ ik LA R J7 FERf i =
maxCN;
Z Z j'H/]]PS,i.j:Mh VSE{af,CE} (58)
i j=1
WTTP;;; < maxTP; - maxTs - Wj, (59

Vs € {af,ce},i, j=1,..., maxCN;

maxCYNs
> > j-WITP,; =TIP,, Vs € {af,ce}  (60)

i =1

Rk, fEH £ 25U R THT € LTTP, [44-46],
Ho, @ETP RN R EBTP, , MESAE
CTP, € [0, 11 5E A R+t 1) 2 2808 A0, Horf,
d7& Mp B maxp KL, g2 dIIECT

maxp 9 1

TPy =Y > 10 q-BTPsyq+ > 107 q- CTP;,,
d=p q=0 q=0 (61)
Vs € {af, ce}

9
ZBTPSM =1, Vse{af,ce}, d=p,...,maxp (62)
q=0

1
ZCTPS-,q =1, Vs € {af, ce} (63)
q=0

HF U TTRE, ABEETTP, 5 i % AR % 42

®BTIP,,, M CTIP,
o maxp 9 1 __
TTP, — Z Z]Od .q-BTTP 4, + 2210p -q - CTTPsy,
d=p q=0 q=0 (64)
Vs € {af, ce}

BTTP; 44 < maxTs - BTP 4,
Vs € {af ce},d =p,...,maxp, q=0,...,9 (65

CTTPs 4 < maxTs - CTP,q4, Vs € {af,ce}, q=0,1 (66)

9
> BTTP,4q =Ts, Vs € {af ce},d=p,...,maxp (67)
q=0
1
> CTTP;, =T, Vs € {af, ce} (68)
q=0

i EER I, 230 Miaahik, Eid
H R Be g R AR 5 RE A AL RMEL,  JF AR R T R AR
R

I IR AR E XWT,; = W, PLT:

Wae‘i‘j < maxT,e - Wae,ij; VI, _] = 1, e maXCNae (69)

maxCNee
> > Wleyj=PIT
i j=1

70>

DA B AR AR T 7R (29D -

1 maxCNae . dmaei 2 _
WZ Z J-vel-n-(T) Wlaeij = PVur, (71)

j=1

i A — AN R, XY, =X, Y, FRAK
FAEERT TR (30) -

BAT — Z ma%Nae bcv,e - Ve - k ')Wae,i,k .
= (1/1000) - vel - - (dm,e;/2)" (72)
> XVaeik = Yaek, Vk=1,...,maxC¥N,, 73)
maxCYN,e o
Z XYae‘i,k = Xae.hVi 74>
k=1
BETHE (44, FHfE (34) ATLLEST:
[logymaxBN| -
AT= Y 2"'.7T, (75)
n=1

A, ZT, = 7, BT, i/



ZT, < (aot — st — brt) - Z,, Vn=1,..., [log;maxBN| (76)
ZT, < BT, Vn=1,..., [log;maxBN] 77>

ZT, > BT — (aot — st — brt) - (1 — Z,),

vn=1,...,[log,maxBN] (78)

4.2.6. B HE IR AR A
JifE (4> F1 (350w [al YR A XL P I AT DL E
MBI 220K [47]:
bps,_1 +&—maxLM; - (1 - Os;) < LM
< bp,, + maxLM; - (1 - O;,;), Vs € {af, ce},r

79)

B LM + BY, - Vs B> hi- X
i
+ 9, — maxTPs - (1 - Os;) < TP} < - LM
+ﬁ¥r V5+ﬁ_]g-[r Zhs,l X31+ﬁ2r (80)
i
+maxTP; - (1—0,),

Vs € {af,ce},r

R (36) LM S HOAHB S RXTP,, = X, - TP
FIBA T 205 46 (AT R AL

S (dmy;)* - XTPg;

TP =
’ (refDM)?

, Vs € {af, ce} (81)
XTP;; < maxTP; - X;;, Vs € {af, ce},i (82)

XTP,; = TP!, Vs e {af, ce}
zi: s (83)

Aol {f I EXLM,, = X, LM, JFE (37)
AT

> (dms.i)2 'ms,i

LM, = , Vs € {af, ce} (84)

(refDM)?

XLM;; < maxLM; - Xs;, Vs € {af, ce},i (85)
S

ZXLMSJ =LM;, Vs € {af, ce} (26)

FFE (38) AEH— AR, E AR

BA-ANESAE, AU AL, W B

maxCNs maxCYNs
> j k- WYLMqjj = My, Vs € {af ce}, i (87)

j=1 k=1

maxCYNs
> W¥giju = Wy, Vs € {af,ce},i, j=1,..., maxCN;
k=1
(88)
maxCNg o
> > Wk =Yk, Vs e{af,ce}, k=1,...,maxCYN;
i =1
(89)

WYLMSJJ,]( < maxLM; 'Ws,i,j,k;
Vs € {af,ce},i, j=1,...,maxCNs,k = 1,..., maxC¥N;

90)
maxCNs maxCYNs
WYLMs; . = LM, Vs € {af, ce
zi: ,; ,; e fateel 1)

Xeb, GWHANHIEEWY,, = W, Y, HWYLM,,;, =
Wiy Yo LMo
4.2.7. HireR B & 410

FEA A E TR (S9) (ML Appendix A) ¥ K
Atk SNV ERZYV,,, = Z,YV,,, J7FE(S9)
AT LLE 4 5N -

1 BN - T
080N BN maxCNs o1 k. of - 1pCs - ZYV s g
Is

(92>

ac=>y

seCS n=1 k=1

s of BRI IHTE R EL rpe M7 93009t it 21 R
s FRIARS i A A% RIS I 75 i o

ZYVsyn < MaxTCVs - Z,, Vs € CS,k = 1,...,maxC¥YN;,
n=1,...,[log;maxBN] (93)

ZYVgkn < YV, Vs € CS,k = 1,..., maxCYN;,
n=1,...,[log;maxBN] (54
ZYVggn > YV — maxTCVs - (1 — Z,), Vs € CS,

k=1,..., maxCYN;,n=1,..., [log;maxBN]| (95)

EHFRREBTRE (39, AT AR R AT
COG 5= & e, 7] LLE k-

COGAP = AC (96>

X, WA B COGAP= COG-AP. % &% 7
i 3 51 N BT ) 4 Bh 28 EBCOGAP,, = COG-BAP, H
CCOGAP, = COG-CAP,, "UNEEAPRICOGAPSy
I -



9 1
AP=3" 310" q-BAPs+ > 10°-q-CAP; (97

d=p q=0 q=0
maxp 9 1
COGAP = > Y "10".q-BCOGAPy, + > 10° - q - CCOGAP,
d=p q=0 q=0
(98>
9
> BAPy; =1, Vd =p,...,maxp (99)
q=0
1
> CAP, =1 (100D
q=0

BCOGAP,, < maxCOG - BAP,,

Vd=p,...,maxp,q=0,...,9 (101>
CCOGAP, < maxCOG - CAP,, Yg=0,1  (102)
9 —_—
> " BCOGAPyq = COG, Vd =p,....maxp  (103)
q=0

1 —_—_——
" CCOGAP, = COG (104

q=0

R, FHAEFMILPE R A*GFETTE (3. (D)
~ (9. (11~ (13D, (15), (16D, (18)~ (21), (23)
~ (25). (28). (32). (33). (40) ~ (104). (S1)~ (S8
1 (S10) ~ (S19) H R BILI R &4, FF LA ECOG
HHR.

4.3. MINLP %7 B

FEAT A T R R OMINLP AL B, i
PR R — FBURE AR RURSE, R AT A 155 T K Ar A
AR, XA ST R R AR T, T R X — ek
A, TEFTIMINLP BIRIB b, FRATIAE B8 B (i
RN, HNRREBIN T — RSB, DL —A
I RE,, K F R B AR dm TR . AN, M
R G S A R IR FARE, A RECN R (il 7 25
PEsHAERL, L FIR AmaxCN,. B, KRB g T
B R B, TR TR, T LR
FIMINLP#EFY A, SAMINLPHE B (R 4L T V258
AL EAE, W Rk,

4.3.1. FEHAHR
ERSRIB R, IR (H). BEAEE (E,,) A
FEE (CN) ISR Bl i B AL AR

— \ 2

TCVs = oo T+ ) (—> -Egm - Hs - CNg, Vs € CS
(105)

AN, AN ERE S TP IR R BRI — DN EAE KD

;Es,mzu Vs € CS (106)
4.3.2. GEFRIS ]

LT (27) 1 (29) HHINCN BHSCN,, 7]
DECEIREAy S ’

T, - TP, - CNy = M;, Vs € {af, ce} (107>
pLT = —PYur
VFR - CN,e (108>

IR, A A B R AR B R AR R, R
FINBATFIVFR:

BAT =

— 2
CYN,e - bcvse - (1/1000) - 7 - Zm(dmm /2) Esem - Hae
VFR

(109

— 2
1 dm,,

4.3.3. BHE IR B R
JRE (38) "ILMER BB RS, R FR:

LM, = L’L, Vs e {af, ce}

CYN; - CN; (11D

575 (36) 1 (37) FL, "TELMNT mE R I
T8 BT A A 1 3 B AN A AR 5 .

S () Eun

TP, = .
(refDM)

TP}, Vs ¢ {af,ce}  (112)

S (@) B

LM, = 5
(refDM)

LM, Vs e {af, ce}

(113>



4.3.4. A
LERAS T R, 72 (S13) % T [F 5 % 72 5% (FCD
HIhFE & (W Appendix A) N B A LN FELR LR

FCI=lang - (1 +gef) - <brc- brn+> "> " ceom- CN; -Eqm
seCS m
) (114)
+oe/.-brc- brn)

K, lang & Langkl 15 gef & — MK & REG brne/E
VIR B35 B s bref&— P AP R SE 48 A s oed & HL
o Bt 45 FR A 5 2 ) L8 PR A 2 bl €€, A (i S T A
s HE AR m SR R A .

AT L, P U MINLP A BAE 52 (39) #
fATAL, EHE LT (3)~ (5).(10) ~ (26).(28).(32)
~ (34).(105) ~ (114).(S1) ~ (S12) 1 (S14) ~ (S19)
W IR 2 R 2% A

4.4. MILP f&%! B*

FEMILPRAIB* rh, K MINLPRERY B () T A5 JE £ 1
LIRAANEAL o B T AEMILP A A* b B IR A L SR 4h,
NGRS H TR R LR %A

4.4.1. BB B UL
B, A AR BLF, g R AR B CN, B AL,
F, 3R AE G AT 45 B & 756 FL AL, 10 F B
maxCNs

CN; = Z j-Fsj, Vs € {af, ce}

j=1

(115>

maxCN;

Y Fj=1, Vs e {af,ce}

=1

(116>

4.4.2. FEARFRZEAL
N T TR (105), SIN T AN E AR R
m{s,)mj = Es,m.FsJ.Hs’ Hﬁu?é@?ﬁ%{#!

EFH; mj < maxH; - EF; ), Vs € CS,m, j=1,..., maxCN;
117

maxCN;

S Y EFHu; = Hs, Vs € CS

m =1

(118>

ﬁ E’j ’ ﬁs,m,_/ = EsmFs,/%XﬁH—F:

> EFsmj=Fyj, Vs € {af,ce}, j=1,...,maxCN

m

(119

maxCNs o
Z EFs.mj =Esm, Vse {af, CE}, m

=1

(120>

Rk, #FE (105) HFE L N &ML

maxCNs

—_— 2
TCV, = Z Z .] - <drgm> : ms‘m,h Vs € {afa CE}
"o (121)

4.4.3. AhFEE R 2R 110

R FE (61) ~ (68), T,-TP,ix— I Al LA TTP,
Forn. Wi, BINFTTP, SKREIAF,  TTP,, HEH LT
AL

FTTP;; < maxTP, - maxT; - Fs;j, Vs € {af, ce},

j=1,...,maxCN; (122)
maxCNs L
> j-FTTP;; = TTP;, Vs € {af, ce} (123)
=1
Rk, HFE (107) E5WR:
maxCNs L
> j-FTTPs; = M, Vs € {af, ce} (124

=

BTSN A BEFH,,,;, = EF,,,PLT X Ji 2
(119) F1 (120D, J7fE (108) A LAUN T4k

1 maxCNae ) d;nm 2 -
WZ Z j-vel-m- 5 EFTsemj = PV,

=
(1255

EFTsemj < MaxTae - EFsemj, VM, j=1,...,maxCN,e (126)

maxCNae_
> > EFTiem;j=PIT

mo =1

127

thah, JEEYH,, = Y, H, VLR LR CATE
MILP R A 7 FE (109) -

MNe he Ve - K - YHe

BAT =
k;‘ ] (128)
YH,e) < MaxHge - Yaey, Vk=1,...,maxCYN; (129)
maxCYNg
(130D

Z Waejk = Hae
k=1
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4.4.4. FAs KB AR FH A
KBTI (80), 7R (5) théy i BE R 5
R Ra] DL N R LR [47], 40 R i
BEM LML+ BY - Vs + B Hy + 2, — maxTP; - (1 - Oy,)
< TP} < BN - LM] + BY, - Vs + B - He + O+

maxTP; - (1 — Os,), Vs € {af, ce},r (13D

ﬁﬁ%l}\iﬁﬂﬁ%%FYLka = Fv,‘/'.Yv,k.LMyﬂEn]:‘_Y;,j,k =
F Y, J7FE (11D WM TR (132),

maxCNs maxCYNg
> j-k-FYLMj, = M1, Vs € {af, ce} (132)

j=1 k=1

maxCYNs

> FYju=Fj, Vs e {af,ce}, j=1,...,maxCN;
k=1
(133)

maxCNs

> FYgju =Y Vs € {af,ce},k=1,...,maxCYN;
j=1

(134
FYLM;;y = maxLM; - FY sy, Vs € {af, ce},
j=1,...,maxCNs,k = 1,..., maxC¥YN; (135)
maxCNs maxC¥Ns
>, Y M = LM, Vs € {af,ce}  (136)

=1 k=1

R (112) f1 (113) F, ARkt KE,, 5i%E
ST, WL 5| NGBS BETP, , MELM, ,,, LA
e R T R E R 2R

Zm (a\rﬁm>2 : W&m

TP = , Vs ¢ {af, ce
(ref DM’ { Foooasm
ETP;,, < maxTP; - E;, Vs € {af,ce},m (138)
ETP;, = TP}, Vs € {af, ce}
; (139)
— 2
iy zm(dmm) -EIM, v e af.cel
= , Vs e {af, ce
. et (140)
ELM;,, < maxCLM - E;n, Vs € {af,ce},m  (141)

> ELM; = LM;, Vs € {af ce} (142)

4.4.5. AL

e, T EFTE CREE BB A, FTRME
EF,,, KRG TR (114), WFPFiR:

FCI = lang - (1 + gef)-

maxCN; o
(brc -brn + Z Z Z CCsm - k- EFs
j=

seCS m j=1

(143)
+o0el-brc- bm)

SIS 2~ MILPBLRIB* AL HE 72 (3).(11) ~(13),
(15D, (16D, (18)~ (21). (23)~ (25). (28). (32).
(33). (42) ~ (57). (61)~ (68). (75)~ (79). (92)
~ (104). (106). (115)~ (143). (S1)~ (S8). (S10)
~ (S12) Al (S14)~ (S19) FERAILIHRFEA:.

M, RS T FTA WA H AR B F 1 75 F2

5. =fIAR

TEA T o 2K 52 ) DY AP A B S T 547
FHOG R BT, DRSS R . o ] () 3 72
BREWEL R, Hp s — AN RN =6
B AT SRR RS, BH S RS e A R B R T AL
et 3G M0 R N T R R R KN, A
G3 AT BRAE B A BOR ) S DUAS, T AR 2 fuvEL0
AEI . 25 L8 T PR A ] 0 € 5 A AR R I R T
E. ZHIAFE10N S50 cm F]200 em AN 25 1 B HE BLAR
FITIANE15~25 e Z (A B R =, T S92 26 1M 1E
50~300 cm 2 [H] {3 BUELAR A1 21 ANFE 10~30 cm ¥ BBl Y 1)
RS BUR R - CEAE ] B HOR AR RS 3L A R A
th, ZHITA110M ATk T 5, 6124 546 MRl ik T %K.
3G T VEGE I Pk A B AR IR

o V8 B0 G R T 010,95, 3% 0 13 T H B 1~ 528 e
T 3 BT A 5 HR (1 3 3 2 33 PR 1) /£ 200~600 ecm-h ™' 22
(B, 17 B 1 A8 e il o3 M P IR R LB R . (veD)
[ 52300 cm-h s AL H T = ANGE S b oD R 1) HoAth

%t FEaot MG B BEN340K, HLALFE R o N
90%. RSHHEME TAEME SR T 228 5k
AR E R T LALE Appendix A (Table S1) H13k 3,



®R2 BB

Constraints MINLP A MILP A’ MINLP B MILP B’

Integer variable discretization =~ — Eqs. (40-44) — Eqs. (42-44), (115), (116)

Column volume Egs. (7-11) Egs. (7-9), (11), (45-47) Egs. (10), (11), (105), (106) Egs. (11), (45-47), (106), (117-121)
Product mass Egs. (12-14)  Egs. (12), (13), (48-51) Egs. (12-14) Egs. (12), (13), (48-51)

Product volume Eqgs. (15-19) Eqgs. (15), (16), (18), (19), (52) Eqgs. (15-19) Eqgs. (15), (16), (18), (19), (52)
Buffer volume Egs. (20-26) Egs. (20), (21), (23-25), (53-57) Egs. (20-26) Egs. (20), (21), (23-25), (53-57)
Processing time Egs. (27-34) Egs. (28), (32), (33), (58-78) Egs. (28), (32-34), (107-110)  Egs. (28), (32), (33), (61-68), (75—

Data-driven model Eqs. (3), (4), Egs.(3),(79-91)

78), (122-130)

Egs. (3-5), (111-113) Egs. (3), (79), (131-142)

(35-38)

Cost and objective Eqgs. (39), (S1- Egs. (92-104), (S1-S8), (S10-S19) Eqgs. (114), (S1-S12), (S14— Eqs. (92-104), (143), (S1-S8),
S19) S19) (S10-S12), (S14-S19)

R3 AR N AT BRI E

Step Case 1 Case 2

50, 60, 70, 80, 90, 100, 120, 160, 180, 200
15 to 25 with a step size of 1

Diameter (cm)

Bed height (cm)

50 to 300 with a step size of 10
10 to 30 by with a step size of 1

R4 ORESH

Step Affinity chromatography Cation-exchange chromatography Anion-exchange chromatography
Yield, yd, 95% 95% 98%

Dynamic binding capacity, dbc, (g'L™") 15 50 100

Eluate volume ratio, ecv, 2 3 0

Buffer volume ratio, bev, 15 22 18

Resin lifetime, /; (cycle) 100 100 100

Resin price, rpc, (GBP-L ") 60 000 1200 1400

GAMS 24.7 [42]#£ B f5 Intel Core i5-3330 3.00 GHz
LEHZE 8.0 GB RAM 164473 T Windows 71541
I, f# FiIBARON{E NMINLPf# k%%, {HCPLEXAE
NMILPf#E 2%, EGAMS 24.7 [42] 28l 7 4k
AT, AR (1) e A BB B[] CCPUD PRAIM T he

6. ZERMiIYiE

SEH B N A T IR P AR S, Herp iAok
INARTA . AN JER IR 1TSS

6.1. 1

268 TR DY AR L AR A N T 22 4 1 A A
Gt AR LSS, Hod BT DU AN AR A 3 B A R B
Pufife. HEF AR, 8Pk A B8 sk J
PRI RS B — AR, H 2 MILP A2 [ i s s b
AR R AH R MINLP A B 1 4= /sy fe e, H B AT AH A

(RFE RN S B P s . BT EEMINLP A 2 [ e A0
HFELHMKIX107, X222 S0 mE R EnRr T
Ft. MINLPAE A B8 76494 s N 45 5201, 79 8% ' (1
BAE. &R, R MILP R A * th 77 72 138 B 1
BER N, (HIR B ML R A A (381 s). [A
i, W6 frn, MINLPEABHAA 5MINLPA A
[F) B SR AR B, (H A 7 R B A e B K> T
—ANES. L, ZEARENE AE4T s N IR BB AR AR
MINLP #5784 B* 238 15 MINLP #5784 B 28 14 17 75 21 )
EMILPHEAI A= AHLL, HyBAARETE G2, HHAL
5 sEI AT R Lff, M ACPUTT A T A EE K
B, @R, ERTIR I PUAMER R, PR
T, BLRIBAIB* B BAR T AR A BLAL. LR
MILPHAIB*, & EMiHH TER R, HHAERK
TR 1) AR B b AT B KT g, X AE R —# kg
M onf] (Zf12) pRAE. FERHRZ, A
7353 B2 ke [ VS ASS AR 03000 350 2 et e A A R ) B £ A
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EREMAR Ao ., AT A B E A 17% R 22 0 R
23 HURM H AR EAM Z0.1%. X T 412 04 2L
ElE

B, BTt = R . B3Thar it T

RS O ETERIENSH

Unit operation parameter Value

Cell culture

Titer, titter (g-L™") 2

Bioreaction time, brt (d) 4

Seed train bioreaction time, st (d) 2

Number of bioreactors, brn 1

Bioreactor working volume ratio, a 75%

Bioreactor volume, brv (L) 20 000
Centrifugation 1

Yield, yd, 95%

Buffer volume ratio, bvr, 0.9

Processing rate, pr, (L-h™") 250
Homogenization

Yield, yd, 100%

Processing rate, pr, (L-h™") 143
Centrifugation 2

Yield, yd, 95%

Buffer volume ratio, bvr, 0.1

Processing rate, pr, (L-h™") 250
Filtration

Yield, yd, 98%

Processing rate, pr, (L-h™") 125
UF/DF 1

Yield, yd, 98%

Flush volume ratio, fir 6

Processing rate, pr, (L-h™") 40
UF/DF 2

Yield, yd, 98%

Defiltration volume ratio, dvr 7

Processing rate, pr, (L-h™") 40
Bulk fill

Yield, yd, 98%

Filling time, 7, (h) 6

Final concentration, fconc (g-L™") 10

|6 PRV S P e AT fE

FER R R TR R S nS, Lp R i B AR 5 4
TR B0 58 B2 R e A8, T PR v 5 T AR I v B R LG R 28
TEARACR M 75 HIERR . A OIS M2, Y
ffH— Ak, SRR ERE ST D RN A i BN
180 cm, IREN1S cm, i BHE T 28 3 1% 53 b 20 45 )
BN @SR, BEAN90 cm, JREHN21 cm. B
BT A TS S AT 0 R R I S A BN AR N80 em,
RS FH B KR 125 eme

FEMG, KA T3 A (A A AR R R A SR P .
T e AL Mg v, o R ) i O R A SR RN 3 Oy T 2B
B oN1869.8 g-h', FEFHE T A e il o M b B b ol
1823.9 g-h™'s WIE3FT R, FEIX A il o b7 20 B,
RRRL S BT EE AP ANE IR . FEREAME IR TRk 21 55
ANHE B BB P 0 5 4 ) N 5306.7 g F16301.7 go B
HONBEAA N mREZ G, ERMEISS b g, 3%
BB TE NS B MR ABE R (1 28 — N X Ja), H HLAE
FAAB R I R Bk L IE =, W1 AR

TP, =0.1914 LM, + 1.8

(0.3570- Vs —12.0477 -Hys +230.131)

Ko, WIEHE 37, HINLSE KK mEEK
FEM TR RESE HON FTIL 1.8 m AR IR, LM, =
1.8% LM, {EBHES T il o dr b iR, Ik 7 [al
VAR B 58— AR R o [RIRE, A A RS R a R

(144)

TPee =0.1287 - LM +0.9%-
(2.3940- V. —51.4883 - H,. +895.2814) (145)

FE UL AN R Bk, 2k 2 AR B A 0] A i A
s, BRL, AN 22 PR AR Bl 2 0 #IA B H B IR
600 cm-h ',

BJa, MWEAFT R B ERA S iR E, BT E
FHEISR AN R i i 0, FEAF RRCAS R ) b )4 i
A TR, IS 30%. AN, B AR
A AR (RN DD BRAS A SN TR A HAE
SBA T RO EEA)

Model No. of equations No. of continuous variables No. of discrete variables Optimal objective (GBP-g ') CPU (s)
MINLP A 423 85 670 201.7 494
MILP A" 13 646 11 092 12 097 201.7 381
MINLP B 93 85 46 201.7 47
MILP B” 1508 700 595 201.7 5
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: Cycle 2 !
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: Cycle 3 :
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: Cycle 4 !
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A ke &
1
'-___ Cycle 5 s
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-
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~

~

~

~
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Cycle1 |
- - AI
_________ 4 =
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Cycle 2 1 [l Tp— 1
P 1 1
——————— 4 1 Cycle1
=TT 1 1
Cycle3 1 I{:~-__:’)I
| ™
_____ - 1 1
—————— 1 I Cycle2 1
Cyded 1 B 3
______ I
CEX H= AEX H=
21cm 25¢cm
D=90cm D =80cm

B3, EI R A ORI . CEX: P Acifvtuilfi, AEX: BIB FA#Hmilg, D: HAR, H: K.

6.2. M 2

RG22, ZR8 T 2 L AR,
T AE BT B R A AT, iR TR 5 &1
1A EE, MINLPECRIB B HUE &8 %, i HARAR AL
KRR B EN G T . WEERIE, BAA
IA* R REAETHEI A PR $13600 s 2 &1L, RAEF 5 AR
fiAE ) 22 0 AN N 0.6% F10.4% o 3 115 vh Fir s B G A
PR R SR A FE , MILP AR A* #E220 s A2 A7 #6 3] T —A
IRUFHIATAT AR, SEBR EAE 10 min S H T S (2
e, TESSOE SRR, R FUSS o 218,
DL F7E 45 5 T R P9 JCy2iiE B B 3k 15 H As (1) St 2
200.3%58%-g ' [AINF, MINLPAER A TH AR &S, K
ZIFE1000 s 5 A FLHEE —ADNAATAE, JF HAELT30 minkf
PAF T RUFIIPATRE . SHAAFIA*MLL, #HAIBFIB*
FKYLH B R ECE T E MRS, R4 min NS E] T AR
fift. MINLPHIAIB KL T E 1 minfF 2] — 2L KA 47
fift, TEE192 sTSRIHAAR. MILPALIRIB*SZHL | — 4K
BEHRMCPUTY, HAARMNMINF24s, XH2ZMINLP
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TP, = 0.1914 - LM + 1.9% (146>
(0.3570 - V¢ — 12.0477 - Hy + 230.131)
TP = 0.1287 - LMce + 1.1%

(2.3940 - V. — 51.4883 - H,. + 895.2814)

(147>

Other indirect
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reagents
16.5%
Utilities
2:9%:
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Consumables
31.8%
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Model No. of equations No. of continuous variables ~ No. of discrete variables Optimal objective (GBP-g ') CPU (s)
MINLP A 1731 85 3286 200.5° 3600"
MILP A’ 63350 52948 59 185 200.3" 3600
MINLP B 93 85 94 200.3 192
MILP B’ 1972 828 1027 200.3 24

* Obtained solution has an optimility gap of 0.6% when the CPU limit is reached.
® Obtained solution has an optimility gap of 0.4% when the CPU limit is reached.
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Nomenclature

Indices

d Position in multiparametric disaggregation = p,
*+, maxp

i Column volume size

J Column number = 1, *+-, maxCN,

k Cycle number = 1, +*+, maxCYN,

m Diameter size

n Digit of the binary representation = 1, -,
[log, maxBN]

q Integer number in multiparametric disaggre-
gation

r Interval in piecewise regression function

s Downstream step = ct, (centrifugation 1), ho

Sets
CS

Parameters
a, b, c
aot

bev

s

bp,,

bpc
brc
brn
brt
brv
bvr,

cc

8,0

cc.

CV.

8,0

dbc

s

dm

5,0

dm

don

dvr

ecv
el
feconc
for
gef
gu
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(homogenization), ct, (centrifugation 2), fi
(filtration), af (affinity chromatography), ce
(cation-exchange chromatography), uf, (UF/
DF 1), ae (anion-exchange chromatography),
uf, (UF/DF 2), bf (bulk fill)

Set of chromatography steps ={af, ce, ae}

Utilities cost coefficients

Annual operating time, d

Buffer volume ratio to column volume ratio at
chromatography step s

Breakpoint of loaded mass between intervals r
and r + | at chromatography step s, g

Buffer price, GBP-L™

Bioreactor cost, GBP

Number of bioreactors

Bioreaction time, d

Bioreactor volume, L

Buffer volume ratio at centrifugation step s
Column cost of size 7 at chromatography step s,
GBP

Column cost of diameter size m at chromatog-
raphy step s, GBP

Volume of column size i at chromatography
step s, L

Dynamic binding capacity at chromatography
step s, g-L

Diameter of column size i at chromatography
step s, cm

Diameter of size m at chromatography step s, cm
Number of operators for downstream proces-
sing

Diafiltration volume ratio at the second UF/
DF step

Elute volume ratio at chromatography step s
Equipment lifetime, year

Final concentration of product, g-L™'

Flush volume ratio of the first UF/DF step
General equipment factor

General utility unit cost, GBP-L™'



8,0

ir
iA

lang
maxBBV
maxBN
masCN,

maxCOG
maxCYN,

maxH,
maxLM,
maxp
max7,
max7CV,
max7P,
mai

mepc

mik

ma
oel
of

prs

qi
rpe;
refCC

refDM

Bed height of column size i at chromatogra-
phy step s, cm

Interest rate

Ratio of insurance cost to fixed capital invest-
ment

Lifetime of resin at chromatography step s,
cycle

Lang factor

Maximum buffer volume per batch, L
Maximum number of batches

Maximum number of columns at chromatog-
raphy step s

Maximum COG per gram, GBP-L™'
Maximum number of cycles at chromatogra-
phy step s

Maximum column bed height size at chroma-
tography step s, cm

Maximum product mass loaded at chromatog-
raphy step s, g

Maximum position in multiparametric disag-
gregation

Maximum processing time per batch at chro-
matography step s, h

Maximum total column volume at chromatog-
raphy step s, L

Maximum throughput at chromatography step
s, gL’

Maintenance cost ratio to the fixed capital in-
vestment

Media price, GBP-L'

Miscellaneous material cost ratio to chemical
reagent and consumable costs

Management cost ratio to direct labor cost
Other equipment cost ratio to the bioreactor cost
Resin overpacking factor

Processing rate of step s, L-h™'

Ratio of QCQA cost to direct labor cost

Resin price at chromatography step s, GBP-L™
Reference cost of a chromatography column,
GBP

Reference diameter of a chromatography col-

umn, cm

sfd
sfn
st
SA
titer
A
uon
uot

vel

vd,

0
s

g

B

QA = o o

Duration per shift, h

Number of shifts per day, d'

Seed train bioreaction time, d

Supervisors cost ratio to direct labor cost
Upstream product titer, g-L"'

Tax cost ratio to the fixed capital investment
Number of operators per bioreactor in USP
USP operating time per day

Linear velocity of flow at the anion-exchange
chromatography step, cm-h™'

Wage of an operator, GBP-L™'

Product yield at step s

Bioreactor working volume ratio

Constant coefficient in interval 7 at chroma-
tography step s

Coefficient for bed height in interval 7 at chro-
matography step s

Coefficient for loaded mass in interval r at
chromatography step s

Coefficient for velocity in interval r at chro-
matography step s

A small number

Media overfill allowance

Chromatography resin utilization factor

Batch success rate

Continuous variables

ABV
AP
AT
BAT

BBV
BC
BRC
BT
BV,

cAC
cC

CcoG
CRC

Annual buffer volume, L

Annual product output, g

Annual downstream operating time, d

Time for adding buffer per batch at the an-
ion-exchange chromatography step, h

Buffer volume added per batch, L

Buffer cost, GBP

Bioreactor cost, GBP

Downstream processing time per batch, d
Buffer volume per batch in chromatography
step s, L

Capital cost, GBP

Consumables cost, GBP

Annual cost of goods, GBP

Chemical reagents cost, GBP



CAP,

CTP,,
DLC
FCI
GUC
Ic
LC
LM,

LM,

K

MEC
MIC
oiC
PLT

PV,

PV,

s

ocC
RV

SC

TC
CY;,

TP

P!

uc

Continuous variable for annual production in
multiple disaggregation at digit g

Continuous variable for throughput in multiple
disaggregation at digit g, step s

Direct labor cost, GBP

Fixed capital investment, GBP

General utility cost, GBP

Insurance cost, GBP

Labor cost, GBP

Mass loaded to single column at chromatogra-
phy step s, g

Mass loaded to single 1-m-diameter column at
chromatography step s, g

Initial product mass entering downstream pro-
cesses per batch, g

Product mass per batch after step s, g
Maintenance cost, GBP

Management cost, GBP

Media cost, GBP

Miscellaneous material cost, GBP

Other indirect costs, GBP

Time for loading product per batch at an-
ion-exchange chromatography step, h

Initial product volume entering downstream
processes per batch, L

Product volume per batch after step s, L
QCQA cost, GBP

Resin volume required at chromatography step
s, L

Supervisors cost, GBP

Processing time per batch of step s, h

Tax cost, GBP

Total column volume at chromatography step
s, L

Throughput of single column at chromatogra-
phy step s, g-h”’

Throughput of single 1-m-diameter column at
chromatography step s, g-h”™'

Utilities cost, GBP

Linear velocity of flow at chromatography

step s, cm-h™'
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VFR Volumetric flow rate at anion-exchange chro-

matography step, L-h"'

Binary variables
BAP,, 1 if digit g for power d is selected for annual
production output; 0 otherwise

BTP, 1 if digit ¢ for power d is selected for through-

s.dhg
put at chromatography step s; 0 otherwise

E., 1 if diameter size m is selected at chromatog-
raphy step s; 0 otherwise

F 1 if there are j columns at chromatography
step s; 0 otherwise

O, 1 if the function at interval r is selected at
chromatography step s; 0 otherwise

Wi 1 if there are j columns of size i at chromatog-
raphy step s; 0 otherwise

X 1 if column size i is selected at chromatogra-
phy step s; 0 otherwise

Yo, 1 if there are k cycles at chromatography step s;
0 otherwise

Z, 1 if the nth digit of the binary representation

of variable BN is equal to 1; 0 otherwise

Integer variables

BN Number of completed batches

CN; Number of columns of size i at chromatogra-
phy step s

EVS Number of columns at chromatography step s

CYN, Number of cycles per batch at chromatogra-
phy step s

H, Bed height of column at chromatography step
s, cm

Auxiliary variables
BCOGAP,, = COG-BAP,,
m)x,d,q =TI 'BTP,,,
CCOGAP, = COG-CAP,
COGAP = COG-AP
CTTP,, = TCTP,,

EF,, =E,, F,

s,m,j
EFH = ES,WI.FSJ.HS

s,mj



20

EFT,,, = E,, F,;PLT
ELM,, = E,,-LM!

ETP,, =E,, TP,
FTTP,, = F,, T TP,
F_Ys;,k =F Y,

FYLM,;, = F./Y,;-LM,

TTPs = T.-TP,

WT,,, = W,,-PLT
WTTP,,, = W,,;-T,- TP,
Wv,[,/,k =W, Y

WYLM, ;s = W, Y, LM,

s,

XLM,; = X, ;LM
XLM,; = X,/ LM!

)TYS,,',k =X Y,
m\gk =Y H,
YV, = Y, TCV,
IM,, = Z, M,
ZT, = Z,BT

n

ZV,= Z,BBV

n

ZYV = ZnY  TCV

Appendix A. Supplementary data

Supplementary data to this article can be found online
at https://doi.org/10.1016/j.eng.2019.10.011.
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