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ADDITIONAL FILE

A. Information about intracellular chemicals

Table A.1 presents information from previous studies regarding the important process parameters and

assumptions for production and recovery of some intracellular chemicals.

Table A.1 Previous studies on economic assessment for production and recovery of intracellular chemicals

Product example Important assumptions and Results and Limitations References
parameters important findings
Poly- Two process flowsheets for PHB Production cost No optimization [1,2]
hydroxybutyrate  isolation: (i)surfactant digestion ranges from 5.58to  only process
(PHB) (ii)solubilization in CHCl3 11.96 $/kg PHB simulation
Capacity: 2850 tons/year No direct
Depending on microbial species; comparison of
biomass titer: 15-110 g/L and alternate
product content: 40 to 70 %CDW technologies
Cyanophycin Substrate: food industry waste stream Production cost Analysis based on [3, 4]

-phycoerythrin
(BPE)

Astaxanthin

Capacity: 1200 tons/year
Biomass titer: 5g/L
Product content: 25% (CDW)

Major technologies in flowsheet:
photobioreactor, bead mill,
precipitation, aqueous two phase
extraction, ultrafiltration
Capacity: 149 mg/batch

Biomass titer: ~ 6g/L

Product content: 1% (CDW)

Major technologies in flowsheet:
Filtration, centrifuge, bead mill, acid
hydrolysis, precipitation, drying
Capacity - Pilot scale

estimated as 5.61
$/kg cyanophycin

Production cost
estimated as $1.17
$/mg of BPE

Production cost
estimated about
1600 - 7900 $/kg

comparison with
other chemicals

No details of process
flowsheet or
technologies

Process simulation  [5]
on pilot scale

No sensitivity
information

Information
collected from
multiple studies
Usually lab and pilot
scale simulations

[6-8]




B. Case study 1 - Intracellular insoluble product

B.1

Separation scheme and superstructure for intracellular insoluble product

The general separation scheme for all intracellular (IN) and insoluble (NSL) products is presented in Figure

B.1 and is adapted from previous work on separation schemes for bio-based chemicals [9].
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Figure B.1 Separation scheme for intracellular (IN) and insoluble (NSL) product. The color scheme denotes the three
stages: stage I - red, stage Il -green and stage III - blue. The technology suitability has been divided into grades - fair
(*), good (**) and excellent (***), if applicable under certain conditions (¢) and physical state of the product (solid (S)
and liquid (L)).

We reduce the list of technologies based on additional product properties such as solid (SLD), heavy (HV),
and commodity (CMD) grade, considered for case study I. The simplified scheme for the additional
property descriptors is shown in Figure B.2. This enables the generation of a more relevant separation
superstructure [10-12], which can be used for the systematic synthesis of separation processes. The

separation superstructure for the class IN-NSL-SLD-HV-CMD is shown in Figure B.3.
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Figure B.2 Separation scheme for product class intracellular-insoluble-solid-heavy-commodity (IN-NSL-SLD-HV-
CMD) chemical. The reduced list of relevant technology options in each stage are listed in the corresponding boxes.
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Figure B.3 Separation superstructure for intracellular (IN), insoluble (NSL), solid (SLD), heavy (HV), commodity
(CMD) product. It consists of three stages distinguished using different colors: (I) Cell and product isolation - red (II)
Product concentration - green (III) Product purification and refinement - blue. The technologies involved are
flocculation (Flc), sedimentation (Sdm), centrifugation (Cnt,1,2,3,4), filtration (Ftt,1,2), acid hydrolysis (Ahy), enzyme
lysis (Ely), bead milling (Bml), membrane processes (microfiltration (MF,1,2,3,4) and reverse osmosis (RO,1,2)),
differential digestion (Ddg), solubilization (Slb), precipitation (Prc) and drying (Dry). An option for bypassing (Byp) a
set of parallel technologies for phase isolation is included in stage-I.

B.2 Model details and equations

Notations

— The ‘uppercase italic Latin fonts (not colored)’ are for variables (optimization variables)

— The uppercase Latin fonts and lowercase Greek fonts in red are the specified input parameters

— The uppercase Latin fonts and lowercase Greek fonts in green color are for the parameters evaluated from
inputs available

— The parameter or variable to be evaluated is always on the L.H.S. of the equation

B.2.1 Indices and sets

i € I - technologies (used as subscript to variables)
{flc - flocculation,

sdm - sedimentation,



splt# and mxs# - splitters and mixers,

cnt# - centrifugation and # = {1, 2, 3, 4},

ftt# - filtration and # = {1, 2},

mbr - membranes, MF (mf#) - microfiltration {1, 2, 3, 4} and RO (ro#) - reverse osmosis {1, 2}
ahy - acid hydrolysis (cell disruption by chemical method)

ely - enzyme lysis (cell disruption by biological method)

bml - bead mill (cell disruption by mechanical method)

byp - bypass

ddg - differential digestion of NPCM (non-product cell materials)

sIb - solubilization of product

prc - precipitation

dry - drying}
j € J - stream (used as subscript to variables)
{1,2,3,4, oo , 68}

k € K - components (used as subscript to variables)
{B - biomass, W - water, Prd - product, Prot - proteins, Lpd - lipids, RNA, Oth - others, Deb - debris,
RS - residual solids, Flcnt - flocculent added, Acid - acid added, Enz - enzyme added, Solv - solvent,
Agnt - digestion agent, Ansl - antisolvent in precipitation}

s € NS - stages {s1, s2, s3}

l € L - utilities {electricity (elec), steam (stm), cooling water (cwt), refrigerant (rfrg)}

B.2.2 Subsets

Subsets for technologies
ISST — technologies with costs
{flc, sdm, cntl, ftt1, ahy, ely, bml, cnt2, ftt2, mf1, ddg, slb, cnt3, mf2, ro1, cnt4, mf3, ro2, prc, mf4, dry}
ICF — technologies with concentration factor
{sdm, cntl, cnt2, cnt3, cnt4, fttl, ftt2, mf1l, mf2, mf3, mf4, rol, ro2}
IcoNs — technologies having consumables
{ftt1, ftt2, mf1, mf2, mf3, mf4, rol, ro2}
IBV - technologies having binary selection constraints
{sdm, cntl, ftt1, ahy, ely, bml, cnt2, fttZ2, mf1,byp, ddg, slb, cnt3, mf2, rol, cnt4, mf3, ro2, prc, mf4}
51 - technologies in stage |
{flc, sdm, cntl, ftt1, ahy, ely, bml, cnt2, ftt2, mf1,byp, ddg, slb, cnt3, mf2, rol, cnt4, mf3, ro2}
I52 - technologies in stage II
{prc, mf4}



I$3 - technologies in stage 111
{dry}

Subsets for streams

JBD - streams before disruption
{1to 14}

JAD — streams after disruption
{23 to 68}

Subsets for components
KIP - components in process streams
{B, W, Acid, Enz, Prd, Prot, Carb, RNA, Lpd, Deb, Oth, RS, Solv, Agnt, AnSI}
KBP - basic components before disruption
{B W}
K¢ - components in cell or biomass
{Prd, Prot, Carb, RNA, Lpd, Deb, Oth}
KH1 — heavy components in stage-1
{Prd, Prot, RNA, Deb, RS}
K1 - light components in stage-1
{Carb, W, Lpd, Oth, Acid, Enz}
KPH1 — heavy components in stage-1 after ddg
{Prd}
KPL1 - Jight components in stage-1 after ddg
{Prot, RNA, Deb, RS, Carb, W, Lpd, Oth, Acid, Enz, Agnt}
K5H1 - heavy components in stage-1 after slb
{Prot, RNA, Deb, RS, Carb, Lpd, Oth, Acid, Enz}
K51 - light components in stage-1 after slb
{Prd, Solv, W}
KAPD — externally added components
{Flcnt, Acid, Enz, Solv, Agnt, AnSI}
KSO0L — externally added solvent components
{Acid, Enz, Solv, Agnt, AnSI}
K"S - non-solvent components
{B, W, Prd, Prot, Carb, RNA, Lpd, Deb, Oth, RS}
KOTP — components other than product
{B, W, Acid, Enz, Prot, Carb, RNA, Lpd, Deb, Oth, RS, Solv, Agnt, AnSI}



B.2.3 Dynamic sets for connectivity

To denote connection between technologies, streams and components (Yes if connected, No if not)
Ji- streams of technology i
Jin;- inlet streams of technology i
Jout;- outlet streams of technology i
K; - components k in technology i

Kj - components k in stream j

B.2.4 Model Parameters

General parameters
Y; (%) = Release parameter in disruption technologies
{; (m3/m?h) = Flux of technology i {ftt and mbr technologies}
n;(%) = Efficiency of technology i
0;(h) = Residence time in technology i
g,kep (h/year) - Replacement time for consumables in technology i
KCqry (%) = Sublimation percentage in dryer
Astm (KJ/kg) = Latent heat of steam
AV, (K]J/kg) = Heat of vaporization of component k
¢k,i(——) = Retention factor of component k for technology i {ftt and mbr technologies}
Tlreeq ($/kg biomass) = Entering feed cost in terms of per kg biomass
7ReP; ($/unit) = Replacement cost of consumables per unit capacity in technology i
7y ($/unit) = Unit price of component k or utility |
pr (kg/m?) = Density of component k
¢rr(——) = Capital recovery/charge factor (0.11)
Tann(h/annum) = Annual operating time in hours (330 day/annum x 24 h/day = 7920 h/annum)
Paaar (kg/kg) = Addition amounts for flocculants and enzyme
Py _r:(kg/kg) = Solubility of component k in K’
BMC,, 1t (——) = Bare module cost multiplier (5.4)
Cpio(kg/m3or g/L) = Biomass titer
Crap($/h) = Labor cost - operator basis (30)
Cpx (KJ/kg-°C) = Specific heat of component k
C0;($/capacity) = Cost of a technology with standard capacity
dp,(m) = Particle diameter
dfioc(m) =Floc diameter
Frc), (——)= Fraction of cellular component k in biomass

g(m/s?) = Acceleration due to gravity



M1, (——) = Big-M constant for component k

MW, (kg/mol) = Molecular weight of component k

nc;(——) = cost scaling index for technologies

Nlabr;(#/h) = # of laborers required for technology i per hour
Prdg(kg/h) = Final product recovered per hour (1000)

Pur (%) = purity of product (95)

Q0;(m3 or m? orm3/h) = Standard capacity of a technology for costing, labor and power required
(varies - details in Table A.3.18 in section A.3)

Tamp (°C) = Ambient temperature (25)

Tsq: (°C) = Saturation temperature (100)

Tcw;, (°C) = Cooling water temperature in (25)

Tcwyye (°C) = Cooling water temperature out (30)

Tfr, (°C) = Freezing temperature in freeze dryer (0.00001)
Trfrg;, (°C) = Refrigerant temperature in (-10)

Trfrg,,: (°C) = Refrigerant temperature out (0.00001)
UA;(KJ/m?°C) = Heat transfer coefficient

Wsp;(kW /h) =Power required by technology i per hour

Evaluated parameters
w;(rpm) = angular velocity in centrifuge technologies i = {cnt1, cnt2, cnt3, cnt4}
SOR;(m/s) = surface overflow rate in sedimentation, i = {sdm}
Ug rioc(m/s) = settling velocity of flocs

Uy,i(m/s) = settling velocity in centrifuge technologies i = {cnt2, cnt3, cnt4}

B.2.5 Model Variables

General variables

Ce;($/capacity) = Purchase cost for technologies i € I¢5T

CF;(m3/m3) = Concentration factor for technologies i € I‘F
Creeq($/h) = Purchase cost of feed stream

Cons;($/annum) = Consumable costs for technologies i € I¢ONS
Cpur,($/h) = Purchase cost of added components (k € K4PD)
E,»(K]/h) = Energy required for sublimation

M; ;. (kg/h) = Mass flowrate of component k in stream j

Mcw;(kg/h) = Amount of cooling water required for technologies i € I1¢5T

Mstm;(kg/h) = Amount of steam required for technologies i € I¢ST

NIb;(#/h) = Number of laborers required for technologies i € I¢5T

PW;(KW /h) = Power required for technologies i € I¢5T



2

Qc;(m3 or m? or m3/h) = Costing variable for technologies i € I°5T

QW (m3/h) = Entering stream flowrate
Stage-wise costing variables:
CCACys: 4= Fixed (annualized capital) cost in nth stage
CCCSystg= Consumables cost in nth stage
CCLBystg= Labor cost in nth stage
CCOTystg= Other cost in n stage (overheads and supervision costs)
CCRM 4= Materials cost in nth stage
CCTCpg¢q= Total cost in nt stage (all costs added)
CCUTystg= Utility cost in nth stage
CCTAC, CCTCS, CCTFC, CCTLB, CCTOT, CCTPC, CCTRM, CCTUT = Total costs for the different categories

for the complete separation process
Binary variables

y;(——) = Binary variables for technologies to be selected i € I8V

B.2.6 Model Equations:

Initial flow assignment equations:

Myw = p, QW (1.1a)
Ml,B = Cpin QW (1-1b)

Component balances in all technologies:

YiesingMik = Xjejout; Mjx; Vk € KIP and i €1 (1.2)
Cost of entering feed:

Creed = TreeaM1p (1.3)

Cost of technologies:

(ccg ) = (35 )nq s vieIst (1.4)

Labor requirement in technologies:
NIb;Q0; = Nlabr;Qc; ; Vi € I¢5T (1.5)

Consumable costs in technologies:

Cons; = ;f‘;;’; ReP,Qc; ; i € 1657 (1.6)
Logical equations:
Mj,—Ml,y; <0; VielI®,je] k € K;and K; (1.7)



Technology selection equations:

Stage-1 technologies:

Harvesting technologies:

Ysam T Yent1 + Yreer = 1 (1.8)
Cell disruption technologies:

Yahy + Yety + Yomi =1 (1.9)

Phase isolation technologies:

Yentz ¥ Vreez ¥ Ympr + Voyp = 1 (1.10)
Ysip + Yaag =1 (1.11)
Yents + Ymp2 + Yrvst = Yaag (1.12)
Yenta + Ympz + Yrvsz = Ysib (1.13)

Stage-I1I technologies:

Ypre = Ysib (1.14)
Ymfa = Vprc (1.15)
Stage-1 models: Flocculation, cell harvesting, cell disruption and phase isolation technologies

Flocculation (Flc):

Flocculent added:

M

M3 picnt = ®add,rient [ZkeKBD (p;kk)] (2.1)

Flocculent cost:
Cpurpient = 7-[Flcni.“IVIZ,Flcnt (2-2)

Volume of flc1:

Qcric = Ofic [ZkeKBD (Ml'k)] (2.3)

Pk

Power required:

M

PWrie = Wspgie [ZkEKBD (p;kk)] (24)

Cell harvesting:

Sedimentation (Sdm):

Efficiency equations:

M
Nsam = Mji 3.1)

Written as: 774, My g = Mg



M7;w
Myw

Nsam =

Concentration factor (CF¢qp,): (volume concentration factor)

[ZkeK;(kak)]
Written as: CFygp, [ZkEK] (MSk)] [ZkEK] (M4 k)]

2 < CFogm < 15

CFsqm =

Written as: CFsgp < 15Ysqm and CFsgm = 2Ysam

Area of sedimentation tank:

_ [penlG)]

C =
Q sdm SORsam

Centrifugation (Cnt,1):

Efficiency equations:

MioB
Hent1 = —,
cn MS,B

Mo w

Nent1r =
Msw

Concentration factor (CF¢p1):

2 < CFoppy < 20

Sigma factor equation:

QccnﬂU JFloc — [ZkEK] (MS k)]

Pk

Power required:

PWener = WsPener [ZkeKl (Ms k)]

Power dissipation to heat is about 40%, hence cooling utility is required:

Mcw i1 Cow (Tewoy — Tewiy) = (0.4PWeptq)

Filtration (Ftt,1):

Retention factor equations:

M
$kfeer = ﬁ vk € KBP

Written as: § rre1 Mo = Myg

(3.2)

(3.3)

(3.4)

(4.1)

(4.2)

(4.3)

(4.4)

(4.5)

(4.6)

(5.1)
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Concentration factor (CFgyq):

2 < CFyy < 30

Flux balance:

Mg i

(fttchfffl = [ZREKj (E)] (1 B CFjlftm)

. M
Written as: {f;11QCre1CFreeq = [ZkeKj (kak)] (CFpee1 — 1)

Power required:
PWyit1 = Wsprer1QCreen
Cell disruption technologies:

Acid hydrolysis (Ahy):

Component release equation:

Mygk = YonyFregMys g; Vk € K©
Residual component (RS) after release:
Mygrs = Misp — Xkeke Miok
Acid added:
Migacia = Padad,acia Lreks? Mis
Acid cost:
Cpuracia = TaciaMis acia
Costing variables:

Qcahy = [ZkEK]’ (M)]

Pk
Power required:
PWany = WspanyQCany
Steam required for heating to hydrolysis temperature:
MstmgpyAsem = [EkEKBD Mis 1 Cpy + M1g acia CpAcid](Tahy — Tamp)

Enzyme lysis (Ely):

Component release equation:

My = Yoy FreMygp; Vk € K€

(5.2)

(5.3)

(5.4)

6.1)

(6.2)

(6.3)

(6.4)

(6.5)

(6.6)

6.7)

(7.1)
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Residual component (RS) after release:

M31rs = Mi6p — DikeKC M1k
Enzyme added:

MZO,Enz = (tbadd,Enleé,B
Enzyme cost:

Cpurgn, = TgnMao Enz

Costing variables:

Qcery = [ZkeKi (M21'k)]

Pk

Power required:
PWery = WsPeryQCery

Bead mill (Bml):

Component release equation:

Myy g = YV FregMyzy; Vk € K¢

Residual component (RS) after release:

Mzz,Rs = M17,B - ZkeKC M22,k

Volume of bead mill:

Qcpmi = Opmu [ZkEKi (m)]

Pk

Power required:

PWbml = 13.33 Ypmi + 167chml

Almost, 60 percent of power dissipates to heat, hence cooling is required.

Cooling water required:

Mcwpym Cow (Tcwoye — Tewiy) = (0.6PWpp)

Phase isolation technologies:

Centrifugation (Cnt,2):

Efficiency equations:

z:kel(Hl M29,k

Tent2
z:kEKHl M24’k

z:kel(l‘l Mzs,k

Tent2
ZkEKLl M24’k

Concentration factor (CF,p;2):

(7.2)

(7.3)

(7.4)

(7.5)

(7.6)

(8.1)

(8.2)

(8.3)

(8.4)

(8.5)

9.1)

9.2)



[ZkEKI(M24 i

M29k
kEK]

2 < CFppy < 20

CFenz =

Sigma factor equation:

Qccnt2Ugpen = [ZREK]'(

Power required:

M
PWentz = Wspeneo [ZkEKj (L'k

Power dissipation to heat is about 40%, hence cooling utility is required:

—Tewiy) = (0.4PWeyez)

)
l

MCchtZ CPW (TCWout

Filtration (Ftt2):

Retention factor equations:

M31k JP
Sk frez = Mook ; Vk € K:

Concentration factor (CFy):

2 < CFyp <30

Flux balance:

Cree2QCretn = [ZkEK](

Power required:

M3s
Pk

PWeiea = WSPrr2QCret2

Microfiltration (mbr-mf1):

Retention factor equations:

Ekmfl

. Vk € KIP

Concentration factor (CFp,¢):

Chnf1 = [ZREK]< kk

1.01 < CFpypy <35

[ZREK](M33 £

)
)

)

Pk

Pk

)I(1-

)

1

CFfte2

)

9.3)

9.4)

(9.5)

9.6)

(10.1)

(10.2)

(10.3)

(10.4)

(11.1)

(11.2)
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Flux balance:

Cmp1QCmpr = [Zkexj (M26'k)] (1 ! ) (11.3)

Pk CFmf1

Power required:
PWinp1 = WsppmrQCmsr (11.4)

Differential digestion (ddg):

Digestion agent added:
M38,Agnt = (Jbadd,Agnt[(ZkeKC M36,k) - M36,Prd] (12.1)

Digestion agent cost:

CpuTAgnt = T[AgntM38,Agnt (12.2)
Costing variables:
M
Qcadg = [Zerre (2] (12.3)

Power required:
PWaag = WspPaagQCaag (12.4)

Solubilization (slb):

Solubilizing solvent added:

M40,Solv = ¢add,501vM37,Prd (13-1)

Solvent cost:

Cpursep, = 7TSolv]\/IéLO,Solv (13-2)
Costing variables:
M
Qcqp = [Srewrr (*225)] (133)

Power required:

PWep = WspspQcsip (13.4)

Centrifugation (Cnt,3):

Efficiency equations:

LyexpH1 M

k (14.1)

k

Nenes
YyexpH1 M

Tpegp11 M,

k (14.2)

k

Nents
YpexPL1 M,,



Concentration factor (CF.p3):

CFenez =

1.01 < CFop3 < 25

Sigma factor equation:

Qccnts Ug,cntS = [ZkEK]’(

Power required:

PWenez = Wspenes [ZkeKj(

Power dissipation to heat is about 40%, hence cooling utility is required:

Mcwep3Coy (Tcwoye — Tewiy) = (0.4PWept3)

Reverse osmosis (rol):

Retention factor equations:

Mo,k
[Ekel{j( Pk

)

M42,k)]
Pk

My,
Pk

— Msok . P
Ek,rvsl - M ) Vk € K]
44,k

Concentration factor (CF.qq):

1.01 < CF,y; < 35

Flux balance:
(rolQCrol = [ZkEKj

Power required:

p

PWrol = WSprolQCrol

Microfiltration-2 (mf.2):

Retention factor equations:

)

Eemyz = Bk ok e KIP

)
Myz

Concentration factor (CFp,f):

Chnp2 = [ZREKj<M:iIk

Pk

1.01 < CFppp < 35

)
)

Myg k
[Zkekj(

‘)

1
CFro1

)

(14.3)

(14.4)

(14.5)

(15.6)

(15.1)

(15.2)

(15.3)

(15.4)

(16.1)

(16.2)

15



Flux balance:

Cmp2QCmp2 = [EkeKi (M;Z'k)] (1 B CanfZ)

Power required:

PWmfZ = WspmeCmfZ

Centrifugation (Cnt4):

Efficiency equations:

_ YkekSH1 Mok

‘;cnt4
M
ZkEKSHl 52,

_ LyegstiMg

Nents =
Erexst1M,

Concentration factor (CF p4):

 [pee(®22)
et = e (7225)]

1.01 < CFuppy < 20

Sigma factor equation:

— Mg,k
Qccnt4Ug,cnt4 - [ZkEKj( Dk )]

Power required:

PWenta = WSPenea [ZkeKi (%)]

Power dissipation to heat is about 40%, hence cooling utility is required:

McWeneaCow (Tcwoy — Tewiy) = (0.4PWepts)

Reverse osmosis (ro2):

Retention factor equations:

— Msok . P
Ek,rvsz M ; Vk € K
54,k

Concentration factor (CFy3):

[Zeer(52)]
[Beer(525)]

1.01 < CF,,, < 35

CFrop =

Flux balance:

(ro2QCroz = [ZkeKi (M;:k)] (1 B CFioz)

(16.3)

(16.4)

(17.1)

(17.2)

(17.3)

(17.4)

(17.5)

(17.6)

(18.1)

(18.2)

(18.3)
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Power required:

PWyoz2 = WSPro2QCro2

Microfiltration 3 (mf3):

Retention factor equations:

Ms7 P
= ; Vk € K/
Ek,mf3 Mss

Concentration factor (CFp,¢3):

1.01 < CFpyp3 < 35

Flux balance:

M
Cmp3QCmpz = [ZkeKj (%k

Power required:

PWings = WPy rQCmyss

Stage-II technologies: Product concentration

Precipitation (prc):

Anti-solvent added for precipitation:

M62,Ansl = ¢add,Ansl ZkEK]P M61,k

Solvent cost:
Cpurpng = 7TAnsl]wéz,Ansl

Costing variables:

Qcprc = [ZkeKj (M63'k)]

Pk

Power required:

PVVprc = WSppchCprc

Microfiltration-4 (mf4):

Retention factor equations:

Megs i P
=—%k . yke K
Ek,mfﬁl Mes i

(3

(18.4)

(19.1)

(19.2)

(19.3)

(19.4)

(20.1)

(20.2)

(20.3)

(20.4)

(21.1)
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Concentration factor (CFp,¢4):

1.01 < CFpypq <35

Flux balance:

(mfaQCmpa = [ZREKI' (M;_Zk)] (1 : )

Cme4_

Power required:
PWinga = WSDyrQCmpa
Stage Ill technologies: Product purification and refinement
Drying (d
Solvents and other components removed by sublimation:
2kekor? Me7 i = KCary Legorr Mee k
Product not sublimed in freeze drying:
Meg pra = Mee,pra
Energy required for sublimation:
Equp = 2kekj Me7,k [(Cplefrz - Tamb|) + Asub,k]
Refrigerant required for freezing:
My frgCOrprg | T rfrgour — Trfigin| = Esyp
Area of dryer:
UAaryAary|T rfigous — Tamp| = Esup
Sublimation capacity - costing variable:
QCary = XkekjMe7
Power required in dryer:
PWary = WsparyAary
Final desired product conditions:
Product purity:
Mgg pra = Pur Yxekj Mesg k

Final product amount:

YkekjMegx = Prdp

(21.2)

(21.3)

(21.4)

(22.1)

(22.2)

(22.3)

(22.4)

(22.5)

(22.6)

(22.7)

(23.1)

(23.2)
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Equations for evaluating stage-wise categorical costs:

Annualized capital costs in each stage (annualized)

CCACystg = 1.66 CrrBM Cppyyy Zieistg{1,2,3} Ce; (24.1)

Material costs in stages:

CCRMs, = [Tann (CpurFlcnt + Cpurycig + Cpurgn, + Cpurser, + CpurAgnt)] (24-23)
CCRM; = [Tann (Cpurpnsi)] (24.2b)
CCRMs3 =0 (24.2¢)

Consumable costs in each stage:

CCRMsqy = Conspypq + Conspry + Consypq + Consypp + Consypz + Conspysy + Consyyg,

(24.3a)
CCRMg; = Conspyy (24.3b)
CCRMy; =0 (24.3¢c)
Labor costs in each stage:
CCLBNstg = Tann Crap Zieistg{1,2,3} Nib; (24.4)
Utility costs in each stage:
CCUTystg = Tumn (Cetec Ticistgtr,231 PWi) + (Cowe Lieistg(r,2,3 Mewt;) (245)

+(Coem Ticistgrrzzy Mstm;) + (Crprg Tieistgir,2,3 Mrirg:)
Total cost in each stage:

CCTCystg = CCACysrg + CCRMygrg + CCCSygeg + 2.78 CCLBy gy + CCUTygy  (24.6)

Other costs in each stage:

CCOTystg = CCTCpgg — {CCACysrg + CCRMygty + CCCSyseg + CCLByseg + CCUTygig)

(24.7)
Total costs in different categories:

CCTFC = 741y Creeq (25.1)
CCTAC = Ynenstg CCAC, (25.2)
CCTRM = Y enstg CCRM,, (25.3)
CCTCS = Ynenstg CCCSy (25.4)
CCTLB = Ynenstg CCLBy (25.5)
CCTUT = Ynenstg CCUT, (25.6)

CCTOT = Ynenstg CCOT,, (25.7)



Total process cost:

CCTPC($/annum) = CCTFC + CCTAC + CCTRM + CCTCS + CCTLB + CCTUT + CCTOT

(26)
Objective function:
Obj = MinCCTPC (27)
Overall process cost per unit product:
CCTPC
UPC($/kg) —TmdeF (28)

B.3 Model parameters and input data for base case:

Table B.3.1 Important input parameters and product specifications

Parameter Nominal value Units
Initial cell titer 5 g/L (kg/m3)
Cell diameter 10 pum
Product content in cells 25 wt% of cell dry weight (CDW)
Desired production capacity 1000 kg/h
Annual operation time 330 days/year
Final product purity 95 wt% purity
Table B.3.2 Cell dry weight composition:

Component Mass composition (wt %)
Product 25%

Carbohydrate 28%

Protein 13%

RNA 13%

Lipid 7%

Cell wall material 10%

Other 4%

Table B.3.3 Component density data:

Component Density (kg/m3)

Water 1000

Biomass 1100

Product 2000

Carbohydrate 1100

Protein 1850

RNA 1030

Lipid 850

Debris 1950

Other 0.04

Table B.3.4 Utility and labor costs: (SuperPro Designer v8.5)
Utility Cost per unit ($/unit)
Electricity 0.1 $/KWH

Cooling water 5E-5 $/kg

Steam 0.012 $/kg

Labor 30 $/laborer-h

B.3.5 Flocculation (Flc):
Flocculent added - 0.04 kg/m3; Flocculent cost - 5 $/kg
Floc diameter - 10E-> m (5 times increase in size)
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B.3.6 Sedimentation tank (Sdm):
Efficiency - 70%

Depth - 3m

B.3.7 Centrifuge (Cnt):

Parameter/Technology Cntl Cnt2, Cnt3, Cnt4
Efficiency 80% 85%

Rotation speed 9000 rpm 12000 rpm

B.3.8 Filtration (Ftt):

Flux: 0.2 m3m-2h-1

Retention factors (Ftt1): Biomass - 80%, Water - 20%

Retention factors (Ftt2): product - 80%, Water - 20%, other solid components (protein, debris) - 80%, liquids like
acid and enzyme - 20%, light liquids and soluble components (lipids, others) - 20%

Filter cost - 100 $/m?

Replacement time - 2000 h

B.3.9 Bead mill (Bml):
Product release - 85% (k - 0.02, phi - 0.82)

B.3.10 Enzyme lysis (Ely):

Enzyme addition - 0.02 kg/kg biomass
Enzyme cost - 50 $/kg

Density enzyme - 1150 kg/m3
Product release - 90%

B.3.11 Acid hydrolysis (Ahy):

Acid addition - 0.1 kg/kg solution (achieve 0.02 N)
Acid cost - 0.1 $/kg

Density enzyme - 1840 kg/m3

Product release - 85%

Temperature for lysis - 120 °C

B.3.12 Microfiltration (MF,1, 2, 3 and 4):

Flux - 0.0856 m3m-2h-1

Retention factor: light liquids and water - 0.15, heavy solid (product, debris, proteins) - 0.85, solvents - 0.15.
Microfilter membrane cost - 736 $/m?

Replacement time - 2000 h

B.3.13 Reverse osmosis (R0O-1,2):

Flux - 0.025 m3m-2h-1

Retention factor: light liquid components and water - 0.1, heavy solid (product, debris, proteins) - 0.90, solvents like
enzyme, acid - 0.1.

RO Membrane cost - 350 $/m?

Replacement time - 2000 h

B.3.14 Differential digestion (Ddg):

Agent required - 0.4 kg/kg NPCM (non-product cellular materials)
Cost of agent - 0.6 $/kg

Density of agent - 1100 kg/m3

B.3.15 Solubilization (SIb):

Solvent required - 0.4 kg/kg product
Cost of solvent - 0.6 $/kg

Density of solvent - 1800 kg/m3
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B.3.16 Precipitation (Prc)

Efficiency of product precipitation - 95%
Anti-solvent required - 2 kg/kg product
Cost of anti-solvent - 0.3 $/kg

Density of anti-solvent - 1000 kg/m3

B.3.17 Freeze drying (Dry):

Sublimation of solvents - 97%

Heat of sublimation - 5000 KJ/kg

Ambient temperature: 20 °C

Freezing temperature: (-1) ° C

Refrigerant inlet temperature - (-10) ° C

Refrigerant outlet temperature - 0 ° C

Specific heat (K]J/kg-°C): Refrigerant - 12, water - 4.2, other liquids - 1
Heat transfer coefficient - 180 KJ/m2-K-h

B.3.18 Table for standard capacity, costs, scaling factors, labor requirements for technologies:

Unit operation Standard Base costs Scaling Laborers Power required
(costing capacity) capacity (units) (million §) exponent (n) required (#/h) (KW/h)
Flocculation 2000 m3 0.538 0.5 0.1 0.0002
(Volume)

Sedimentation 2500 m2 1.128 0.57 0.1 0

(Area)

Centrifugel 60000 m2 0.275 0.65 1 12.79
(Sigma factor)

Filtration 80 m?2 0.039 0.55 0.5 0.1

(Area)

Bead milling 0.275 m3 0.272 0.95 0.5 (calculated from eq.
(Volume) 8.4in B.2.6)
Acid hydrolysis 80 m3/h 0.379 0.5 1 0.1
(Flowrate)

Microfiltration 80 m? 0.75 0.55 1 0.1

(Area)

Differential digestion =~ 40 m3/h 0.474 0.5 1 0.1
(Flowrate)

Solubilization 40 m3/h 0.474 0.5 1 0.1
(Flowrate)

Centrifuge (2,3,4) 60000 m? 0.66 0.65 1 19.2

(Sigma factor)

Reverse osmosis 80 m? 0.234 0.55 1 0.35

(Area)

Precipitation 40 m3/h 0.474 0.5 1 0.1
(Flowrate)

Freeze drying 600 kg/h 0.107 0.67 0.5 0.3
(Capacity)

B.4 Integer-cuts for alternate configurations

Integer cut (a. k. a. no good integer cut) is used to find the near best separation configuration [13]. The
utility of this implementation is to; (i) identify alternate technologies and separation configurations which
can be used if the optimal configuration cannot be implemented due to some constraints, and (ii) to what

extent is the overall process cost affected by the change in configurations. This is an iterative method
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where we keep adding integer cuts formulated from the previous solutions to the current optimization
problem, and solve it to find the next best solution. The equation (29) shows the generalized formula for an

integer cut.

Xyipy=1Yibv — Dyyp,=0Yiby < (# of I's in solution) — 1 (29)
Thus, the successive integer cuts added to the optimization model for study case I are:
(D Integer cut#1:

Ysam t Yrte1 + Vely T Yomi + Ymp1 + Vree2
[ycntl + Yahy + Venez + Yadg + ycnt3] — +3"byp + Ysipt Ymf2 + Yro1 + Vsip + Ympz| < (5)—1 (29.1)
+YVro2 T Yenta + Ypre + me4

(2) Integer cut#2:

YVsdm + yfttl + yely + Ybmi + mel
] — |+ Yreez T Yoyp T YaagtYentz + Ymp2| < (7) — 1 (29.2)
+Yro1tYmr3 + Yro2

YVent1 + Yahy + Yent2 + Ysib
tYenta T Ypre + Ymysa

(3) Integer cut#3:

Ysam t Yree1r T Yany T Yomi + Ymp1 + Vree2
[ndn + Yety + Yentz + Yaag + ndt3] — | ™Vbyp T Ysibt Yms2 T Yror T ¥Ysib + Yms3z | < (5) — 1 (29.3)
+3Ir02 + YVenta + Yprc + me4

B.5 Additional results from study -1
We present some additional results from the analysis performed for case study-1 in the following sub-
sections. These results support the major results presented in the paper and help in understanding the

overall approach and efforts used in the analysis.

B.5.1 Stage-wise categorical cost contributions

The stage-wise categorical (annualized capital, materials, consumables, utilities, labor and others) cost
contributions for the base case is shown in Figure B.4. It can be seen that materials (~42%) and utilities
(~41%) are major contributors in stage-1. The material costs are high because of flocculent addition in
flocculation (Flc), acid required in acid hydrolysis (Ahy) and digestion agent added in differential digestion
(Ddg) technologies. However, flocculation is a pretreatment technology required for efficient cell
harvesting and the amount of flocculent added is very low (lower cost contribution) as compared to the
amounts of acid and digestion agent (higher cost contribution). The utility requirements are high because
of centrifuge (Cnt,1,2,3) selection, an energy intensive process. Also, high speed of rotation is required to
achieve a reasonable centrifugal to gravitational force ratio, which causes heat dissipation and cooling is
required to maintain normal temperature conditions. In stage-III, the utility costs are high (~44%) because

of the sublimation agent used in drying (Dry).
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Figure B.4. Cost contribution by different categories (annualized capital, materials, consumables, labor, utilities and
other costs) in the three separation stages.

B.5.2 Plots for cell harvesting performance indices
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Figure B.5. Variation in the (A) Entering feed cost, (B) Separation cost, (C) Cell harvesting cost, and (D) Cell disruption
cost, for a range of performance index values for centrifuge (efficiency) and filtration (retention factor) technologies
used for cell harvesting. The white lines denote the change in unit selection and the black marker corresponds to the
base case (80, 80), where the centrifuge efficiency and filtration retention factor are both 80%.

It is evident from plot A that entering feed is more for sedimentation. The feed costs decrease significantly
with the increase in performance indices of centrifuge as well as filtration. Separation costs (plot B) follow

a similar trend as the overall process costs. The harvesting cost (plot C) is lowest for sedimentation,
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followed by centrifugation and highest for filtration. The cost variation for the region where centrifuge is
selected is highlighted in a smaller plot in plot C to show a clear change in the costs. The disruption cost
(plot D) depends on the amount of materials handled in the unit (as acid hydrolysis is the selected
technology in all scenarios) and hence is highest for sedimentation due to its low efficiency in harvesting.

The disruption costs vary based on the performance indices of centrifuge and filtration.

B.5.3 Plots for cell disruption performance indices
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Figure B.6. Variation in the (A) Entering feed cost, (B) Separation cost, (C) Cell harvesting cost, and (D) Cell disruption
cost, for a range of performance index values for acid hydrolysis (% release) and enzyme lysis (% release)
technologies used for cell disruption. The white lines denote the change in unit selection and the black marker
corresponds to the base case (85, 90), where the acid hydrolysis release is 85% and enzyme lysis release is 90%.

For variation in performance indices for cell disruption technologies, the bead mill option is not
competitive when compared to acid hydrolysis and enzyme lysis. It is evident from plot A that entering feed
is more for acid hydrolysis. The feed costs decrease significantly with the increase in performance indices
of acid hydrolysis and enzyme lysis. Separation costs (plot B) follow a similar trend as the overall process
costs. The harvesting cost (plot C) is low in the region where enzyme lysis is selected. The disruption cost
(plot D) is high for enzyme lysis (due to high enzyme costs) as compared to acid hydrolysis (acid is cheaper

than enzyme).
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B.5.4 Plots for matching parameter for phase isolation

We observe that the cost of separation (plot A) increases as the amount of digestion agent or solubilizing
solvent increases. The stage-II is absent when differential digestion is selected (plot B). This shows that we
need to find better digestion agents with low requirements and low costs to enhance the separation

process as well as lower the costs.
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Figure B.7. Variation in the (A) Separation cost, and (B) Stage II cost, for a range of values for agent and solvent
addition (kg/kg biomass) in differential digestion and solubilization respectively. The white lines and the white region
denote the change in unit selection and the black marker corresponds to the base case (0.4, 0.4).

B.5.5 Plots for varying feed costs

The feed cost (a. k. a. the effluent for bioreactors) can vary based on the system in upstream processing.
The nutrient and substrates used for microbial growth and product formation can come from different
sources, hence causing a variation in the feed cost. We assume a cost based on unit product in the
downstream separation system and hence this number is different than the actual entering feed costs as
this also includes losses due to limitations in performance indices (less than 100% in all cases) of the
separation technologies. The overall process cost increases with the increase in feed cost however, the
separation cost remains constant. The separation technologies selected in all cases are the same (base case
configuration) hence there are no changes. The feed cost increase affects the actual entering feed costs and

hence the increase in overall process costs.
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Figure B.8. Effect of variation in feed costs (kg feed/kg product) on the overall process cost, separation cost and
actual entering feed costs. The feed cost on the x-axis is an assumed number and the actual entering feed cost is
different because of some losses during product recovery and purification in the technologies used.
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C. Case study 2 - Intracellular soluble product

C.1  Separation scheme and superstructure for intracellular soluble product
The general separation scheme for all intracellular (IN) soluble (SOL) products is presented in Figure C.1.

Upstream Stage I- Stage II- Product Stage Ill-Product

processing Cell and product isolation concentration purification & refinement
) _ Pretreatment Harvesting Disruption Phase isolation ' Extraoc:i*o*n(L)"*** «Crystallization(S)°**
* Microbial *Flocculation*** «Sedimentation** *Bead mill*** <Flocculation*** * ATPE *Pervaporation(L)**
cultivations *Coagulation®* sFiltration*** sHPH** Sedimentation* . E‘.’aF.’OV:{t'O”** Chromatography(L)***
* Process stream «Centrifuge***  «Enzyme *Filtration** * Distillation(L)*** «Bleaching®®***
characterization *Flotation®* lysis®***  eCentrifuge*** * Pervaporation(L)** *Drying(S)***
*Membrane-MF** «Chemical *Membrane-all*** * Membrane-all***
lysis®** *Solubilization®*** * Precipitation(S)****
* Adsorption®*
Z\ *Fair **Good ***Excellent

Water recycle 2 Some conditions apply

Physical state of product: (S) —solid & (L) — Liquid

Figure C.1 Separation scheme for intracellular (IN) and soluble (SOL) product. The color scheme denotes the three
stages: stage I - red, stage Il -green and stage III - blue. The technology suitability has been divided into grades - fair
(*), good (**) and excellent (***), if applicable under certain conditions (¢) and physical state of the product (solid (S)
and liquid (L)).

Upstream Stage I- Stage II- Product Stage lll-Product
processing Cell and product isolation concentration purification & refinement
. . Pretreatment Harvesting Disruption  Phase isolation o
e *Flocculation *Sedimentation  *Bead mill *Membrane (MF) p Ll (Eg el * Chromatography (Chr)
Al (Flc,1) and (Sdm,1) (Bml) *Sedimentation I (DStéz) * Pervaporation (Pvp)
* Process stream (Flc,2) “Filtration (Ftt,1) *Enzyme  (Sdm,2) ATPE {Atpe) * Bleaching (Blc)
characterization *Centrifuge (Cnt,1) lysis (Ely) <Filtration (Ftt,2) Membr.ane (UF)
*Centrifuge(Cnt,2) * Extraction (Ext)
T Water recycle

Figure C.2 Separation scheme for product class intracellular-soluble-liquid-volatile-specialty (IN-SOL-LQD-VOL-SPC)
chemical. The reduced list of relevant technology options in each stage are listed in the corresponding boxes.

We reduce the list of technologies based on additional product properties such as liquid (LQD),
volatile (VOL), and specialty (SPC) grade, considered for study case II. The simplified scheme for the
additional property descriptors is shown in Figure C.2. The separation superstructure for the class IN-SOL-
LQD-VOL-SPC is shown in Figure C.3.
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Process stream
Flc,1 Spltl

Final Product

Figure C.3 Separation superstructure for intracellular (IN) - soluble (SOL) - liquid (LQD) - volatile (VOL) - specialty
(SPC) chemical. The three stages are distinguished based on colors: (I) Cell and product isolation - red (II) Product
concentration - green (III) Product purification and refinement - blue. The technologies involved are flocculation
(Flc,1,2), sedimentation (Sdm,1,2), centrifugation (Cnt,1,2), filtration (Ftt,1,2), enzyme lysis (Ely), bead milling (Bml),
membrane processes (microfiltration (MF) and ultrafiltration (UF)), distillation (Dst1 and Dst2), aqueous two phase
extraction (Atpe), extraction (Ext), chromatography (Chr), pervaporation (Pvp) and bleaching (Blc). Options for
bypassing (Byp) a stage or some tasks are also included.

C.2  Model details and equations

C.2.1 Indices and sets

i € I - technologies (used as subscript to variables)

{fIc# - flocculation and #={1,2},

sdm - sedimentation and #={1,2},

splt# and mxs# - splitters and mixers,

cnt# - centrifugation and # = {1, 2,},

ftt# - filtration and # = {1, 2},

ely - enzyme lysis (cell disruption by biological method)

bml - bead mill (cell disruption by mechanical method)

mbr - membrane technologies, MF (mf) - microfiltration and UF (uf) - ultrafiltration

byp# - bypass

29



dst# - distillation and # = {1, 2},

atpe - aqueous two phase extraction
ext - liquid-liquid extraction

chr - chromatography

pvp - pervaporation

blc - bleaching}

j € J - streams (used as subscript to variables)

k € K - components (includes the following - used as subscript to variables)

{B - biomass, W - water, Deb - cell debris, Prd - desired product, SIb - soluble co-product, RS -

residual solids (unreleased cell components), Filcntl, Flcnt2 - Flocculants added, Enz - enzyme

added, Solv - solvent in ext, Salt - salt in atpe, Poly — polymer in atpe}
s € NS - stages {s1, s2, s3}

l € L - utilities {electricity (elec), steam (stm), cooling water (cwt)}

C.2.2 Subsets

Subsets for technologies
ISST — technologies with costs
{flc1, sdm1, cntl, ftt1, ely, bml, fic2, sdm2, cnt2, ftt2, mf, dst1, atpe, uf, ext, dst2, chr, pvp, bic}
ICF - technologies with concentration factor
{sdm1, sdm2, cntl, cnt2, ftt1, ftt2, mf, uf, pvp}
IcoNs — technologies having consumables
{ftt1, ftt2, mf, uf, pvp, bic}
IBV - technologies having binary selection constraints
{sdm1, cntl, ftt1, ely, bml, fic2, sdm2, cnt2, ftt2, mf, dst1, atpe, uf, ext, dst2, chr, pvp,byp#}
51 - technologies in stage |
{flc1, sdm1, cntl, ftt1, ely, bml, fic2, sdm2, cnt2, ftt2, mf}
B2 - technologies in stage II
{dst1, atpe, uf, ext, dst2}
I$3 - technologies in stage III

{chr, pvp, bic}

Subsets for streams

JBP — streams before disruption {1 to 13}

JAD — streams after disruption {19 to 72}

Jdst - streams in distillation {38, 42, 43, 52, 54, 55}

Jdst1 and Jdstz - streams in distillation #1{38, 42, 43} and #2 {52, 54, 55} respectively
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Subsets for components
KIP - components in process streams
{B, W, Prd, Deb, SIb, RS, Enz, Solv, Salt, Poly}
KBP — components before disruption
{B W}
K¢ - components in cell or biomass
{Prd, Slb, Deb}
KAPD — added components
{Flcntl, Filcnt2, Enz, Soly, Salt, Poly}
K!1 - light components in stage-1
{W, Prd, Sib}
KH1 - heavy components in stage-1
{Deb, RS, Enz}
Kidst - components in distillation #{1,2}
{W, Enz, Prd, Slb, Deb, RS, Solv}
Kdst1 — components in dst1
{W, Enz, Prd, Slb, Deb, RS}
Kdst2 — components in dst2
{W, Enz, Prd, Slb, Deb, RS, Solv}
Kpatee — solutes in ATPE
{Prd, W, Slb, Deb, RS, Enz}
Kpex - solutes in extraction
{Prd, Slb, Deb, Enz, RS}
K50L — added solvents
{Solv, Salt, Poly}
KNS - non-solvent components
{Prd, W, Slb, Deb, RS, Enz}
KOTP — components other than product
{W, Deb, Slb, RS, Enz, Solv, Salt, Poly}

C.2.3 Dynamic sets for connectivity

To denote connection between technologies, streams and components (Yes if connected, No if not)
Ji- streams of technology i
Jin;- inlet streams of technology i
Jout;- outlet streams of technology i

Ki - components k in technology i
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Kj - components k in stream j

C.2.4 Model Parameters

General parameters
ay,; = Relative volatility of component k for technology i {dst1 and dst2}
Y; (%) = Release parameter in disruption technologies
{; (m3/m?h) = Flux of technology i {ftt and mbr technologies}
1;(%) = Efficiency of technology i
0;(h) = Residence time in technology i
g;Rep (h/year) = Replacement time for consumables in technology i
KPT;, = Partition of component k in top phase in atpe
kP, = Partition of component k in solvent in ext
Astm (KJ/kg) = Latent heat of steam
AV, (K]J/kg) = Heat of vaporization of component k
¢k,i(——) = Retention factor of component k for technology i {ftt and mbr technologies}
Treeq ($/kg biomass) = Entering feed cost in terms of per kg biomass
mReP; ($/unit) = Replacement cost of consumables per unit capacity in technology i
7y s ($/unit) = Unit price of component k or utility /
pr (kg/m?) = Density of component k
¢grr(——) = Capital recovery/charge factor (0.11)
Tann(h/annum) = (330 day x 24 h/day = 7920)
Paaar (kg/kg) = Addition amounts for flocculants and enzyme
Py _r:(kg/kg) = Solubility of component k in k’
BMC, 1t (——) = Bare module cost multiplier (5.4)
Cpio(kg/m3or g/L) = Biomass titer
Crap($/h) = Labor cost - operator basis (30)
Cpx (KJ/kg-°C) = Specific heat of component k
C0;($/capacity) = Cost of a technology with standard capacity
dp(m) = Particle diameter
dfioc(m) = Floc diameter
Frc), (——)= Fraction of cellular component k in biomass
g(m/s?) = Acceleration due to gravity
M1, (——) = Big-M constant for component k
MW, (kg/mol) = Molecular weight of component k
nc;(——) = cost scaling index for technologies

Nlabr;(#/h) = # of laborers required for technology i per hour



Prdg(kg/h) = Final product recovered per hour (500)

Pur (%) = purity of product (99%)

Q0;(m3 or m? orm3/h) = Standard capacity of a technology for costing, labor and power required
(varies - details in Table B.3.18 in section B.3)

Tamp (°C) = Ambient temperature (25)

Tsq: (°C) = Saturation temperature (100)

Tcwy, (°C) = Cooling water temperature in (25)

Tcwyye (°C) = Cooling water temperature out (30)

Wsp;(kW /h) = Power required by technology i per hour

Evaluated parameters
w;(rpm) = angular velocity in centrifuge technologies i = {cnt1, cnt2}
SOR;(m/s) = surface overflow rate in sedimentation, i = {sdm1, sdmZ2}
Uy Floc,i(m/s) = settling velocity of flocs, i = {flc1, flc2}

Ug,i(m/s) = settling velocity in centrifuge technologies i = {cnt1, cnt2}

C.2.5 Model Variables

General variables

Ce;($/capacity) = Purchase cost for technologies i € I¢5T
CF;(m3/m3) = Concentration factor for technologies i € I‘F
Creeq($/h) = Purchase cost of feed stream
Cons;($/annum) = Consumable costs for technologies i € I¢ONS
Cpur,($/h) = Purchase cost of added components (k € K4PD)
Figst kast (Kmol/h) = Molar flows of components in distillation
M; ;. (kg/h) = Mass flowrate of component k in stream j
Mcw;(kg/h) = Amount of cooling water required for technologies i € I¢ST
Mstm;(kg/h) = Amount of steam required for technologies i € I¢5T
NIb;(#/h) = Number of laborers required for technologies i € I¢5T
PW;(KW /h) = Power required for technologies i € I¢5T
Qc;(m3 or m? or m3/h) = Costing variable for technologies i € I¢5T
QW (m3/h) = Entering stream flowrate

XMyt kase (—) = Mole fraction of components in distillation

Stage-wise costing variables:
CCACygg= Fixed (annualized capital) cost in n*h stage
CCCSpgeg= Consumables cost in nt stage

CCLBystg= Labor cost in nth stage
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CCOTystg= Other costin nt stage (overheads and supervision costs)

CCRMy;: 4= Materials cost in nt stage

CCTCystg= Total cost in nth stage (all costs added)

CCUTyg¢ 4= Utility cost in nth stage

CCTAC, CCTCS, CCTFC, CCTLB, CCTOT, CCTPC, CCTRM, CCTUT = Total costs for the different categories

for the complete separation process

Binary variables

y;(——) = Binary variables for technologies to be selected i € I8V

C.2.6 Model Equations

Initial flow assignment equations:

Myw = pwQW

My p = CpioQW
Component balances in all technologies:

YiejinyMix = Xjejout; Mj; Yk € KIP andi el
Cost of entering feed:

Creea = TreeaMy,p

Cost of technologies:

(&) = (%)nci s ViE ICST
CO; Q0;

Labor requirement in technologies:
NIb;Q0; = Nlabr;Qc; ; Vi € I¢5T
Consumable costs in technologies:

T .
Cons; =~ ReP,Qc; ; Vi € I¢ST
L

Logical equations:

Mjx — M1y, <0; VieIB,je ] k€ K;and K;

Technology selection equations:

Stage-I technologies:

Harvesting technologies:
Ysam1 T Yent1 + Yrtt1 = 1
Cell disruption technologies:

Yety T Vbmi = 1

(1.1a)
(1.1b)

(1.2)

(1.3)

(1.4)

(1.5)

(1.6)

(1.7)

(1.8)

(1.9)
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Phase isolation technologies:
Yfic2 t Ymf + Ybyp1 = 1
Ysam2 T Yent2 + Yrtt2 = YVficz

Stage-II technologies:

Yast1 T Yatpe T Vext T Vbyp2 = 1
Yuf = Yatpe
Yast2 = Yext

Stage-Ill technologies:

Yehr t Ybyp3z = 1
Ypvp T Ybypa = 1

Stage-1 models: Flocculation, cell harvesting, cell disruption and phase isolation technologies

Flocculationl (Flc,1):
Flocculent added:

M

_ 1,k
M; ricner = Padd Flent [ZkEKBD( o )]

Flocculent cost:
Courpicner = Trienci Mo Fiene1

Volume of flc1:

Qcfic1 = Ofie [ZkEKBD (N/I;kk)]

Power required:

PWrieq = Wspgien [ZkEKBD (N,Iglkk)]

Cell harvesting:

Sedimentation (Sdm,1):

Efficiency equations:

Mgg

Nsdm1 = 7,
sam Myp
M7 w

Nsam1 = 7,
sdm Mayw

Concentration factor (CFg4m1): (volume concentration factor)

ety (511

(1.10)
(1.11)

(1.12)
(1.13)
(1.14)

(1.15)
(1.16)

(2.1)

(2.2)

(2.3)

(2.4)

(3.1)
(3.2)

(3.3)
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2 < CFgqmy < 15

Area of sedimentation tank:

o
QCsam1 = M (3.4)

SORsam1
SORsinis an evaluated parameter:
SOdeml = Nsdm1 Ug,Flocl (35)

Centrifugation (Cnt,1):

Efficiency equations:

M

Nent1 = fo': (4-1)
M

Nent1 = ﬁ (4.2)

Concentration factor (CFp1):

T e (2 2
2<CF1 £20
Sigma factor equation:
Qccnt1Ug rioer = [ZkeKi (%)] (44)
Power required:
PWener = Wspenea [ZkEK]- (%)] (4.5)

Power dissipation to heat is about 40%, hence cooling utility is required:

McWepn 1 Cow (Tewoyr — Tewiy) = (0.4PWeptq) (4.6)

Filtration (Ftt,1):

Retention factor equations:

Eipeen = =125 5 vk € KBP (5.1)

)
6,k

Concentration factor (CFgq):

(5.2)

2 < CFpyy < 30

Flux balance:



Mg i

(fttchfffl = [ZREKI' (E)] (1 B CFjlftm)

Power required:

PWyier = WsDrie1QCree1
Cell disruption technologies:

Enzyme lysis (Ely):

Component release equation:
M7k = YeiyFregMygp; Vk € K€
Residual component (RS) after release:
Mi7rs = Miap — Xger M7k
Enzyme added:
M6 enz = Padad EnzMia
Enzyme cost:
Courgnz = TgnMi6Enz

Costing variables:

QCely = [ZkEKi (M17'k)]

Pk

Power required:

PWely = WSpelyQCely

Bead mill (Bml):

Component release equation:

Mgy = YymFrcMysy; Vk € K¢
Residual component (RS) after release:

M18,RS = MlS,B - ZREKC MlB,kC

Volume (costing variable) of bead mill technology:

Qcpmi == Opm [ZkeK,- (Ml&k)]

Pk
Power required:

PWbml = 13.33 Yomi + 167chml

(5.3)

(5.4)

6.1)

(6.2)

6.3)

(6.4)

(6.5)

(6.6)

(7.1)

(7.2)

(7.3)

(7.4)

Almost, 60 percent of power dissipates to heat, hence cooling is required.

Cooling water required:

Mcwpym Cow (Tcwoye — Tewiy) = (0.6PWppy)

(7.5)

37



Phase isolation technologies:

Microfiltration (mbr-mf):

Retention factor equations:

_ Mask | JP
Skomp = ey vk € K

Concentration factor (CFp¢):

_ [ (2]
[ ()]

1.01 < CFpy < 35

Flux balance:

CmpQCms = [ZREKi (M;Zk)] (1 B CF_lmf)

Power required:

PWing = WsppmrQCmy

Flocculation-2 (Flc,2):
Flocculent added:

_ M1k
M25,Flcnt2 - (;badd,FlcntZ [ZkEKj( Pk

Flocculent cost:
Coureicnez = Trient1Mas Fient2

Costing variable (volume) of flc2:

Qcfica = fica [ZkEKi (M,j,t'k)]

Power required:

PWpico = Wsppica | Suer, (2222)]

Sedimentation (Sdm,2):

Efficiency equations:

T] ZkEKH1 M31'k
sdm2
ZkGKHl M27_k
ZkEKL1 M30'k

Nsam2 =
ZkEKLl M27_k

(8.1)

(8.2)

(8.3)

(8.4)

9.1)

9.2)

9.3)

9.4)

(10.1)

(10.2)
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Concentration factor (CFsgqpm2):

Y ek Mj7k
CFaamz = % (10.3)
J\ P
2 < CFgqmz < 15
Costing variable:
0Cory = [ZkeKi<M;:k)] (10.4)

Centrifugation (cnt2):

Efficiency equations:

ZkEKHl M33'k

Nentz = 57 (11.1)

z:kEKHl Mzg_k

ZkEKLl M32'k

Nent2 = (11.2)

z:kEKLl Mzg_k

Concentration factor (CF;p2):

[Zk K]EMI;};";} 9

2 < CFepey < 25

CFenez =

Design equations:

Sigma factor equation:

Qcent2Ugrrocz = [ZkEK]- (M;i'k)] (11.4)

Power required:

PWentz = WsDenes [Zier, (2] (11.5)

I\ pr

Power dissipation to heat is about 40%, hence cooling utility is required:

McW 2 Cow (Tcwoy — Tewin) = (0.4PWept2) (11.6)

Filtration (Ftt2):

Retention factor equations:

Esir = 225k i € KIP (12.1)

)
M2z k

Concentration factor (CFy,):

_ [Z"E"i( o )] (12.2)

[ (52

CFfie2
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2 < CFgep <30

Flux balance:

renQser = [Saer (222)] (1 - ) (123)

Pk CF gtz

Power required:
PWeitr = WsDri12QCrte2 (12.4)

Stage - Il (Product concentration) technologies
Distillation1 (Dst,1):

Molar flow rates in dst,1:

Fo =2 vje Jot | e Kastt (13.1)
k

Component balance in dst,1:
Yiegin Fix = Zjejout, Fix; VJj € J*, k € K41 (13.2)
Mole fractions in dst,1:
- Fik . i e pdst
X, Tyexdstr Fik’ Vi€l (13.3)

Written as: Xm; x Ypegast1 Fj o = Fj i

Constraints on recovery:

Heavier than heavy key (HK - water) components are not in the distillate:

Xm4_2'k Wh.en(ak < aHK) = 0, vk € I(dSt1 (134)

Lighter than light key (LK - product) components are not in the bottoms:

Xmys when(ay, > ax) = 0; Vk € K95t (13.5)

Distillate recovery constraints:

Xm42,prd = 09 (136)
Xm42‘51b = 0.02 (137)
Xm4_2,W = 008 (138)

Design calculations:

The minimum number of stages can be calculated using Fenske’s equation.

N1, log ap,q = log [(Xm42'PTd> ( XMasw )] (13.9)

XMy w XMy3 prd

Written as: N1y, log ap,q = 10g(Xmyz pra ) Hlog(Xmyszw ) — log(Xmysw ) — log(Xmyz pra)
Underwood’s variable (Uy4) is evaluated by using;

(1 - q) = Zkedetl

LK Mask (13.10)

a=Uyg



Assume feed to be saturated liquid (q=1), L.H.S is zero

3 e pdstl ZcXMssk 0
s =
kek ap—=Uyq

Written as: ZkeKdm[akamk [xexgasa (o, — le)] = 0; (when K9t1 # KK%st1)

Minimum reflux ratio (R1,,i,)

A XMyy i

Rlmin = Xkegasn—,—; =~ 1 (13.11)

Written as: (1 + Rlmin) [Txegdsea(@r — Uyt) = Syegaser [ Xmaz e Miegrase (@ —
Uy1)]|; (when K%' = KK9s'T)
Reflux ratio (R1)
R1 - reflux ratio, usually 10-50% greater than Rpin.
R1 = 1.3R1 (13.12)
Number of theoretical stages (N1) (Gilliland, 1940)

. _ . ,0.5668
(Fmin) = 0,75 — 0.75 (Hmin) (13.13)
(Requires either N1, or R1mi to be already specified)
Simplified equation suggested by Towler and Sinnot, 2012
0.6N1 = N1, (13.14)

Number of actual stages (N14ct)
Number of actual stages is calculated by dividing the number of theoretical stages by the stage efficiency

(Mstage - approximately 80%).

Nlg, = —— (13.15)

Nstage

Height of column (H j4¢1)
The actual number of stages times the stage height (Hg.q ) yields the height of the column.

Hgser = Hstage Nlge (13.16)

Liquid (Liqas:1) and vapor (Vapas:) flowrates within the column:
Liqgser = R1 Y eastt Myy (13.17)
Vapases = Liqaser + Zrekastt Maz (13.18)

Column diameter (D44¢1)

The column diameter is calculated using vapor flowrate in the column.

e (13.19)

Uyqp — vapor linear velocity (m/h) - 10800 m/h
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Written as: nuvadestlz =4Vapier1
Volume (costing variable) of distillation column:

QCastr = 7 Daser*Hastr (13.20)

Utility requirements:

Initial heating (QSast1) of the feed to reach saturation temperature:

QSast1 = ZkEKdSt1 M38,k Cpx (Tsat - Tamb) (13-21)
Heat duty in distillation-1:
QHastr = (1 + R1) Xyegastt Fag e MW A7P ), (13.22)

Cooling in distillation-1:
QCdStl - Rl ZkEKdStl F4-2,kMWk Avapk (1323)
Steam required:

MStmdstl/lstm = QSdstl + QHdstl (13-24)

Cooling water required:

MCWdStICpW(TCWout - TCWin) = chstl (13-25)

Equations for variable bounds:

Nlmin = Yast1 (13-26)
Rlpin = 1.01y451 (13.27)
ATPE (Atpe):
Solubility equations for solvents (Poly (top) - Salt (bottom)):
M46,Poly = ¢Poly—BPM46,Salt (14.1)
M s saie = ¢Salt—TPM45,Poly (14.2)

Extraction factor (EFatpe ) for solutes (Kp®P¢):

EFatpe, = —MssPoly |y jp & gpatve (14.3)

Myy sait

Written as: EFatpegMay sqic = KPTy Maa pory

Design equations:

Equation for number of stages (Nuge) in terms of the solutes not recovered in top phase (TP):

(M39,k_M45.k) — < EFatper—1 >; , |V k € Kpatpe (144)

M3o 1 EFatpe;(Natrett) _g

Written as: (M39,k - M45,k)(EFatpek(NatW+1) - 1) = M39,k (EFatpek - 1)



Costing variable:

Qcatpe = [Zkexj (M39'k)] + [Zkel(,- (M44'k)]

Pk Pk

Power required:
PWatpe = Wspatpchatpe
Purchase costs of salt and polymer:
Cpursarr = TsaieMao sait
CpurPoly = nPolyMSO,Poly
Equations for variable bounds:
Natpe = Yatpe

EFatpeprq = 1.01Y44p,

Membrane-Ultrafiltration (mbr-uf):

Retention factor equations:

_ My,
Ek,uf = Moy vk € K]-

Concentration factor (CFy¢):

[Z"E"i(M::k)]

1.01 < CFy < 35

CFys

Flux balance:

CupQeys = [ZkeK,- (M;zk)] (1 - c;uf)

Power required:

PWuf = WSpquCuf

Extraction (Ext):

Solubility equations for solvent and water
Mszw = Yw-s01Msz,s01
Ms3 501 = Yso1-wMszw

Extraction factor (EFext;) for solutes (Kp®*):

P, M
EFext;, = —£ 5150 |y k € Kp®®

40,W

Written as: EFexty My w = kP Msq so1

(14.5)

(14.6)

(14.7)
(14.8)

(14.9)
(14.10)

(15.1)

(15.2)

(15.3)

(15.4)

(16.1)
(16.2)

(16.3)
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Design equations:

Equation for number of stages (Nage) in terms of the solutes (Kp®*) remaining in raffinate phase:

(M40,6—Ms32 k) — ( EFexty—1 ); |V k € Kp®* (16.4)

Mo EFext,WNext+1)_1
Written as:
(Myox — Msy ) (EFext, Nexe*V) — 1) = M, (EFext) — 1)
Desired product recovery constraint:

M52,Prd = 0-9M40,Prd (16.5)

Capacity of the extraction (Qcey):

QCext = [ZkeK,- (Mw'k)] + [Zkeki (M)] (16.6)

Pk Pk

Power required:

PWext = WSPextQCext (16.7)
Solvent cost:
Cputsep, = 7T501171V156,5>‘olv (16-8)

Equations for variable bounds:

Next 2 Yext (16.9)

Distillation-2 (Dst,2):

Molar flow rates in dst-2:

Fj,k = —Ii/IWIij : Vj I= ]dstZJk € detZ (17.1)
k

Component balance in dst,2:
Yiegin Fix = Zjejout, Fix; VJ € J¥2, k € K452 (17.2)
Mole fractions in dst,2:

Xmyy = — 25— vje jise2 (17.3)

Spexdst2 Fjk’
Constraints on recovery:
Heavier than heavy key (HK - product) components are not in the distillate:
Xmgy when (a, < ayg) = 0; Vk € K95t2 (17.4)
Lighter than light key (LK - solvent) components are not in the bottoms:

Xmsswhen (ay > ax) =0; VK € Kstz (17.5)
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Distillate recovery constraints:
Xmsyprqg = 0.08 (17.6)
XMsy 501, = 0.92 (17.7)

Design calculations:

The minimum number of stages can be calculated using Fenske’s equation.

N2,.;. l0g as,p, = log [(me"*'s""’) <Xm55,m )] (17.8)

XMs4prd XMss ol

Underwood'’s variable (Uy,) is decided by using the expression;

(1 - q) = ZkedetZ

agXms; k

(17.9)

ag=Uyz

Assume feed to be saturated liquid (q=1), L.H.S is zero

> e gdst2 GeXMsake 0
s =
kek ap—Uy;

Minimum reflux ratio (R2,;5,)

apXmsg i

R2pmin = Yrexdst2 -1 (17.10)

ag=Uyz
Reflux ratio (X2)
R2 - reflux ratio, usually 10-50% greater than Ruin.

R2 = 1.3R2pip, (assumed) (17.11)

Number of stages equation:

Simplified equation suggested by Towler and Sinnot, 2016
0.6N2 = N2,in (17.12)

Number of actual stages (NZq:) is calculated by dividing the number of theoretical stages by the stage

efficiency (Nstqge - approximately 80%).

N2g = —2— (17.13)

Nstage

Height of column (H;4:7)
The actual number of stages times the stage height (H.q4.) yields the height of the column.

Hgser = Hstage N2q¢ (17.14)

Liquid (Liqastz) and vapor (Vapas:z) flowrates within the column:
Liqqsts = R2 Yyegasiz My g (17.15)
Vapasta = Liqasez + Zkekdstz Msak (17.16)

Column diameter (D44¢2)

The column diameter is calculated using vapor flowrate in the column.
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_ |AVapgsez
Ddstz - ’ TUpap

Uyqp — vapor linear velocity (m/h) - 10800 m/h

Costing variable (volume) of distillation column:
T 2
Qcastz = ZDdstZ Hgstr

Utility requirements:

Initial heating (QSgs¢2) of the feed to reach saturation temperature:

QSast2 = Xxekdstz Msak CPk (Tsar — Tamp)
Heat duty in distillation-2:

QHasez = (1 + R2) Yyegastz Fsg MW A7P
Cooling in distillation-2:

QCastz = R2 Yyegasez Fsq MW 2777
Steam required:

MstmgseaAsem = QSasez + QHasez

Cooling water required:

MCWdStZ CPW(TCWout - TCWin) = QCdStZ

Equations for variable bounds:

szin = YVdst2
Rzmin 2 1-013’dst2

Stage Il (Product purification and refinement) technologies:

Chromatography (Chr)

Parameters for chr technology:

0.1 — Space time or residence time

KC.pr — Capacity factor

Wep — width of chromatogram

HETP,y,, - height equivalent to theoretical plates
R p cnr - ratio of length to diameter

Parameter calculations:

Retention time: TR, = (1 + KCepy)Ocnr

2
Number of plates: Np.p,, = 16 (_TRchr)

Wchr

Length of column: L.y, = HETP.p - NPcpr

(17.17)

(17.18)

(17.19)

(17.20)

(17.21)

(17.22)

(17.23)

(17.24)
(17.25)
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Diameter of column: Doy, = Loy /R1p chr

Volume of column: V1., = %Dchrchhr

Model equations

Solvents and other components removed by chromatography

2kekot? Mz i = KCepr Xkexorr Mso i
Product not retained by chromatography column
Mg1,pra = Msgpra

Number of columns required

_ Msg k
NCOlChrV1chr - Hchr ZkEKl- Pic

Total volume (costing variable) for chromatography

Qccnr = NcoloprV1ep,

Pervaporation (Pvp):

Retention factor equations:

Mesk .
Ek,pvp = M68 Vk € K]

]
65k

Concentration factor (CFpyp)

_ )
T ()]
1.01 < CFpyp <35

Flux balance:

LpupQCpup = [ZkeKi (M,j,i'k)] (1 ~ )

CFhpvp

Power required:
PWoop = WsPpupQpup
Heat required for vaporization of permeate stream:

— va
MStmpvastm - ZkEK,- 1\/167,k/1 pk

Bleaching (BlIc):

Impurity removal efficiency
2kekorP M71k = Npic Xkexorr Mok
Product not retained by adsorbent in bleaching

M72,Prd = M70,Prd

(18.1)

(18.2)

(18.3)

(18.4)

(19.1)

(19.2)

(19.3)

(19.4)

(19.5)

(20.1)

(20.2)
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Volume (costing variable) of bleaching

M
Qcpic = Opic Tkek; — (20.3)

I pk

Power required in bleaching

PWyic = WsppicQcpic (20.4)

Product final conditions:

Product purity:
M73,pra = Pur ZkEK]- M73,k (21.1)

Final product amount:

ZkEKi Myop = Prdp (21.2)

Equations for evaluating stage-wise categorical costs:

Fixed capital cost in each stage (annualized)

CCACystg = 1.66 CrpBM Crppyye Zieisty{1,2,3} Ce; (22.1)

Materials cost in stages:

CCRMg, = [Tann (CpuTFlcntl + Cpurpienez + CpuTEnz)] (22.2a)
CCRMg; = [Tann(Cpursq + Cpurpory, + Cpursop)| (22.2b)
CCRMs; =0 (22.2¢0)

Consumable costs in each stage:

CCRMgy = Consgipq + Consgepy + Consy, s (22.3a)
CCRM, = Consyy (22.3b)
CCRMg3 = Consy,,), + Consy, (22.30)

Labor costs in each stage:
CCLBNStg = Tann CLap ZiEistg{1,2,3} Nlbi (22'4)
Utility costs in each stage:

(Celec 2i€istg{1,2,3}PWi) + (cht Zieistg{l,Z,S} MCWti)

CCUT, =T
Nt o +(Cstm Yicistg{1,2,3} Mstml-)

(22.5)

Total cost in each stage:

CCTCystg = CCACysrg + CCRMygry + CCCSyseg + 2.78 CCLBy gy + CCUTygry  (22.6)

Other costs in each stage:

CCOTystg = CCTCpgrg — {CCACystg + CCRMygty + CCCSysig + CCLBysey + CCUTyg1g)
(22.7)
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Total costs in different categories:

CCTFC = 7oy Creea
CCTAC = Ypenstg CCAC,

CCTRM = Ypenseg CCRMy,
CCTCS = Ypenstg CCCSy
CCTLB = Ynenstg CCLB,
CCTUT = Ynenstg CCUT,
CCTOT = Ypenstg CCOT,,

Total process cost:

CCTPC($/annum) = CCTFC + CCTAC + CCTRM + CCTCS + CCTLB + CCTUT + CCTOT

Objective function:
Obj = MinCCTPC

Overall process cost per unit product:

CCTPC
TannPTdR

UPC($/kg) =

C.3  Model parameters and input data for base case

Table C.3.1 Important input parameters and product specifications

Parameter Nominal value Units
Initial cell titer 5 g/L (kg/m3)
Cell diameter 2 pum

Product content in cells 20 wt% of cell dry weight (CDW)
Desired production capacity 500 kg/h
Annual operation time 330 days/year
Final product purity 99 wt% purity
Table C.3.2 Cell dry weight composition:

Component Mass composition (wt %)
Product 20%

Debris 45%

Soluble co-product 35%

Table C.3.3 Component density data:

Component Density (kg/m3)

Water 1000

Biomass 1100

Product 850

Debris 1950

Soluble co-product 1100

C.3.4 Sedimentation tank (Sdm,#1,2):
Efficiency - 70%
Depth - 3m

(23.1)
(23.2)

(23.3)
(23.4)
(23.5)
(23.6)
(23.7)

(24)

(25)

(26)
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C.3.5 Flocculation (Flc,#1,2):
Flocculent added - 0.04 kg/m3
Residence time - 0.5 hr

Floc diameter (#1) - 1E-5 m
Floc diameter (#2) - 5E-6 m
Flocculent cost - 5 $/kg

C.3.6 Centrifuge (Cnt,#1,2):

Parameter/Technology Cntl Cnt2
Efficiency 80% 85%
Rotation speed 9000 rpm 12000 rpm

C.3.7 Filtration (Ftt,#1,2):

Flux - 0.2 m3m-h-1

Retention factors (Ftt,1): Biomass - 80%, Water - 20%

Retention factors (Ftt,2): product - 20%, Water - 20%, other solid components (debris)- 80%, soluble co-product and
enzyme - 20%

Filter cost - 100 $/m?

Replacement time - 2000 h

C.3.8 Bead mill (Bml):
Product release - 85% (k - 0.02, phi - 0.82)

C.3.9 Enzyme lysis (Ely):

Enzyme addition - 0.02 kg/kg biomass
Enzyme cost - 50 $/kg

Density enzyme - 1150 kg/m3
Product release - 90%

C.3.10 Microfiltration (MF,1):

Flux - 0.0856 m3m-2h-1

Retention factor: product, water and soluble co-product - 0.15, heavy solid (debris) and enzyme - 0.85
Membrane cost - 736 $/m?

Replacement time - 2000 h

C.3.11 Distillation (Dst,1):

Relative volatility: product - 2.5, water - 1, soluble co-product - 1.05, heavy solid (debris) - 0.01, enzyme - 0.05
Heat of vaporization (K] /kg): product - 2000, water - 2257, soluble co-product - 1875, heavy solid (debris) - 2257,
enzyme - 2257

Feed quality, gr= 1 (saturated liquid)

Vapor velocity - 3 m/s

Stage efficiency - 80%

Height of stage - 0.6 m

Reflux ratio multiplying factor - 1.3

C.3.12 ATPE (Atpe)

Partition coefficient in top phase: product - 5, water - 1, soluble co-product - 2, heavy solid (debris) - 0.001, enzyme -
0.001

Solubility of polymer in bottom phase - 0.005 (kg/kg)

Solubility of salt in top phase - 0.005 (kg/kg)

Polymer: Mol. Wt. - 450, Density - 1850 (kg/m3), Cost - 2 $/kg

Salt: Mol. Wt. - 136, Density - 2338 (kg/m3), Cost - 0.6 $/kg

C.3.13 Ultrafiltration (UF):

Flux - 0.0856 m3m-2h-1

Retention factor: product, water and soluble co-product - 0.15, heavy solid (debris) and enzyme - 0.85
Membrane cost - 981 $/m?

50



Replacement time - 2000 h

C.3.14 Extraction (Ext):

Partition coefficient in solvent phase: product - 1.2, soluble co-product - 0.3, heavy solid (debris) - 0.0001, enzyme -
0.0001

Solubility of solvent in water - 0.03 (kg/kg)

Solubility of water in solvent - 0.02 (kg/kg)

Solvent: Mol. Wt. - 78, Density - 810 (kg/m?3), Cost - 1.5 $/kg

C.3.15 Distillation (Dst,2): (some parameters are same as listed in C.3.12)

Relative volatility: solvent - 6, product - 1, water - 0.05, soluble co-product - 0.04, heavy solid (debris) - 0.01, enzyme
-0.05

Heat of vaporization (K] /kg): solvent - 520, product - 2000, water - 2257, soluble co-product - 1875, heavy solid
(debris) - 2257, enzyme - 2257

C.3.16 Chromatography (Chr):
Space time-0.5h

Column capacity - 95%

Width of chromatogram - 0.05 m
HETP - 0.0035

Ratio length to diameter - 0.14

C.3.17 Pervaporation (Pvp):

Flux - 0.055 m3m-h-1

Retention factor: product - 0.0002, water - 0.95, soluble co-product - 0.92, heavy solid (debris) and enzyme - 0.99,
salt - 0.99, polymer - 0.99, solvent - 0.001

Membrane cost - 1000 $/m?

Replacement time - 2000 h

C.3.18 Bleaching (BIc):

Bleaching efficiency - 99%

Cost of GAC (bleaching agent) - 4$/kg
Replacement time - 360 h (15 days)

C.3.20 Table for standard capacity, costs, scaling factors, labor requirements for technologies:

Unit operation Standard Base costs Scaling Laborers Power required
(costing capacity) capacity (units)  (million $) exponent (n)  required (#/h)  (KW/h)
Flocculation 2000 m3 0.538 0.5 0.1 0.0002

(Volume)

Sedimentation 2500 m? 1.128 0.57 0.1 0

(Area)

Centrifuge#1 60000 m2 0.275 0.65 1 12.79

(Sigma factor)

Filtration 80 m?2 0.039 0.55 0.5 0.1

(Area)

Bead milling 0.275 m3 0.272 0.95 0.5 (calculated from eq.
(Volume) 8.4in A.2.6)
Microfiltration 80 m? 0.75 0.55 1 0.1

(Area)

Centrifuge#2 60000 m? 0.66 0.65 1 19.2

(Sigma factor)

Ultrafiltration 80 m? 0.938 0.55 1 0.2

(Area)

Distillation 22.58 m3 0.082 2.8 1 0

(Volume)
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ATPE 185 m3/h 0.362 0.67 1 0.5
(Flowrate)
Extraction 185 m3/h 0.362 0.67 1 0.5
(Flowrate)
Chromatography 0.633 m3 0.775 0.67 1 0.33
(Volume)
Pervaporation 80 m?2 0.261 0.55 1 0.33
(Area)
Bleaching 0.27 m3 0.1 0.67 1 0.33
(Volume)
C.4 Integer-cuts for alternate configurations
Integer cuts added successively to the optimization model for study case Il are:
(D Integer cut#1:
Ysam1 T Yreer T Yomi T Ymg t Ysamz t Yreez
Yent1 + Yety + Yricz T Ventz
ent el fie ent ] — |+ Yoyp1 t Yatpet Yur t Vext T Vastz + Yoyp2 | < (7) — 1 (27)

+ydst1 + ybyp3 + ybyp4 +y h + Y,
chr pUp

(2) Integer cut#2:

Ysam1 t Yret1r + Yomi T Ymf + Yent2 + Vrte2
— |t Yboyp1 T YatpeT Yur T Yext T Yast2 + Yboyp2 | < (7) — 1

YVent1 + yely + yfch + ysdmz]
+Ycnr T Ypvp

tYast1 T Ybyp3z T Ybypa

(3) Integer cut#3:

YVsdm1 + y/‘ttl + Ybmi + ymf + YVsdm?2 + Yent2
— |+ Yoyp1 t Yatpet Yur t YVext + YVastz + Yoyp2| < (7) — 1

YVent1 + yely + yfch + yfttz]
+}’chr + ypvp

+.Vdst1 + Ybyp3 + ybyp4

C.5 Additional results from case study - 2

C.5.1 Stage-wise categorical cost contributions

Base case

(28)

(29)

The stage-wise categorical (annualized capital, materials, consumables, utilities, labor and others) cost

contributions for the base case is shown in Figure C.4. In stage-II, the utility costs are very high (~94%)

because of the energy required in the distillation column. The relative volatility and heat

the components are the major parameters that affect the utility costs.

of vaporization of
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Figure C.4 Cost contribution by different categories (annualized capital, materials, consumables, labor, utilities and
other costs) in the three separation stages for IN-SOL-LQD-VOL-SPC product.

ATPE option in stage-I11

The stage-wise categorical (annualized capital, materials, consumables, utilities, labor and others) cost
contributions for the ATPE option in stage-II is shown in Figure C.5. In stage-II, the annualized capital costs
are very high (~37%) because of the size of the units. This is dependent on the amount of materials
handled. The partition coefficient for the product in the top phase (kPTy) to bottom phase decides the

amount of separation agents added as well as the size of the UF membrane technology following the ATPE

unit for further separation.
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Figure C.5 Cost contribution by different categories (annualized capital, materials, consumables, labor, utilities and
other costs) in the three separation stages, when ATPE is the fixed option in stage-1I for IN-SOL-LQD-VOL-SPC
product.

Extraction option in stage-II

The stage-wise categorical (annualized capital, materials, consumables, utilities, labor and others) cost
contributions for the extraction option in stage-II is shown in Figure C.6. In stage-II, the material costs are

very high (~96%) because of the extraction solvent used for product recovery. The amount of solvent
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required is dependent on the partition coefficient (xPy), solubility of solvent in water (ys,;_y) or the

raffinate phase, and the cost of solvent (7g,;).

Figure C.6 Cost contribution by different categories (annualized capital, materials, consumables, labor, utilities and
other costs) in the three separation stages, when extraction (Ext) is the fixed option in stage-II for IN-SOL-LQD-VOL-

SPC product.
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C.5.2 Plots for distillation parameters

The change in heat of vaporization does not have a significant effect on the overall process cost, however

Il - Product
concentration

Il - Product purification
and refinement

stage-II cost can increase by 6% if the heat of vaporization increases from 700 to 2200 K] /kg.
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Figure C.7 Variation in (A) overall process cost (B) stage-II cost (Y1) and % cost increase (Y2) as a function of heat of
vaporization of the product.

C.5.3 Plots for extraction parameters

For extraction unit the solubility and solvent costs have a significant effect on the overall cost however, the
partition coefficient does not affect the cost significantly. The lower the values of solubility and solvent

costs, the lower is the overall process cost.
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Figure C.8 Variation in (A) partition coefficient of solvent versus its solubility in water, and (B) partition coefficient of
solvent versus cost of solvent. The nominal values assumed for the three parameters (Kp - 1.2, Cost of solvent - 1.5
$/kg and Solubility of solvent in water - 0.03 kg/kg) and the corresponding overall process cost is shown by the black
marker.

C.5.4 Information for crystallization cost

For cost estimation, we choose the product containing stream leaving the extraction unit. Using SuperPro
Designer vB8.5 we simulate a cooling crystallization unit. The information for the input conditions and
crystallization parameters is provided in Table C.5. The crystallization process cost is 8 $/kg. Thus, on
adding the cost of feed (1.91 $/kg), stage-1 (9.81 $/kg), stage-II (11.29 $/kg) and crystallization (8 $/kg),
the overall process cost is 31 $/kg (Kp-1.2, Solubility-0.03 kg/kg, Cost of solvent-1.2 $/kg). Thus, the

percentage contribution by crystallization is ~26%.

Table C.5. Parameters and input conditions in crystallization:

Parameter Nominal value Unit
Heat of crystallization 70,420 Kcal/kg
Inlet stream temperature 70 °c
Crystallization temperature 15 °c
Product in stream 700 kg/h
Other components (water) 200 kg/h
Specific power 0.1 KW/m3
Chilled water inlet temperature 5 °c
Chilled water outlet temperature 10 °c
Crystallization product yield 95 %
Solubility at 70°C 3.8 g/g
Solubility at 15°C 1 g/g
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