SuPPORTING INFORMATION

Systematic Design, Optimization and Sustainability Assessment for

Generation of Efficient Wastewater Treatment Networks

Emmanuel A. Aboagyel, Sean M. Burnham?, James Dailey?, Rohan Zial, Carley Tran!, Maya

Desai?, Kirti M. Yenkiel

A. Information for Municipal Case Study

Al Model equations and details

a) The uppercase italic Latin fonts (not colored) are for variables (optimization variables)

b) The uppercase Latin font and lowercase Greek fonts in red are the specified input parameters

c) Parameters evaluated from available inputs are the uppercase Latin fonts and lowercase Greek fonts

in color green.
d) The parameter or variable to be evaluated is always on the L.H.S of the equation
A.1.1 Indices and Sets

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

{flc - flocculation,

sdm - sedimentation,

ftt - filtration,

ads - adsorption,

asl - activated sludge,

rbc - rotating biological contactors,
dis - disinfection,

mbrt - membrane bioreactor,

aop - advanced oxidation process,
blc - bleaching,

mbr - membrane processes

splt# - splitter and # = {1, 2, 3, 4}



mxr# - mixer and # ={1, 2, 3, 4}

byp# - bypass and # ={1, 2, 3, 4}}
j €] - stream (used as subscript to variables)
{1,2,3,4 e , 49}
k € K - components (used as subscript to variables)
{Wtr - water,
Ssld - solids,
Mtls - metals
Chem - chemicals
Flent - flocculants,
Oz - ozone,
NaClO - sodium hypochlorite,
L _Chlrn - liquid chlorine}

SES - stages{sl, s2, s3, s4}

A.1.2 Subsets

Subsets for technologies

IcST - technologies with costs
{flc, sdm, ftt, ads, asl, rbc, mbrt, dis, mbr, blc }
IF - technologies with concentration factor
{ftt, mbrt, sdm, mbr}
IcONs - technologies with consumables
{ftt, ads, mbrt, mbr}
IEAC - technologies with externally added components

{flc, aop, dis, bic}
BV - technologies with binary variables
{flc, sdm, ftt, ads, asl, rbc, mbrt, dis, mbr, blc, byp1, bypZ2, byp3, byp4 }
1 - technologies in stage 1
{flc, byp1}
2 - technologies in stage 2
{ftt, sdm, bypZ2}
I3 - technologies in stage 3
{ads, asl, rbc, dis, mbrt, byp3}
FF* - technologies in stage 4
{aop, blc, mbr, byp4}
Subsets for streams
Jic - streams for flocculation
{2,4,5}

Joyel - streams for bypass 1



{3, 6}
Jsdm - streams for sedimentation

{9, 13, 14}

Jit —  streams for filtration
{8,11, 12}

Jvyp2 - streams for bypass 2
{10, 15}

Jeds - streams for adsorption
{17, 23, 24}

J! - streams for activated sludge
{18, 25, 26}

Jbe - streams for rotating biological containers
{19, 27, 28}

Jdis - streams for disinfection

{20, 29, 30, 31}

Jmbrt — streams for membrane bioreactor
{21, 32,33}

Joyp3 —  streams for bypass 3
{22, 34}

Jeor — streams for advanced oxidation process
{36, 40, 41, 42}

Jmbr —  streams for membrane processes
{38, 46,47}

Jvle - streams for bleaching
{37, 43, 44, 45}

Jvyet —  streams for bypass 4
{39, 48}

Subsets for components

KS-  components in streams
{Wtr, Ssld, Mtls, Chem, Flcnt, Oz, NaClO, L_Chlrn}
Ks? - components in initial wastewater stream
{Wtr, Ssld, Mtls, Chem}
KCONT — components that are contaminants
{Ssld, Mtls, Chem}
KEAC - components that are externally added
{Flcnt, Oz, NaClO, L_Chlrn}

A.1.3 Dynamic sets for connectivity

Ji- streams of technology i

Jin;- inlet streams of technology i



Jout; - outlet streams of technology i
K; - components k in technology i
K; - components k in stream j

A.1.4 Model Parameters
General Parameters

p« (kg/m3) = Density of component k

mww (m3 WW /h) = Entering volumetric flowrate of wastewater (WW)

mRep; ($/unit) = Replacement cost of consumables per unit capacity in technology i
u (N-s/m2) =viscosity of fluid

ni (%) = efficiency of technology i

O (hr) - residence time in technology i

Oifer (h/year) = Replacement time for consumables in technology i

Tann (h/annum) = annual operation in hours (330 day x 24 h/day = 7920 hrs)
C0; ($/capacity) = standard capacity cost in technology i

g (m/s?) = gravitational constant

nc = cost scaling index (2/3 rule)

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

Q0; (m3 or m2 or m3/h) = standard capacity of technology i

MW (kg/kmol) = molecular weight of component k

Mini (kg/m3) = initial mass concentration of component k

Cpury ($/kg) = purchase cost of added component k

Wsp; (kW /h) = standard power required for technology i per hour

MMy (--) = Big-M constant for component k

@ (kg/kg WW) = amount of externally added component k

dp (m) = diameter of particle

&;i (--) = retention factor of component k for technology i {ftt, mbrt, and mbr technologies}
¢rr (--) = capital recovery/ charge factor (0.11)

¢i (m3/mzh) = flux of technology i { ftt, mbrt, and mbr technologies}

kd; (h'1) = decay of biomass coefficient of technology i {as! technology}

yi (kg/kg) = biomass yield of technology i { asl technology}

xi (m3/m2h) = hydraulic loading of technology i {rbc technology}

BMCpuie (--) = bare module cost multiplier (5.4)

Cra» ($/h) = labor cost - operator basis (30)



Criec ($/kW) = cost of electricity per hour (0.1)

Evaluated Parameters

SOR;(m/s) = surface overflow rate id sedimentation
Ui (m/s) = settling velocity of technology i
A.1.5 Model Variables

General Variables

Cci($) = Purchase cost of technology i € I¢ST

CF; (m3/m3) = Concentration factor for technologies i € ICF

Cprk($/h) = Purchase cost of added components k € KEAC

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

Qc;(m3 or m2 or m3/h) = capacity cost of technologies i € ICST

PW; (kW /h) = power requirements for technologies i € I¢ST

Nibr; (#/h) = number of laborers required for technology i € I¢ST

Yo; (kg/kg) = observed bacteria yield of technology i (asl technology)

Sri (m/h) = settling rate of unit i (asl technology)

Xi (kg/h) = biomass produced in technology i (as! technology)

Srt; (h) = solids residence time in technology i (asl technology)

D; (m) = diameter of technology i (mbrt technology)

Consi ($/annum) = consumable cost of technology i € ICONS
Binary Variables

yi (--) = binary variables for technologies to selected i € IBY

Stage-wise Costing Variables
CCACnsiy = annualized capital (fixed) cost in nth stage
CCRMysy = material cost in nth stage
CCCSnstg = consumable cost in nth stage
CCLBystg = labor cost in nth stage
CCUTsiy = utility cost in nth stage
CCOTysiy = other cost in nth stage (plant overhead and supervision costs)
CCTCystg = total cost in nth stage (all cost added in that particular stage)
CCTPC =total cost for process (summation of total cost in each stage)

A.1.6 Model Equations:

Initial wastewater flowrate equations:

My = CpMing)myy ; ¥ k € KSP



Component balances in all technologies:

Yiejim Mix = Zjcjout; Mjx ; V k € K°

Cost of technologies:
()= ()" vee e
Co; Q0;

Labor requirements in technologies:
NIbr;Q0; = Nlabr;Qc;; ¥V i € I¢ST

Consumable costs in technologies:

T R .
Cons; = 9?{;2 m; PQc;; v i e 1T

i

Logical equations:
My;— MLy, < 0;Vviel®, je] k € K;and K;
Selection of technologies in each stage:

Preliminary (Pretreatment) stage:

Yfic T Ybyp1 = 1

Primary Treatment Stage:

Yrtt + Ysam T Ybyp2 = 1

Secondary Treatment Stage:

Yads T Yast t Yroc T Yais T Ympre + Vbyp,3 = 1

Tertiary Treatment Stage:

Yaop + Ymbr + Yoic =1



Preliminary (Pretreatment) Stage Model Equations for Technologies

Flocculation (flc):

Flocculent added:

Ms picnt = Pricnt DikeKCONT M; k
Flocculent cost:

Cpury = TpieneMs picne

Volume of flocculation unit:

Qcpic = 6fc [Zrexs (Mz,k)]

Pk
Power required in flocculation unit:
PWeie = WsprcQcrie
Primary Stage Model Equations for Technologies

Sedimentation (sdm):

Efficiency equation:

Mizk CONT
Nsam = M ; k €K
9,k

Concentration factor (CFsim):

e B ()

e (5]

Written as: CFy4,, [ZkEKSP (M;Z'k)] = [ZkEKSP (%)]

2 < CFeyy < 15

Written as: CFgqm < 15Y5qm and CFsgm = 2Ysqm

Area of sedimentation unit:

22)
QC — [ZkEKSP ( Pk
sdm SORsam

Power required in sedimentation unit:

PWsam = WsPsamQCsam



Filtration (ftt):

Retention factor equation

— Miik . SP
$rety = o ik € K

Written as: g, Mg = Myq

Concentration factor equation (ftt):

[Brensr (522)]

CF. — L NP/

ftt [ZkeKSP (M;}ik)]
Written as: CFy, [ZkeKSP (M;i'k)] = [ZREKSP (%)]

1 < CFy < 30

Written as: CFftt < 3Oyftt and CFftt = 1yftt

Area of filtration unit (flux balance):

Qcer = Apee = [Z"e"s” (%)](Can—l)

CretCFpee
: M
Written as: chtt(fttCFftt = [ZkeKSP (pil;k):l (CFftt - 1)
Power requirements for filtration unit:

PWree = WspreeQCree



Secondary Stage Model Equations for Technologies

Membrane Bioreactor:

Retention factor equation

_ Maak | SP
fmbrtk - Maqk ) k € K

Written as: e, Mg = My1k

Concentration factor equation (ftt):

CFmbrt - [ZkeKSP (Msllzz,k)]
Written as: CFypyt [ZkeKSP (M;zk)] = [ZREKSP (M;;tyk)]

1.01 < CFyupre < 35
Written as: CFppre < 35Vmpre and CEppre = 1.01y000¢

Volume of membrane bioreactor:

Vinbre = erlfwrt [ZREKS (M;Itk)]

Area for membrane for membrane bioreactor unit:

Vmbrt)

QCmbrt = Ambre = (Dmbrt

Written as: Amprt Dmpre = Vinbre

Flux balance for membrane bioreactor unit:

(mbrt = [ZREKSP (M;lt'kﬂ(CFmbrt—l)

AmbrtCFmbre

. M
Written as: Aypre Cmprt Chnpre = [ZkEKSP ( 21’k)] (CEmpre — 1)

Pk

Power requirements for membrane bioreactor unit:

PWiprt = WSPmpre QCmprt



Adsorption:
Efficiency equation:

M3k
: k € KCONT
M7k

Nads =

Volume of adsorption unit:

QCads = Vaas = O4as [ZkEKs (M;;k)]

Mass of granulated activated carbon (gac) required for adsorption unit:

Mgac,ads = Pgac Qcaas

Power required for adsorption unit:

PWaas = WspaasQCads

Activated Sludge:

Efficiency equation:
— Maspk CONT
Nast = M ’ k € K
18,k

Volume of activated sludge unit:

Qcast =Vag = 9551 [ZREKS (M;zk)]

Biomass production in activated sludge unit:

STtastVasl ZegCONT (M1gk—Mag k)
Xas1 =

M
R 18,k
Ogsi[1+ KdgsiSTtgs1] ZkEKs( ok )

. M
Written as: X056 [1 + KdgsSTtas] YkekS ( plzk) = SrtasiVast Zxekcont (Migx — Mae k)

Solid retention time in activated sludge unit:

VasiX
Srtasl — ( asl asl)

M25,Sslds

Power required for activated sludge unit:

PWasi = WspasiQCast
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Rotating Biological Contactors:

Efficiency equation:

Area of Rotating Biological Contactor unit:

M
[Brere (5322
Xrbe

Qcrpc = Arpe =

Power required for Rotating Biological Contactor unit:

PWype = WsPrpeQCrpe

Disinfection:

Efficiency equation:
M

Nais = 2ok ; k€ KCONT
My k

Mass of disinfectant required for disinfection unit

M31,L_Chlrn = ¢L7€hlrn Z Mzo,k

keKCONT

Volume of disinfection unit:

MZO,R
Qcgis = Vais = 951‘5 [z ( )]
keKS Pk

Power required for disinfection unit:

PWgis = WspaisQcais
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Tertiary Stage Model Equations for Technologies

Advanced Oxidation Processes:

Mass of ozone needed for advanced oxidation processes unit

M42,02 = Dg, Z M31,k
kEKCONT

Efficiency equation:

Volume of advanced oxidation processes unit:

Mg i
Caap = Vaop = 0l [, (552)]
Q aop aop aop vexs \ pr

Power required for advanced oxidation processes unit:

PWaop = WSpaopQCaop

Membrane Processes:

Retention factor equation

_ Mask | SP
fmbrk - Magy '’ k € K

Written as: ., M3gx = Mag i

Concentration factor equation (mbr):

_ B (5325
Chnpr = [ZkEKSP (M::k)]

: M M
Written as: CFppy [ZkEKSP ( ;Zk)] = [Zkel{s" ( ;i‘k

1 < CFppr < 35
Written as: CFp,pr < 35Vmpr and CFpr = 1yYimpr

Area of membrane processes unit (flux balance):

_ [ZkeKSP <M38'k>](CFmbr_1)

Pk
c = A =
Q mbr mbr CmbrCFmbr

)
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Written as: QCmpr Conpr CFr = [Ziense (2

Power requirements for membrane unit:
PWinbr = WSPmprQCmpr

Bleaching:

Efficiency equation:

Mass of disinfectant required for disinfection unit

M45,NaCl0 = @Ppqcio Z M37,k

keKCONT

Volume of disinfection unit:

M3
Qcais = Vais = 05 [z ( )]
keKS Pk

Power required for disinfection unit:

PWyis = WspaisQcais

Cost Model Equations
Stagewise Cost Equations

Annualized capital cost in each stage:

CCACstg = 1.6 S4eBMCpae ) Cot
i€istg{1,2,3,4}

Material Cost:

CCRMs1 = [Tann (Cpurpicne)]
CCRM, =0

CCRMy3 = [ 40y (Cpury,,.)]

CCRM;y = [Tynn( Cpurg, + Cpurygcio)]

M3

8,k
k

)] CFpr = 1)

13



Consumable Cost:
CCCS;1 =0
CCCSsy = Consgey

CCCSg3 = Consggs + Consppre

CCCSgy = Conspypy

Labor Cost

CCLCnstg = TannCrab Z ] Nlb;
i€istg{1,2,3,4}

Utility Cost

CCUCNstg = TannCoree ) PW,;
i€istg{1,2,3,4}

Other Cost

CCOCNseg = 2.78 TannCran Z Nib;

i€istg{1,2,3,4}

Total Cost in each Stage

CCTCystg = CCACysig + CCRMygrg + CCCSystg + CCLCstg + CCUCNstgCCOCystg

Total Category Cost:

CCTAC = Z CCAC,
neNstg{1,2,3,4}

CCTRM = z CCRM,,
neNstg{1,2,3,4}

CCTCS = z CCCS,
neNstg{1,2,3,4}

CCTLC = Z CCLC,
neNstg{1,2,3,4}

CCTUC = Z ccuc,
neNstg{1,2,3,4}

CCTOC = z ccoc,
neNstg{1,2,3,4}

CCTPC = CCTAC + CCTRM + CCTCS + CCTLC + CCTUC + CCTOC

Objective Function 1:

Obj = Min CCTPC



A.2 Model parameters and input data

Table A.2.1 Density and Molecular Weight of Components

Component Value (kg/m3) Value (kg/kmol)
Water 1000 18
Solid particles 1800 102
Metals 2500 98
Chemicals 1100 48
Ozone 2.14 48
Sodium Hypochlorite 1110 74.44
Flocculant 2200 2200
Liquid chlorine 1470 70.91
Table A.2.2 Purchase cost of added components
Component Value ($/kg)
Ozone 3.53
Sodium Hypochlorite 0.35
Flocculant 0.75
Liquid chlorine 2

Table A.2.3 Standard capacity, cost, laborers, and power for technologies

Unit Operation | Standard Capacity Standard Standard Standard Power
(costing capacity) (Units) Capacity Cost Laborers Required (kW/h)
(million $) Required (#/h)

Flocculation 3
(Volume) 2000 (m3) 0.538 0.1 0.0002
Filtration

2
(Area) 80 (m?) 0.039 0.5 0.1
Sedimentation 2500 (m?) 1.128 0.1 0.0002
(Volume) ' ' ’
Adsorption 3
(Volume) 100 (m3) 0.12 0.2 0.3
Membrane

2
Bioreactor (Area) 40 (m?) 1.194 0.1 0.2
Rotational
Biological Container 185 (m2) 0.045 0.3 0.01
(Area)
Activated Sludge 3
(Volume) 250 (m3) 0.569 0.4 0.2
Disinfection

3
(Volume) 540 (m3) 0.627 0.7 0.5
Membrane 2
Processes (Area) 80 (m?) 0.938 0.5 0.2
Advanced Oxidation

3

Processes (Volume) 1000 (m3) 0.735 0.1 0.5
Bleaching (Volume) 500 (m3) 0.100 0.5 0.33
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Table A.2.4 Replacement time for technologies with consumables

Technology Value (h/yr)
Filtration 2000
Adsorption 720
Membrane Processes 1000
Membrane Bioreactor 1000

Table A.2.5 Replacement cost for technologies with consumables

Technology Value ($/Unit)
Filtration 100
Adsorption 74.16
Membrane Processes 400
Membrane Bioreactor 400

A.2.6 Flocculation (flc):
Flocculent added (kg/kg) - 0.005
Residence time (h) - 0.5

A.2.7 Sedimentation (sdm):
Efficiency - 80%
Depth - 3m

A.2.8 Filtration (ftt):
Retention factor: Water - 0.05, Solids - 0.80, Metals - 0.10, Chemicals - 0.05
Flux (m3/m2.h): 0.2

A.2.9 Membrane Bioreactor (mbrt):
Retention factor: Water - 0.005, Solids - 0.95, Metals - 0.85, Chemicals - 0.50
Flux (m3/m2.h): 0.025

A.2.10 Adsorption (ads):

Empty bed contact time (h): 0.25

Density of granular activated carbon (GAC) (kg/m3): 1030
Efficiency: 90%

Void fraction of GAC: 50%

A.2.11 Activated Sludge (asl):

Decay of biomass coefficient (h-1): 0.0021
Biomass yield (kg/kg): 0.5

Hydraulic retention time (h): 2
Efficiency: 80%

A.2.12 Rotating Biological Contactors (rbc):
Efficiency: 80%
Hydraulic loading (m3/m2h): 20

A.2.13 Disinfection (dis):

Efficiency: 95%

Ratio of liquid chlorine to contaminant (kg/kg): 0.00173
Residence time (h): 2



A.2.14 Advanced Oxidation Processes (aop):
Ratio of ozone to contaminant (kg/kg): 0.000173
Efficiency: 98%

Residence time (h): 0.21

A.2.15 Membrane Processes (mbr):
Retention factor: Water - 0.05, Solids - 0.90, Metals - 0.90, Chemicals - 0.95
Flux (m3/mz2.h): 0.0856

A.2.16 Bleaching (blc):

Efficiency: 98%

Ratio of sodium hypochlorite to contaminant (kg/kg): 0.00173
Residence time (h): 2

A3 Integer-cuts for determining 1st, 2nd, and 3rd best configuration

Z Yibv — Z
Yibv=1

First integer-cut to determine first best alternative:
[Ybic + Vsam + Yric + Yaas] — [tht + Yast t Yrbc T Ymbre T Yaop + Ymbr + Ydis] <4-1

Yiry < (#0f1'sinsolution) —1
Yiby=0

Second integer-cut to determine the second best alternative
[yblc + Ysam t Yric + Ydis] - [tht + Yast + Yroe T Ympre + Yaop + Ymbr + yads] <4-1

Third integer-cut to determine third-best alternative:
[yblc + YVrtt + Yric + .Vdis] - [ysdm + Yast + Yroe T Ympre T Yaop + VYmbr + yads] <4-1

A4 Cost Distribution

Table A.3.1 Breakdown of Stage-wise Cost of Purification

Stage-wise Cost Distribution
Cost Category 5 :

Pretreatment Primary Secondary Tertiary
Annualized Capital Cost($/y) 4.81E+04 6.42E+04 4.59E+04 5.16E+04
Material Cost($/y) 5.97E+05 0.00E+00 0.00E+00 4.58E+05
Consumable Cost($/y) 0.00E+00 0.00E+00 1.98E+04 0.00E+00
Labor Cost ($/y) 6.61E+02 3.37E+02 1.16E+04 4.53E+04
Utilities Cost($/y) 8.81E+00 5.61E+00 5.78E+03 4.98E+04
Other Cost($/y) 1.18E+03 2.04E+04 2.06E+04 8.05E+04
Total($/y) 6.47E+05 8.50E+04 1.04E+05 6.85E+05

Percentage Distribution

Annualized capital cost 7.43% 75.56% 44.28% 7.54%
Raw material cost 92.28% 0.00% 0.00% 66.82%
Consumable cost 0.00% 0.00% 19.14% 0.00%
Labor cost 0.10% 0.40% 11.15% 6.61%
Utilities Cost 0.00% 0.01% 5.58% 7.27%
Other Cost 0.18% 24.04% 19.85% 11.76%
Total 100.00% 100.00% 100.00% 100.00%
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A.5 Sustainable Process Index (SPI) Calcualtions

A.5.1 SPI for Municipal Wastewater Treatment

Parameters

Frr (kg/yr) - feed of a processed resource (752400000)

vr (kg/m2.yr) - specific yield (243.1542)

Yerry (KWh/m2yr) - mean industrial energy yield or mean industrial energy supply density (7)
Fry (kg/yr) - feed of a processed resource (2172028)

Cy ($/kg) - price of the material (world market price, taxes excluded) (7)

Cg ($/kWh) - price of one kilowatt-hour of energy (industrial price, taxes excluded) (0.1)
Fr (kWh/yr) - energy used in the process (555659.28)

Vg (kWh/mz2.yr) - energy yield (43)

C; (%) - total cost of energy for indirect installation (122720)

LS (yr) - depreciated area over the life-span years (30)

Yern (kWh/m2.yr) - industrial energy supply density or yield (43)

Ns (cap/yr) - total number of workers in the treatment plant (80.19)
Vs (cap/mz2.yr) - yield factor due to staff (3.59E-05)
Cem (Kgm/Kg) - allowable concentration of substance, m [Solids, Chemical, Metals, Water] in

the compartment, c [air, water, soil]

R, (kg/m2.yr) - rate of renewal of the environmental compartments, c [air, water, soil]

Estimated Parameters

Epry - energy demand to supply one kilogram of the material in question for non-renewable energy
(kWh/kg)

0.95Cy _ 0.95 x 7

E = = 66.5
DR Ce 0.1
Ep; - energy demand to supply one kilogram of the material in question for indirect land energy
(kWh/yr)
P 0.54C; 054 x 122720 22089.6
PICTco LS T 01x30 '

Scm - dissipation to potential sink (kgm/mZ2yr)
Sem = Re-Cem

Analysis for Rsi (kg/mZ2.yr)

Rate of soil renewal (RSN) in the US is 2.2E-04 m/yr

Assuming the soil is loamy with a 50% pore space, then the bulk density is 1330 kg/m3
Rspit = RSN X Deny, . = 0.00022 X 1330 = 0.2926

18



Since we categorized contaminants into of solids, chemicals, and metals, we used contaminants that
had the smallest allowable concentration for each category in the compartments to estimate S. For
solids contaminant, we used lead (Pb), for chemical we used Chromium (Cr), and for metals we used
lead (Pb).

Analysis for Sseitm (kgm/m2.yr)

Ssoil,m = Rgoi - Csoil,m
Component (m) C(soil,m) (kgm/kg) S(soilm) (kgm/mZ.y)
Solids (Sslds) 1.00E+00 2.93E-01
Chemical (Chem) 1.00E-04 2.93E-05
Metals (Mtls) 2.00E-06 5.85E-07
Water (Wtr) 1.00E+00 2.93E-01

Analysis for Rwater (kg/m2.yr)

Average rate of precipitation (RP) form Jan, 2009 to Dec, 2019 in the US is 31.91 in/yr (0.810514
m/yr)
Seeping ratio (SR) of water is 0.30

Ryater = RP X SR X Denyygrer = 0.810514 X 0.30 x 1000 = 243.1542

Analysis for Swaterm (kgm/mZ2.yr)

Swater,m = Ryater -Cwaterm
Component (m) C(water,m) (kgm / kg) S(water,m) (kgm/ m2y)
Solids (Sslds) 1.67E-06 4.05E-04
Chemical (Chem) 1.00E-07 2.43E-05
Metals (Mtls) 1.50E-08 3.65E-06
Water (Wtr) 1.00E+00 2.43E+02

Sair,chem (kgm/mzyr) =6.50E-03

Frcm product flow rate to compartment c, by substance, m (kg../vr) [from GAMS code]

Component Fraction of m into compartment ¢ Fp,cm
P (") Air Water Soil Air Water Soil

Solids (Sslds) 0 0.05 0.95 0.00E+00 3.17E+03 6.02E+04
Chemical (Chem) 0.03 0.9 0.07 9.50E+00 2.85E+02 2.22E+01
Metals (Mtls) 0 0.7 0.3 0.00E+00 2.22E+01 9.50E+00
Water (Wtr) 0 0.95 0.05 0.00E+00 7.15E+08 3.76E+07

Variables

Ag - area for raw material production (m2/yr)

Agr - area for renewable raw material production (m2/yr)

Ag - area for energy production (m2/yr)

A - area for installation for equipment and other infrastructure (m2/yr)

Ap - area for direct installation (m2/yr)

App - area for indirect installation (m2/yr)
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Ag - area for staff (m2/yr)

Ap .m - area for dissipating a single component of particular product flow to a given compartment

(m2/yr)

Aps. - areaassined to the dissipation of a particular product stream, S (m?/yr)

Ap - area for product dissipation (m2/yr)
Ator - total area (m2/m3WW-yr)
Area for Raw Material Production (Ag)

Area for Renewable Raw Material Production (Arg)

Frr _ 7524000000
App =— = ————— = 3.09F
RR = 243.1542 3.09£06

Area for Non-Renewable Raw Material Production (Agn)

_ Frn-Epgpy _ 2172028 X 66.5
ARN - -

= 2.06E07
YEIRN 7

AR = ARR + ARN = 237E07
Area for Energy Production (Ag)

A= Fg  555659.28 129E4
e YE B 43 -

Area for Installations (A))

A= Ap+ Ay

Area for Direct Installation (Amp)[from GAMS Code]

Flocculation technology =18.54
Sedimentation technology =35.43
Adsorption technology =4.86
Bleaching technology =38.09
AID = 9691

Area for Indirect Installation (An)
Ep; 22089.6

1 YELII 43
Area for Staff (As)
Ng 80.19
As = Ns.a;, = = 2.23E6

Ys _ 0.0000359
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Area for Product Dissipation into Various Environmental Compartment (Ap)

A _ E P,c,m
Pcm — S
cm

Component (m) - Ap.cm ;
Air Water Soil
Solids (Sslds) - 7.82E+06 2.06E+05
Chemical (Chem) 1.46E+03 1.17E+07 7.58E+05
Metals (Mtls) - 6.08E+06 1.62E+07
Water (Wtr) - 2.94E+06 1.29E+08

APS,C = maxm(AP,c,m)

Highlighted are the maximum values for each component

Component (m) - Ap.cm ;
Air Water Soil
Solids (Sslds) - 7.82E+06 2.06E+05
Chemical (Chem) 1.46E+03 1.17E+07 7.58E+05
Metals (Mtls) -- 6.08E+06 1.62E+07
Water (Wtr) -- 2.94E+06 1.29E+08

AP = ZAPS'C = 140E8
Cc

AtOt = AR + AE + AI + AS + AP = 210E+02 (mz/m3WW-yI‘)

A.5.2 SPI for Direct Disposal of Municipal Wastewater

We considered on the area needed to sustainably embed the wastewater into the ecosystem, i.e. Ap

Area for Product Dissipation into Various Environmental Compartment (Ap)

Frcm product flow rate to compartment c, by substance, m (kg../vr) [from GAMS code]

Component (m) Fraction of FP,cm
Water Soil Water Soil
Solids (Sslds) 0.05 0.95 8.76E+06 1.66E+08
Chemical (Chem) 0.95 0.05 8.32E+05 4.38E+04
Metals (Mtls) 0.7 0.3 6.13E+04 2.63E+04
Water (Wtr) 0.95 0.05 8.32E+08 4.38E+07
FP cm
A I
P,c,m Sc N
Component (m) Ap.cm :
Water Soil

Solids (Sslds) 7.82E+06 2.06E+05

Chemical (Chem) 1.17E+07 7.58E+05

Metals (Mtls) 6.08E+06 1.62E+07
Water (Wtr) 2.94E+06 1.29E+08

APS,C = maxm(AP,c,m)
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Highlighted are the maximum values for each component

Component (m) Ap.cm :
Water Soil
Solids (Sslds) 2.16E+10 5.69E+08
Chemical (Chem) 3.42E+10 1.50E+09
Metals (Mtls) 1.68E+10 4.49E+10
Water (Wtr) 3.42E+06 1.50E+08

Ap = ZAPS_C = 7.91E10
c

Agor = Ap = 9.03E+04 (m2/m3WW-yr)
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B. Information for Pharmaceutical Case Study

B.1 Model equations and details
a) The uppercase italic Latin fonts (not colored) are for variables (optimization variables)
b) The uppercase Latin font and lowercase Greek fonts in red are the specified input parameters

c) Parameters evaluated from available inputs are the uppercase Latin fonts and lowercase Greek fonts

in color green.

d) The parameter or variable to be evaluated is always on the L.H.S of the equation
B.1.1 Indices and Sets

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

{flc - flocculation,
sdm - sedimentation,
ftt - filtration,
ads - adsorption,
asl - activated sludge,
rbc - rotating biological contactors,
dis - disinfection,
mbrt - membrane bioreactor,
aop - advanced oxidation process,
blc - bleaching,
mbr - membrane processes
splt# - splitter and # = {1, 2, 3, 4}
mxr# - mixer and # ={1, 2, 3, 4}
byp# - bypass and # ={1, 2, 3, 4}}

J €] - stream (used as subscript to variables)
{1,2,3,4, oo , 49}

k € K - components (used as subscript to variables)
{Wtr - water,
Ssld - solids,
Mtls - metals
Chem - chemicals
API - active pharmaceutical ingredients
Flent - flocculants,
Oz - ozone,
NaClO - sodium hypochlorite,
L_Chlrn - liquid chlorine}

SES - stages{sl, s2, 53, s4}

23



B.1.2

Subsets

Subsets for technologies

IcST - technologies with costs
{flc, sdm, ftt, ads, asl, rbc, mbrt, dis, mbr, blc }
I°fF - technologies with concentration factor
{ftt, mbrt, sdm, mbr}
IcoNs —  technologies with consumables
{ftt, ads, mbrt, mbr}
IEAC - technologies with externally added components
{flc, aop, dis, bic}
BV - technologies with binary variables
{flc, sdm, ftt, ads, asl, rbc, mbrt, dis, mbr, blc, byp1, byp2, byp3, byp4 }
It - technologies in stage 1
{flc, byp1}
2 - technologies in stage 2
{ftt, sdm, byp2}
I3 - technologies in stage 3
{ads, asl, rbc, dis, mbrt, byp3}
FF* - technologies in stage 4
{aop, blc, mbr, byp4}
Subsets for streams
Jic - streams for flocculation
{2,4,5}
Jvyel —  streams for bypass 1
{3, 6}
Jsdm - streams for sedimentation
{9, 13, 14}
Jit - streams for filtration
{8,11, 12}
Joyez - streams for bypass 2
{10, 15}
Jads —  streams for adsorption
{17, 23, 24}
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]asl -

]rbc -

]dis -

]mbrt -

Joyp3 —

]aop -

]mbr -

]blc -

Joypt —

streams for activated sludge

{18, 25, 26}

streams for rotating biological containers
{19, 27, 28}

streams for disinfection

{20, 29, 30, 31}

streams for membrane bioreactor

{21, 32,33}

streams for bypass 3

{22,334}

streams for advanced oxidation process
{36, 40, 41, 42}

streams for membrane processes

{38, 46, 47}

streams for bleaching

{37, 43, 44, 45}

streams for bypass 4

{39, 48}

Subsets for components

Ks -

KsP —

JCONT _

components in streams

{Wtr, Ssld, Mtls, Chem, API, Flcnt, Oz, NaClO, L_Chlrn}
components in initial wastewater stream

{Wtr, Ssld, Mtls, Chem, API}

components that are contaminants

{Ssld, Mtls, Chem, API}

KEAC — components that are externally added

B.1.3

{Flcnt, Oz, NaClO, L_Chlrn}

Dynamic sets for connectivity

Ji- streams of technology i

Jini- inlet streams of technology i
Jout; - outlet streams of technology i
K- components k in technology i

K; - components k in stream j
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B.1.4 Model Parameters

General Parameters

p« (kg/m3) = Density of component k
ww (m3 WW /h) = Entering volumetric flowrate of wastewater (WW)
mRep; ($/unit) = Replacement cost of consumables per unit capacity in technology i
u (N-s/m2) =viscosity of fluid
ni (%) = efficiency of technology i
O (hr) - residence time in technology i
Oifer (h/year) = Replacement time for consumables in technology i
Tann (h/annum) = annual operation in hours (330 day x 24 h/day = 7920 hrs)
C0; ($/capacity) = standard capacity cost in technology i
g (m/s?) = gravitational constant
nc = cost scaling index (2/3 rule)
Nlabr;(#/h) = standard # of laborers required for technology i per hour
Q0; (m3 or m2 or m3/h) = standard capacity of technology i
MW (kg/kmol) = molecular weight of component k
Miny (kg/m3) = initial mass concentration of component k
Cpury ($/kg) = purchase cost of added component k
Wsp; (kW /h) = standard power required for technology i per hour
MM (--) = Big-M constant for component k
@ (kg/kg WW) = amount of externally added component k
dp (m) = diameter of particle
&;i (--) = retention factor of component k for technology i {ftt, mbrt, and mbr technologies}
¢rr (--) = capital recovery/ charge factor (0.11)
¢i (m3/mzh) = flux of technology i { ftt, mbrt, and mbr technologies}
kd; (h'1) = decay of biomass coefficient of technology i {as! technology}
yi (kg/kg) = biomass yield of technology i { asl technology}
xi (m3/m2h) = hydraulic loading of technology i {rbc technology}
BMCpuie (--) = bare module cost multiplier (5.4)
Cra» ($/h) = labor cost - operator basis (30)
Crrec ($/KW) = cost of electricity per hour (0.1)
Evaluated Parameters

SOR;(m/s) = surface overflow rate id sedimentation
Ui (m/s) = settling velocity of technology i



B.1.5 Model Variables
General Variables

Cci($) = Purchase cost of technology i € I¢ST

CF; (m3/m3) = Concentration factor for technologies i € I¢F
Cprk($/h) = Purchase cost of added components k € KEAC

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

Qc;(m3 or m2 or m3/h) = capacity cost of technologies i € ICST
PW; (kW /h) = power requirements for technologies i € ICST
Nibr; (#/h) = number of laborers required for technology i € I¢ST
Yo; (kg/kg) = observed bacteria yield of technology i (asl technology)
Sri (m/h) = settling rate of unit i (asl technology)

Xi (kg/h) = biomass produced in technology i (asl technology)
Srt; (h) = solids residence time in technology i (asl technology)
D; (m) = diameter of technology i (mbrt technology)

Cons; ($/annum) = consumable cost of technology i € I€ONS

Binary Variables

yi (--) = binary variables for technologies to selected i € IBY

Stage-wise Costing Variables

CCACystg = annualized capital (fixed) cost in nth stage

CCRMpstg = material cost in nth stage

CCCSnsig = consumable cost in nth stage

CCLBnsig = labor cost in nth stage

CCUTnstg = utility cost in nth stage

CCOTnstg = other cost in nth stage (plant overhead and supervision costs)
CCTCnsiy = total cost in nth stage (all cost added in that particular stage)

CCTPC =total cost for process (summation of total cost in each stage)



B.1.6 Model Equations:

Initial wastewater flowrate equations:
My = Qe Ming)myy ; V k € KSP
Component balances in all technologies:

Yiesim Mix = Xjejout; Mjx ; V k € KS

Cost of technologies:
()= (5) s vee
C0; Q0;

Labor requirements in technologies:
NIbr;Q0; = Nlabr;Qc;; V i € I¢ST
Consumable costs in technologies:

T Re .
Cons; = 7, PQc;; v i € ICST
i

Logical equations:
M;; — Mlyy; < 0;V i€ I?V, je ] ke K; and K;
Selection of technologies in each stage:

Preliminary (Pretreatment) stage:

Yfic T Ybyp1 = 1

Primary Treatment Stage:

Yrtt + Ysam T Ybyp2 = 1

Secondary Treatment Stage:

Yads T Yast T Yrbe T Yais T Ymbrt T Ybyp3 = 1

Tertiary Treatment Stage:

Yaop + Ymbr + Yoic =1
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Preliminary (Pretreatment) Stage Model Equations for Technologies

Flocculation (flc):

Flocculent added:

Ms picnt = Pricnt DikeKCONT M; k
Flocculent cost:

Cpury = TpieneMs picne

Volume of flocculation unit:

Qcpic = 6fc [Zrexs (Mz,k)]

Pk
Power required in flocculation unit:
PWeie = WsprcQcrie
Primary Stage Model Equations for Technologies

Sedimentation (sdm):

Efficiency equation:

Mizk CONT
Nsam = M ; k €K
9,k

Concentration factor (CFsim):

e B ()

e (5]

Written as: CFy4,, [ZkEKSP (M;Z'k)] = [ZkEKSP (%)]

2 < CFeyy < 15

Written as: CFgqm < 15Y5qm and CFsgm = 2Ysqm

Area of sedimentation unit:

22)
QC — [ZkEKSP ( Pk
sdm SORsam

Power required in sedimentation unit:

PWsam = WsPsamQCsam
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Filtration (ftt):

Retention factor equation

— Miik . SP
$rety = o ik € K

Written as: g, Mg = Myq

Concentration factor equation (ftt):

[Brensr (522)]

CF. — L NP/

ftt [ZkeKSP (M;}ik)]
Written as: CFy, [ZkeKSP (M;i'k)] = [ZREKSP (%)]

1 < CFy < 30

Written as: CFftt < 3Oyftt and CFftt = 1yftt

Area of filtration unit (flux balance):

Qcer = Apee = [Z"e"s” (%)](Can—l)

CretCFpee
: M
Written as: chtt(fttCFftt = [ZkeKSP (pil;k):l (CFftt - 1)
Power requirements for filtration unit:

PWree = WspreeQCree
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Secondary Stage Model Equations for Technologies

Membrane Bioreactor:

Retention factor equation

_ Maak | SP
fmbrtk - Maqk ) k € K

Written as: e, Mg = My1k

Concentration factor equation (ftt):

CFmbrt - [ZkeKSP (Msllzz,k)]
Written as: CFypyt [ZkeKSP (M;zk)] = [ZREKSP (M;;tyk)]

1.01 < CFyupre < 35
Written as: CFppre < 35Vmpre and CEppre = 1.01y000¢

Volume of membrane bioreactor:

Vinbre = erlfwrt [ZREKS (M;Itk)]

Area for membrane for membrane bioreactor unit:

Vmbrt)

QCmbrt = Ambre = (Dmbrt

Written as: Amprt Dmpre = Vinbre

Flux balance for membrane bioreactor unit:

_ [ZkeKsp (Mu'k)] (CFmpre—1)

Cmbre = ok
mbrt AmbrtCFmbre

. M
Written as: Aypre Cmpre Chnpre = [ZkEKSP ( 21’k)] (CEmpre — 1)

Pk
Power requirements for membrane bioreactor unit:
PWibre = WSPmbreQCmpre

Adsorption:

Efficiency equation:
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M3k CONT
Nads = IY; ; k €K
17,k

Volume of adsorption unit:

_ — pR Mq7k
Qcaas = Vaas = Oqas [ZkEKs( ok )]

Mass of granulated activated carbon (gac) required for adsorption unit:

Mgac,ads = Pgac Qcaas

Power required for adsorption unit:

PWaas = WspaasQCaas

Activated Sludge:

Efficiency equation:

_ M5k CONT
Nast = IY; ; k€K

Volume of activated sludge unit:

Qcast = Vag = 9551 [ZREKS (M;zk)]

Biomass production in activated sludge unit:

STtasiVasl ZegCONT (M1gk—Mae k)
Xast =

Mgk
08 (14 KdasiSTtast] Ty (_pk )

. M
Written as: Xasleclfsl[l + Kdaslsrtasl] ZkeKs ( ;zk) = SrtgsVast ZkEKCONT (M18,k - M26,k)

Solid retention time in activated sludge unit:

VasiX
Srtasl — ( asl asl)

M35, sslds
Power required for activated sludge unit:
PWasi = WspasiQcCast

Rotating Biological Contactors:

Efficiency equation:
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Area of Rotating Biological Contactor unit:

e (2]

Xrbe

QCrpc = Arpe =

Power required for Rotating Biological Contactor unit:

PWype = WsprpcQCrpe

Disinfection:

Efficiency equation:

Mass of disinfectant required for disinfection unit

M31,L_Chlrn = (pL_Chlrn Z Mzo,k

keKCONT

Volume of disinfection unit:

My k
Qcais = Vais = 0 [z ( )]
keKS Pk

Power required for disinfection unit:

PWayis = WspaisQcais
Tertiary Stage Model Equations for Technologies

Advanced Oxidation Processes:

Mass of ozone needed for advanced oxidation processes unit

M = P Z M
42,0z 0z e KCONT 31,k

Efficiency equation:

My i

_ . CONT
Naop = My, k € K

Volume of advanced oxidation processes unit:

M36k
Qaon = Yoon = 06 [, (52)
aop aop aop KeKS Or
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Power required for advanced oxidation processes unit:
PWaop = WSpaopQCaop

Membrane Processes:

Retention factor equation

_ Mask . SP
Embrk - Magk ) k € K

Written as: ., M3gx = Mag i

Concentration factor equation (mbr):

_ (5]
T B ()

Written as: CF,p, [ZkEKSP (M;:k)] = [ZkEKSP (M;:k)]

1 < CFypr < 35
Written as: CFp,pr < 35Vpmpr and CFpr = 1Ympr

Area of membrane processes unit (flux balance):

)] (CFmbr_l)

CmbrCFmbr

[Z SP (Mss'k
_ _ keK Pk
Qcmbr - Ambr -

. M
Written as: QCmpr Cmpr CFmpr = [ZkEKSP ( 38,k)] (CFmpr — 1)

Pk
Power requirements for membrane unit:
PWipr = WSPmbrQCmpr

Bleaching:

Efficiency equation:

Mass of disinfectant required for disinfection unit

M45,NaCl0 = Ppyqcio E M37,k

keKCONT

Volume of disinfection unit:
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M37
Qcais = Vais = 045 [Z ( )]
keKS Pk

Power required for disinfection unit:
PWais = WspaisQcais

Cost Model Equations

Stagewise Cost Equations

Annualized capital cost in each stage:

CCACstg = 1.6 SgrBMCpuae ) Cot
i€istg{1,2,3,4}

Material Cost:

CCRMgy = [T (COUTFIcne)]

CCRM,, =

CCRMy3 = [7ann(CPUTL gy, )]

CCRMg4 = [T4nn( Cpurg, + Cpuryacio)]
Consumable Cost:

CCCS¢1 =0

CCCSsy = Consyey

CCCS43 = Consgys + Consypre

CCCSsy = Conspypy

Labor Cost

CCLCNstg = TannCrab Z ] Nlib;
i€istg{1,2,3,4}

Utility Cost

CCUCNstg = TannCelec Z ) PW;
i€eistg{1,2,3,4}

Other Cost

CCOCNStg = 2.78 TannCLab Z Nlbl

i€istg{1,2,3,4}
Total Cost in each Stage
CCTCystg = CCACngeg + CCRMygrg + CCCSpygpg + CCLCNsrg + CCUCN5gCCOCN 4t



Total Category Cost:

CCTAC = Z CCAC,
neENstg{1,2,3,4}

CCTRM = Z CCRM,,

neENstg{1,2,3,4}

CCTCS = z CCCS,
neNstg{1,2,3,4}

CCTLC = z CCLC,
neENstg{1,2,3,4}

CCTUC = Z ccuc,
neNstg{1,2,3,4}

CCTOC = Z ccoc,
neENstg{1,2,3,4}

CCTPC = CCTAC 4+ CCTRM + CCTCS + CCTLC + CCTUC + CCTOC
Objective Function 1:

Obj = Min CCTPC

B.2 Model parameters and input data
Table B.2.1 Density and Molecular Weight of Components
Component Value (kg/m3) Value (kg/kmol)
Water 1000 18
Solid particles 1800 102
Metals 2500 98
Chemicals 1100 48
Active pharmaceutical ingredient 1400 748.996
Ozone 2.14 48
Sodium Hypochlorite 1110 74.44
Flocculant 2200 2200
Liquid chlorine 1470 70.91
Table B.2.2 Purchase cost of added components
Component Value ($/kg)
Ozone 3.53
Sodium Hypochlorite 0.35
Flocculant 0.75
Liquid chlorine 2
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Table B.2.3 Standard capacity, cost, laborers, and power for technologies

Unit Operation | Standard Capacity Standard Standard Standard Power
(costing capacity) (Units) Capacity Cost Laborers Required (kW/h)
(million $) Required (#/h)
Flocculation
3
(Volume) 2000 (m3) 0.538 0.1 0.0002
Filtration
2
(Area) 80 (m?) 0.039 0.5 0.1
Sedimentation 3
(Volume) 2500 (m3) 1.128 0.1 0.0002
Adsorption 5
(Volume) 100 (m3) 0.12 0.2 0.3
Membrane
2
Bioreactor (Area) 40 (m?) 1.194 0.1 0.2
Rotational
Biological Container 185 (m2) 0.045 0.3 0.01
(Area)
Activated Sludge 3
(Volume) 250 (m3) 0.569 0.4 0.2
Disinfection
3
(Volume) 540 (m3) 0.627 0.7 0.5
Membrane
2
Processes (Area) 80 (m?) 0.938 0.5 0.2
Advanced Oxidation
3
Processes (Volume) 1000 (m3) 0.735 0.1 0.5
Bleaching (Volume) 500 (m3) 0.100 0.5 0.33
Table B.2.4 Replacement time for technologies with consumables
Technology Value (h/yr)
Filtration 2000
Adsorption 720
Membrane Processes 1000
Membrane Bioreactor 1000

Table B.2.5 Replacement cost for technologies with

consumables

Technology

Value ($/Unit)

Filtration

Adsorption
Membrane Processes
Membrane Bioreactor

100
74.16
400
400

B.2.6 Flocculation (flc):
Flocculent added (kg/kg) - 0.005
Residence time (h) - 0.5

B.2.7 Sedimentation (sdm):
Efficiency - 80%
Depth - 3m

B.2.8 Filtration (ftt):

Retention factor: Water - 0.05, Solids - 0.80, Metals - 0.10, Chemicals - 0.05, API - 0.50

Flux (m3/mz2.h): 0.2
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B.2.9 Membrane Bioreactor (mbrt):
Retention factor: Water - 0.005, Solids - 0.95, Metals - 0.85, Chemicals - 0.50, API - 0.90
Flux (m3/m2.h): 0.025

B.2.10 Adsorption (ads):

Empty bed contact time (h): 0.25

Density of granular activated carbon (GAC) (kg/m3): 1030
Efficiency: 90%

Void fraction of GAC: 50%

B.2.11 Activated Sludge (asl):

Decay of biomass coefficient (h-1): 0.0021
Biomass yield (kg/kg): 0.5

Hydraulic retention time (h): 2
Efficiency: 80%

B.2.12 Rotating Biological Contactors (rbc):
Efficiency: 80%
Hydraulic loading (m+/mzh): 20

B.2.13 Disinfection (dis):

Efficiency: 95%

Ratio of liquid chlorine to contaminant (kg/kg): 0.00173
Residence time (h): 2

B.2.14 Advanced Oxidation Processes (aop):
Ratio of ozone to contaminant (kg/kg): 0.000173
Efficiency: 98%

Residence time (h): 0.21

B.2.15 Membrane Processes (mbr):
Retention factor: Water - 0.05, Solids - 0.90, Metals - 0.90, Chemicals - 0.95, API - 0.95
Flux (m3/mz2.h): 0.0856

B.2.16 Bleaching (blc):

Efficiency: 98%

Ratio of sodium hypochlorite to contaminant (kg/kg): 0.00173
Residence time (h): 2

B.3 Sustainable Process Index (SPI) Calcualtions

B.3.1 SPI for Municipal Wastewater Treatment

Parameters

Frp (kg/yr) - feed of a processed resource (752400000)

vr (kg/m2.yr) - specific yield (243.1542)

Yerry (KWh/m2yr) - mean industrial energy yield or mean industrial energy supply density (7)
Fry (kg/yr) - feed of a processed resource (215463.6)[from GAMS Code]
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Cy ($/kg) - price of the material (world market price, taxes excluded) (7)

Cr ($/kWh) - price of one kilowatt-hour of energy (industrial price, taxes excluded) (0.1)
Fy (kWh/yr) - energy used in the process (450584.64)[from GAMS code]

Vg (KWh/m2.yr) - energy yield (43)

C (%) - total cost of energy for indirect installation (1329500)[from GAMS code]
LS (yr) - depreciated area over the life-span years (30)

Yern (KWh/m2.yr) - industrial energy supply density or yield (43)

Ns (cap/yr) - total number of workers in the treatment plant (80.19)
Vs (cap/mZ2.yr) - yield factor due to staff (3.59E-05)
Cem (kgm/kg) - allowable concentration of substance, m [Solids, Chemical, Metals, Water] in

the compartment, ¢ [air, water, soil]

R, (kg/mZ.yr) - rate of renewal of the environmental compartments, c [air, water, soil]

Estimated Parameters

Epry - energy demand to supply one kilogram of the material in question for non-renewable energy
(kWh/kg)

0.95Cy 095 x7 _

E = = = 66.5
D Ce 0.1
Ep; - energy demand to supply one kilogram of the material in question for indirect land energy
(kWh/yr)
P 0.54C;  0.54 x 1329500 239310
DI o LS 01x30

Scm - dissipation to potential sink (kgm/m?2yr)

Sc,m = Rc -Cem

Analysis for Rsil (kg/m?2.yr)
Rate of soil renewal (RSN) in the US is 2.2E-04 m/yr

Assuming the soil is loamy with a 50% pore space, then the bulk density is 1330 kg/m3
RSOil = RSN X Denbulk = 0.00022 x 1330 = 0.2926

Since we categorized contaminants into of solids, chemicals, and metals, we used contaminants that
had the smallest allowable concentration for each category in the compartments to estimate S. For

solids contaminant, we used lead (Pb), for chemical we used Chromium (Cr), and for metals we
used lead (Pb).

Analysis for Ssoitm (kgm/m?2.yr)

Ssoil,m = Rgois -Csoil;m
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Component (m) C(soilm) (kgm/Kkg) S(soilm) (kgm/m?2.y)
Solids (Sslds) 1.00E+00 2.93E-01
Chemical (Chem) 1.00E-04 2.93E-05
Metals (Mtls) 2.00E-06 5.85E-07
Water (Wtr) 1.00E+00 2.93E-01
API 1.00E-04 2.93E-05

Analysis for Rwater (kg/m2.yr)

Average rate of precipitation (RP) form Jan, 2009 to Dec, 2019 in the US is 31.91 in/yr (0.810514

m/yr)
Seeping ratio (SR) of water is 0.30

Ryater = RP X SR X Denyygrer = 0.810514 X 0.30 x 1000 = 243.1542

Analysis for Swaterm (kgm/m2.yr)

Component (m) C(water,m) (kgm / kg) S(water,m) (kgm / mzy)
Solids (Sslds) 1.67E-06 4.05E-04
Chemical (Chem) 1.00E-07 2.43E-05
Metals (Mtls) 1.50E-08 3.65E-06
Water (Wtr) 1.00E+00 2.43E+02
API 1.00E-07 2.43E-05

Sair,chem (kgm/mzyr) =6.50E-03

Frcm product flow rate to compartment c, by substance, m (kg../vr) [from GAMS code]

Compbonent Fraction of m into compartment ¢ Fp,cm
P (m Air Water Soil Air Water Soil

Solids (Sslds) 0 0.05 0.95 0.00E+00 7.92E+03 1.50E+05
Chemical (Chem) 0.03 0.9 0.07 9.93E+04 2.98E+06 2.32E+05
Metals (Mtls) 0 0.7 0.3 0.00E+00 4.99E+02 2.14E+02
Water (Wtr) 0 0.95 0.05 0.00E+00 7.15E+08 3.76E+07
API 0 0.5 0.5 0.00E+00 7.92E+03 7.92E+03

Variables

Ag - area for raw material production (m2/yr)

Agr - areafor renewable raw material production (m?/yr)

Ag - area for energy production (m2/yr)

A; - area for installation for equipment and other infrastructure (m2/yr)

A - area for direct installation (m2/yr)

Ap - area for indirect installation (m2/yr)

Ag - area for staff (m2/yr)

Ap .m - area for dissipating a single component of particular product flow to a given compartment

(m2/yr)

Aps. - areaassined to the dissipation of a particular product stream, S (m?/yr)
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Ap - area for product dissipation (m2/yr)
Ator - total area (m2/m3WW-yr)
Area for Raw Material Production (Ar)

Area for Renewable Raw Material Production (Agr)

Frr 7524000000
App = — = ——— = 3.09E06
RR = 0 243.1542

Area for Non-Renewable Raw Material Production (Agn)

_ Fan-Epgry _ 0X665

YEIRN 7

AR = ARR + ARN = 3.09E06
Area for Energy Production (Ag)

4 - P _ 45058464
Py 43 T

Area for Installations (A))
A= Ap+ Ay

Area for Direct Installation (Amp)[from GAMS Code]

Flocculation technology =17.43
Filtration technology =494.63
Adsorption technology =4.95
AID = 51700

Area for Indirect Installation (Ar)
Ep; 239310

A, = = = 5.57E3
" YELI 43

Area for Staff (As)

A N Ny 103719 2 8957
s = M @in = 0= 5000035

Area for Product Dissipation into Various Environmental Compartment (Ap)

A _ FP,c,m
Pcm — S
cm
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Component (m) - Ap.cm ;
Air Water Soil
Solids (Sslds) - 1.95E+07 5.14E+05
Chemical (Chem) 1.53E+07 1.23E+11 7.92E+09
Metals (Mtls) - 1.37E+08 3.65E+08
Water (Wtr) - 2.94E+06 1.29E+08
API -- 3.26E+08 2.71E+08

APS,C = maxm(AP,c,m)

Highlighted are the maximum values for each component

Component (m) - Ap.cm ;
Air Water Soil
Solids (Sslds) - 1.95E+07 5.14E+05
Chemical (Chem) 1.53E+07 1.23E+11 7.92E+09
Metals (Mtls) -- 1.37E+08 3.65E+08
Water (Wtr) -- 2.94E+06 1.29E+08
API - 3.26E+08 2.71E+08

Ap = ZAPS,C = 1.30E11
c

Aror = AR + Ap + A; + Ag + Ap = 1.30E+11 m2/yr =1.65E+05 (m2/m3WW-yr)

B.3.1 SPI for Direct Disposal of Pharmaceutical Wastewater

We considered on the area needed to sustainably embed the wastewater into the ecosystem, i.e. Ap

Area for Product Dissipation into Various Environmental Compartment (Ap)

Frcm product flow rate to compartment c, by substance, m (kg../vr) [from GAMS code]

Component (m) Fraction of Fp,c,m
Water Soil Water Soil
Solids (Sslds) 0.05 0.95 4.38E+05 8.32E+06
Chemical (Chem) 0.95 0.05 3.66E+07 1.93E+06
Metals (Mtls) 0.7 0.3 6.13E+03 2.63E+03
Water (Wtr) 0.95 0.05 8.32E+08 4.38E+07
API 0.5 0.5 1.75E+05 1.75E+05
FP cm
A _ IPg
P,c,m SC "
Component (m) Ap.cm :
Water Soil

Solids (Sslds) 1.08E+09 2.84E+07

Chemical (Chem) 1.51E+12 6.59E+10

Metals (Mtls) 1.68E+09 4.49E+09
Water (Wtr) 3.42E+06 1.50E+08
API 7.21E+09 5.99E+09

APS,C = maxm(AP,c,m)
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Highlighted are the maximum values for each component

Component (m) Ap.cm :
Water Soil
Solids (Sslds) 1.08E+09 2.84E+07
Chemical (Chem) 1.51E+12 6.59E+10
Metals (Mtls) 1.68E+09 4.49E+09
Water (Wtr) 3.42E+06 1.50E+08
API 7.21E+09 5.99E+09

Ap = ZAPS'C = 1.57E12
Cc

Ator = Ap = 1.57E+12 m2/yr = 1.79E+06 (m2/m3WW-yr)



