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ABSTRACT

The objective of this preliminary design was to determine the technical and economic
feasibility of constructing a biopharmaceutical production facility to produce humanized
monoclonal antibodies from Chinese Hamster Ovary cells. The mAb production facility will need
to produce a minimum of 1,000 kg of product a year at current titers of 1-2 g/L of mAb as well
as at future titers of 5-10 g/L.

The team performed the preliminary design of the production facility based on the mAb
production block flow diagram provided by The Company’s management as well as the physical
specifications of the CHO cell line. The final optimized design includes a seed train process to
promote controlled cell culture growth, two mAb production bioreactors, a protein harvesting
and downstream purification process, frozen storage, and a waste inactivation process. One of
the major considerations taken by the design team was the sterile nature of the process. In
order to provide a sterile environment for each step in the process, a water for injection
production process was designed, as well as a comprehensive steam in place and clean in place
system. The process designed proves technical feasibility of the project in meeting physical,
safety, and health specifications.

The facility is estimated to require 44 operating personnel working at any given time in order to
ensure safe operation. As a batch process, raw material handling presents both a safety hazard
and biohazard. In order to mitigate either of these concerns, viral inactivation and assays are
performed throughout the process, and storage of caustic and acidic buffers is minimized.

The economic analysis performed for the process proves that the project is economically
attractive. A summary of the major economic parameters over the 25-year project life is

provided in Table 1 below.

Table 1: Major Economic Parameters for mAb Production Facility Preliminary Design

Economic Parameters
Fixed Capital Investment $17.6 Million
Annual Sales Revenue $6.95 Million
Annual Operating Cost $34.9 Million
DCFROR 6354%
NPV $31.4 Billion

The economic parameters show that the project’s economic results far exceed the
requirements for the project to be economically successful. The team suggests that The
Company move forward with this project, as it is both technically feasible and economically
attractive.



INTRODUCTION

mAbs

Antibodies are Y-shaped proteins produced by animal and human immune systems when they
are attacked by viruses, bacteria, and other harmful pathogens. These proteins attach to the
antigens on the targeted cell, marking them for white blood cells to attack [1]. This process of
antigen-antibody binding is shown in Figure 1.

Monoclonal

Antibodies produced in a lab or pharmaceutical antibody

manufacturing facility and grown from a single cell

line are known as monoclonal antibodies (mAbs)

[1]. There are several different types of > - ‘

monoclonal antibodies. Naked mAbs latch onto the ,
antigen without any drugs or materials attached to *— f,:gtf;’ff on
them. They are the most common type of mAb in O Canesl

cancer treatments. Conjugated mAbs are
combined with radioactive particles that attach to ' & Monoclonal
the targeted antigen. Lastly, there are bispecific & < antibody
mAbs. These drugs are made of two different mAb L ltﬁgksr%fe:‘;o
proteins that target two different types of antigens

[1].

Diagram showing a monoclonal antibody
attached to a cancer cell

Cancer Research LK

Figure 1 : MAb antibody attaching to

MADb cells have three main applications: diagnostics, the cancer protein [2]

therapeutic, and protein purification [3]. Examples

of how these applications are applied are shown in Table 2. For example, when used to battle
cancer, mAbs are a type of immunotherapy [2]. MAbs like, vascular endothelial growth factor
(VEGF), are used to attack types of cancers of vascular endothelial cells.

Table 2 : Applications of mAb [3]

Application of mAbs | Examples

Diagnostics {a) Biochemical Analysis for pregnancy, cancer,
hormonal disorders, infectious diseases,

(b) Diagnostic Imaging for cardiovascular diseases,
cancer, bacterial infections

Therapeutic (a) Direct Agents for cancer, organ transplants, AlDS
(b) Targeting Agents for immunotoxins, drug
delivery, dissolution of blood clots, radio

immunotherapy
Protein Purification [a) Made with Immunoaffinity Chromatography
Miscellaneous (a) Catalytic MAbs [ABZYMES)

(b) Autoantibody Fingerprinting




CHO Cells

In biopharmaceutical production, host cells are needed to use the recombinant DNA to create
new genetic combinations and therapeutic proteins [4]. The most commonly chosen host is
Chinese hamster ovary cells (CHO) as they are the current mammalian platform. CHO cells are
also desirable because they have more benefits than not which are down in Table 3. CHO cells
make up more than half of the therapeutic protein market. The market is worth over $140
billion per year [4].

Table 3: Pros and Cons of CHO cells [5]
Pros Cons

High viability, rapid growth, easy to culture, high | Variability in cell lines, genome stability
expression levels, low cost

Market
160.0
140.0 .
120.0 - -
100.0
||
a0.0 - m .
B0.0
40.0
20.0
= Cancer = Antoimmune diseases
Infectious diseases = Others -
= |Inflammatory diseases = Microbial diseases 2013 2014 2015 2016 2017 2018 2019 2020 2021 2022 2023 2024
. m Hurnanized m Hurnan Chirmeric mhurine
Figure 2: Breakdown of Mab cancer
applications in 2016 [4] Figure 3: Mab Market (USD Billion) in 2016 [4]

Monoclonal antibodies are primarily used in hospitals and research facilities as they are also
widely accepted by biologics [4]. Over 35% of the hospital mAb end-use is for cancer treatments
[6]. MAbs are used to fight a variety of cancers as shown in Figure 2. A key contributor to
predicted mAb market growth is an increase in use for treatment of chronic conditions,
healthcare coverage, and public awareness of mAb treatments.

Chimeric mAbs are derived from murine sources and their genetic sequence is only 70% human.
The cell lines that generate human mAbs produce low titers and can be unstable. Humanized
mADbs, like the antibodies produced from CHO cells have 95% of the human sequence. They are
ideal because the non-human portion is where the antigen binding regions are. For this reason,
the market for humanized mAbs is growing more rapidly than the other types as shown in
Figure 3.



Project Overview

Much like many pharmaceutical manufacturers, The Company is trying to break into the mAb
market. The Company has already received approval for at least one mAb product and has others
that are currently in development. Due to momentum surrounding mAbs and associated
biopharmaceuticals both within The Company and the larger medical community, the
manufacturing branch of the company has been charged with designing a large-scale mAb
manufacturing facility that can produce enough product to handle a full-scale commercial
launch. The potential facility will be located next to the current ‘Research and Development’
building to capitalize on preexisting infrastructure. There is potential for the site to become a
contract manufacturing facility in the future if the initial launch goes well. Therefore, the design
needs to be flexible to allow for the production of a variety of mAbs at a variety of purities and
for a variety of purposes. The site should be able to produce a minimum of 1000 kg of purified
mADs per year at titers ranging from 1-2 g/L to 5-10 g/L. The production facility should
encompass the seed train, upstream (production), downstream (purification), packaging, and
storage processes. From this facility, mAb products will be sent to another facility for final
formulation and distribution. Since this is a completely new facility, every part of the process
will need to be designed from the ground up—everything that is needed in the process must be
accounted for in the design. Although the process should be able to accommodate a variety of
mAD products, for the sake of this design, it is assumed that the production will be a VEGF
antibody similar to Avastin ™. This report contains Global Manufacturing’s mAb
biopharmaceutical manufacturing facility design, economic analysis, and recommendations that
the management of The Company has requested.

PROCESS FLOW DIAGRAM
Table 4: Equipment Identification Key

Equipment ID | Equipment
C-XXX Compressor
CB-XXX Cell Bag
CEXXX Centrifuge
CI- XXX Column
F-XXX Filter
Fz-XXX Freezer
HE-XXX Heat Exchanger
P-XXX Pump
R-XXX Reactor
RB-XXX Roller Bottle
Tk-XXX Tank (no mixer)
V-XXX Vessel (mixer)

Table 4 relates equipment type in the Process Flow Diagram (Figure 4) to its equipment ID
abbreviation.



V-101  P-102A/B  V-103 P-104 A/B  V-105A/B P-106 A/B TF-201 TF-202 RB-203 RB204 CB205 (CB-206 R-207 R-208 V-208 F-210 11 HE-212

R-301A/8  P-302 A/B
Media Media Media Media Feed Feed T-Flaskl T-Flask2 Roller Roller CellBag CellBag Seed Seed Air Air Air Air Production Production
Prep Prep Prep Prep Media Media Bottle Bottle Rocker Culture Culture Compressor Cartridge Compressor Compressor Bioreactor Bioreactor
Vessell Pumpl Vessel2 Pump 2 Prep Pump Roller Tray Bioreactor Bioreactor KO Drum Filter After- Pump
Vessel 1 2 Cooler

Figure 4: PFD
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MATERIAL AND ENERGY BALANCES

One of the most important aspects of a preliminary design is its technical feasibility. On the
most basic level, mass and energy must balance throughout the entire process for the technical
validity of the process to be verified. Table 5 below summarizes the pressure, temperature,
mass flow, and enthalpy for each stream in the mAb production process, allowing for
verification of material and energy balances throughout the process.



Material and Energy Balance

Table 5

STREAM FLOW SUMMARY

Table 5
Stream No. 1 2 3 4 5 & 7 8 El 10 11 12 13 14 15 16 17 18 15 20 21 22 23 24 25 26 27|
Temperature [C] R 250 70 250 RS 250 ) 250 RS 250 250 R RS 250 250 7o ERE 250 250 250 Ers) RS RS 370 441 441 4.
Pressure [bara] 101 101 101 1ol 101 10 101 101 101 1ol 101 1o 101 101 10 101 1ol 101 101 1ol 101 101 101 1ol 101 101 101
Enthalpy [KW-hrfbatch] .00 @00 1.006-03 1408-02 2.20€-02 0.43  2.308-02 0.28 0.43 475 0.56 .94 7.53 BEEL 1466 2387 1547 4575 1158 ATHE 1742 1034 1.206-02 100409 44.23 1151 0.35]
Total Mass Flow Rate [kg/batch] | 1.00€-03 5.006-03 6.00€-03 2006-02 260E-02 4.74E-02 .50 247 9.96 164.6 8016 7992 1750 3316 2084 2080 3500 3186 164E+04 165E+05 1.65E+05 2.33E+04 080 23326 BE3.0 2258404 6.8
Molar Flaw Rate [kmel/bateh|
Biomiess | 1.00€-0% - 9.0%e-07 - 1.006-07 - 8.00e-05 - 14203 - = = 2.856-02 - = = 057 - = = = 713 - 713 6.99 0.14 0.14)
Ampurities | 6.00€-05 - = = 1.00€-07 - 1.00€-05 - 5.00€-04 - = = 9.456-02 - = = 0.18 - = = = 2.28 - 2ZB 6.79E-02 221 3.30e-04)
Balon CD Media | - 6.51E-06 4.556-07 232605 1.006€-07 6.04E-04 2.006-05 1.226-02 100605 212601 - - 8.84E-02 417 - - 189 - 2113 - - - - - - - -
Feed 4 Medio | - = = = = = = = = = = = = = = = = 423 - = = 1283 - 1283 038 1245 1.83E-03
Mok |- - 4.35E-07 - 1.00€-06 - 2.00€-05 - 2.70€-04 - - - 102E-02 - - - 0.21 - - - - 2,60 - 259 7.76E-02 252 3.706-04)
Sadium Biearbanats | - 1268-06 455607 A51E-06 100606 1.17E-04 1.00E-05 237E-03 2506404 411ED2 - = 4.36E-03 .83 - = 8.73E-02 .82 411 - = 0.58 - 058 173602 0.56 8.00e-04f
Water |- 2.73E-04 327604 9.7GE-D4 143E-03 2.54E-02 2.75E-02  5.13E-01 5486401 8.90 - = 9.54 1734 - = 150.8 1778 BE9.0 - = 1265 - 1265 v 1227 0.18)
Omygen |- - - - - - - - - 0.58 0.52 - - 15.17 1381 - - - 1200 979 - 5.90€-03 - - - -
Nitragen | - = = = = = = = = = 219 2.20 - = 5708 57.20 - = = 4515 4516 - 2.306-02 - = = =
Corban Dioaide | - - - - - - - - - - - 4.04E-02 - - - 0.8l - - - - 1183 - - - - - -
Acetic-Asid | - = = = = = = = = = = = = = = = = = = = = = = = = = =
Ammonium Sulfate | - - - - - - - - - - - - - - - - - - - - - - - - - - -
TRIS Bose | - = = = = = = = = = = = = = = = = = = = = = = = = = =
TRIS WLl | - - - - - - - - - - - - - - - - - - - - - - - - - - -
EDTA Disodvurn |- = = = = = = = = = = = = = = = = = = = = = = = = = =
Monosadivm Phesphate | - = = = = = = = = = = = = = = = = = = = = = = = = = =
Sadium Phosphate | - - - - - - - - - - - - - - - - - - - - - - - - - - -
Tributyl phasphate |- - - - - - - - - - - - - - - - - - - - - - - - - - -
Sodium Chioside | - = = = = = = = = = = = = = = = = = = = = = = = = = =
Guanidinium Chioride | - - - - - - - - - - - - - - - - - - - - - - - - - - -
Potassiurn Chlaride | - = = = = = = = = = = = = = = = = = = = = = = = = = =
Monopatassivm Phosphate | - = = = = = = = = = = = = = = = = = = = = = = = =
Polysarbate 50 | - = = = = = = = = = = = = = = = = = = = = = = = = = =
Total] 6.006-05 2.806-04 3.306-04 1006-03 143803 2.60E-02 912 0.53 0.55 9.12 278 2.76 a2.77 1E3E 7115 7LE1 183.7 1E2.1 910.6 5715 5708 1290 2.736-02 1230 44.80 1245 0.33]
Stream Na. 2B 25 30 31 32 31 34 35 E 37 3B 30 A0 41 43 43 A4 A5 A6 47 4B A5 50 51 53 53 54,
Termperature [C] a1 a1 441 250 250 250 250 357 255 250 255 250 255 250 250 281 250 261 250 280 250 250 260 250 250 250 25.04
Pressure [bara] 101 101 101 1ol 101 101 101 101 101 101 101 1ol 101 1ol 101 1ol 101 1ol 101 101 101 101 1ol 101 101 101 101
Enthalpy [kW-hr/batch] 1151 2.20602 1151 723z 1196 391 1246 1656 50004 50004 015 5005 1351 15.69 6150 14.51 1027 1.40€-02 1p3s 2541 - 103s 4065 67.82 136.6 6E.15
Total Mass Flaw Rate [kg/bateh]| 2.256404 179 2.25E+04 2508 4126 a220 5000 4.1E-D4 1687 1687 9.24 1687 457.4 G748 2025 457.4 337.4 242 3466 3466 - 346.6 1399 2342 4B06 2387
Malar Flow Rate krnal/bateh)
Biamosz | - = = = = = = = = = = = = = = = = = = = = =
Impurities 221 - 1 - = = = 2.08 0.13 0.13 - 013 - = 010 - 9.74E-02 - 9.74E-02 9.74E-0T - 9.74E-02
BalenCD Media ] - - - - - - - - - - - - - - - - - - - - - -
Feed 4 Media 1245 - 1245 - = = = 1245 - = = = = = = = = = = = = =
Mob 252 - 252 - = = = 0.25 217 237 - 227 - = = = 220 - 220 220 - 2n
Sodium Bicarbanabe 0.56 - 0.56 - = = = 0.56 - = = = = = = = = = = = = =
Water 1227 - 1227 1373 219.0 4535 2135 2169 a0.70 070 256.5 20,70 2761 37.56 uLr 2761 1642 - 16.67 1667 - 1667 TE.EE 1275 2501 124.9)
Oygen |- 130602 - - - - - - - - - - - - - - - 1.76£-02 - - - -
Nitragen |- 4.00€-02 - = = = = = = = = = = = = = = 6.50€-02 - = = =
Corban Dioxide | - = = = = = = = = = = = = = = = = = = = = =
Acetic-Acid | - - - - - 082 - 066 0.16 0.16 - 0.16 - - 016 - 3.99€-03 - 3.99£-03 - - 398603
Ammsnium Sulfate] - - - - - - - - - - - - - - - - - - - - - -
TRIS Bose | - = = 0.3163 052 - 113 111 - = = = = = = = = = = = = =
TRIS HCI | - - - 0.94 155 - 0.34 363 - - - - - - - - - - - - - -
EDTA Disodiumn | - = = 1.256-02 - = = 1.256-02 - = = = = = = = = = = = = =
Digadium Phosphate | - = = = = = = = = = = = = = = = = = = = = = 1.10€-02 1.82E-02 023
Monosodivm Phosphate | - = = = = = = = = = = = = = = = = = = = = =
Sodivm Phosphate | - - - 6.26E-03 - - - 6.30€-02 - - - - - - - - - - - - - -
Tributyl phasphate | - - - - - - - - - - 433603 - - - - - - - 4306-03 434603 - 4.30e-03
Sadium Chioride | - = = = = = 451 451 - = = = = = = = = = = = = = 072 467 233
Guanidinium Chiaride] - = = = 826 - = B8.26 - = = = = = = = = = = = = = = =
Potassium Chlaride] - - - - - - - - - - - - - - - - - - - - - - 1.006-07 1.00€-06
Merapatassivm Phosphate] - = = = = = = = = = = = = = = = = = = = = = 1.00€-07 1.00E-06
Polysarbate 50) - = = = = = = = = = 2.G5E-03 - = = = = = = 2.70€-03 2.65E-03 - 2.706-03 - =
Tatai] 1244 6.206-02 1244 137.5 227.4 454.3 2325 2203 93.27 000 9337 256.5 93.27 2761 3756 1120 2761 1E.72 8.36E-02 1E.98 1E.57 0.00 1E.39 7689 1283 255.0 127.3]




[Stream No. 55 56 57 56 55 60 61 62 63 6 65 66 &7 56 [T] 70 71 72 73 74 75 76 7 7B 75 a0 a1
Termperature [C] 5.0 50 50 50 250 5.0 50 258 5.0 /0 258 58 50 50 50 50 50 50 50 50 250 5.0 58 250 58 58 25.0f
Pressure [bara] 101 101 101 101 101 101 101 1.01 101 101 101 101 101 101 101 101 101 101 101 101 1.01 101 101 101 101 101 1.01]
Enthalpy [KW-hrfbatch] 4063 3358 2840 101 800604 2841 1451 3645 1451 1187 616 616 5384 9343 1851 9137 3620 3785 100602 3795 1451 1512 4685 1451 7.78 7.79 -
Tovtal Mass Flow Rate [ke/bateh] 1406 11680 9570 1021 146 1099 497.4 1302 457.4 4100 2067 2067 2002 3337 6453 3161 13838 1322 185 1322 457 518 1580 457 260 260 -
Molar Flow Rate [kraol/batch]
Biornmss | - - - - - - - - - - - - - - - - - -
Impurities | - 916602 5.84E-03 - - 5.84E-03 - 0.03 - - 317602 103 - - - - 0.03 -
BalonCD Media |- - - - - - - - - - - - - -
Feed 4 Media |- - - - - - - - - - - - - - - - - - - - - - - - - - -
Mak |- 0.2 1.98 - - 198 - - - - 192 282 - - - - 0.19 173 - 173 - - - - 164 164 -
Water| 7648 6226 50002 - - 50,02 2761 6347 2761 276 431 1031 9284 1863 3431 1720 7IL0 663 - GEE3 2761 BT BATE 3WEL 1270 1270 -
Dirygen |- - - - 1.06E-02 - - - - - - - - - - - - - 1.346-02 - - - - - - -
Hitrogen | - - - - 4.006-02 - - - - - - - - - - - - - 5.06E-02 -
Carbar Diaxide | - - - - - - - - - - - - - - - - -
Acetic-Acid| - 390603 - - - - - - - - - - - - -
Ammonium Sulfate |- - - 0.77 - 077 - 0.75 - - 1.786€-02 102 - - - - 179602 -
TRIS Bose |- - - - - - - - - - - - - -
TRIS Wl |- - - - - - - - - - - - - - - - -
Sadium Hydrowide 0.70 0.70 - - - - - - - - - - - - - 157 -
Disadlium Phosphate |- 290602 - - - - - - - - - - 457602 7.506-02 013 - 0.22 261602 - 2606-02 - - 2506-07 6.406-04 6.406-04 6.406-04 -
Monasadium Phosphate | - 019 467602 - - 4.67E-02 - 4.56E-02 - - 1.106-03 100 - - - - 1.106-03 - - - - - - - - - -
Sadium Phosphate | - - - - - - - - - - - - - - - - -
Tributy! phasphte | - 0.70 - - - - - - - - - - - - - - - - - - - -
Sadium Chioride | - 7.00 0.93 - - 093 - 0.91 - - 2.206-02 102 671 569 433 - 15.88 0.87 - 0.86 - - 084 212602 212602 212602 -
Guanidinium Chiaride | - - - - - - - - - - - - - - - - - - - - - - -
Potassium Chiaride| - 100604 - - - - - - - - - - - - -
Monopatassivm Phosphate| - 5.006-05 - - - - - - - - - - - - -
Polysarbate 50| - 265603 - - - - - - - - - - - - - - - - - - - - - - - -
Tof|l 778 6315 5289 0.77 005 5376 2761 6521 2761 2276 1131 1731 9970 1719 3476 1736 7IRI LIS 0.06 7135 3761 2B77 8565 I76EE 1437 1437 .00}
Stream Na. 82 83 84 85 86 a7 [T ag a0 91 [ 23 a4 95 26 97 96 99 100 101 02 103 104 105 106 107 108
Temperature [C] 500 500 300 250 250 250 250 5.0 50 /0 250 50 50 5.0 5.0 5.0 5.0 50 50 250 250 250 250 250 250 250 25.0f
Pressure [bara] 101 101 101 101 101 101 101 101 101 101 101 101 101 101 101 101 101 101 101 101 101 101 101 101 101 101 1.01]
Enthaipy [kW-hr/batch] 779 -1561 2466 1742 184 1760 4935 103 48345 7E3E 1407 4377 466 5428 5408 411 5028 1789 3659 3659 9109 8447 0.17 8.06 773 958 2570
Total Mass Flow Rate [kg/batch]| 2598 2598 7.206+04  S86E 1213 608G 1G9E+04 GE14 1706404 2696404  267.7 1S506+03 1466403 1826403 1826403 1376+02 168E+03 610B08 1256404 1256404 3126404 2.83E+05 722 2743 641 330 BEL.)
Molar Flaw Rate [krnal/batch]
Biomuss |- - 743 -
Impurities | - - 241 -
BalonCD Media |- - 1.9 -
Feed 4 Medio |- - 1084 -
Mok 164 164 Q.74 -
Water| 1270 1270 3E02 3313 - 3313 2387 - 238.7 1491 - 7908 7708 9593 9593 341 9260 3247 6300 6555 FRED 15569 034 1522 1462  1E31  4E5g)
Nitragen |- -
Carbar Dioside | - - - -
Acetic-Acid |- - 082 - - - - - - - - - - - - - - - - - - - 0.49 -
Hydroehloric acid | - - - - - - - - - - - - - - - - - 1462 - - 1680 -
Ammonium Sulfate| - - 0.773 - -
TRIS Bse | - - 121 -
TRIS HCH |- - 363 - - - - - - - - - - - - - - - - - - -
Sadium Hydrowide | - - 217 303 - 303 - 170 170 - - - - - - - - - 6619 - 059 -
EDTA Disodiur |- - 1.306-02 - - - - - -
Disadium Phosphate | 6.406-04 6.406-04 0.28 -
Mornasadium Phosphate - 023 -
Sadium Phosphate | - - 6.25E-02 -
Tributyl phasphate | - - 4340803 -
Sodium Chioride| 2126-02 212802 285 -
Guanidinium Chiaride - - 830 -
Potrasium Chiaride| - - 1.00€-04 -
Monopatassium Phosphate| - - 6.006-05 -
FPolysortate 50| - - 265E-03 -

Totaf] 14.37 14.37 3E73 3343 0.00 3343 9387 1.70 240.4 1431 0.00 79.09 JT0E 25.93 25.93 3.41 21,60 3339 6862 685.5 1760 15589 0.82 15.22 14.62 1E.31 4E.59]
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_m_.-ﬁl_._ Ha. i 110 111 112 113 114 115 HE 117 118 119 120 121 132 123 124 135 126 127 133 129 130 131 132 133 134 uu&
Temperature €] 250 5.0 250 250 50 50 250 250 250 250 250 250 278 1057 1057 2458 1361 1361 1361 110.0 %0 1100 [0 1100 813 50 21.2]
Pressure [bara] 101 101 101 101 101 101 101 101 101 101 101 166 145 124 124 345 3z ERZ 324 EX:E] 101 3.0 150 EXE] 150 110 150§
Enthalpy [kW-hrfbatch] aa47 6.35 6.35 638 7.890 Iz a7 4250 877 3850 B30E 6042 6042 5335 4E03 AE9E 4774 Ta3.4 4033 4742 7143 4742 3369 4742 3661 458 3615
Total Mass Flow Rate [kg/baten]| 1697 1637 1697 1697 1637 1647 163.7 169.7 169.7 1697 1523 2306405 2306+05 2.306+05 21BE+05 21BE+05 21BE+05 33GE+0 LBSE+05 1BSE+05 246E+04 L11E+05 LI9E+05 7.306+04 142E+04 25200 1436405
Molar Flaw Rate [kl bateh]
Binmass 743 - 743 - 7.13|
Impurities 241 - 241 - 2.41
BalgnCD Media 189 - 189 - 1.89)
Feed 4 Media 1084 - 10.84 - 1094
Mak 0.74 - 0.74 - .74
Sadium Bicorbanate - - - - - - - - - - - - - - - - - - - - - 058 - 058 - .58}
Water 15569 1180 1258 1211 1512 5062 15589 793 14780 6B 819 7596 75.96 75.96 7116 7116 7116 1110 6106 6106 134n 3664 5188 24.42 5211 5.25e-02 5212
Nitrogen
Carban Dioxide - -
Acetic-cid| 082 - 082 - 0.82)
Hydrochioric ocid .00 - 0.00 1.52E-02 0.0z
Ammonium Swlfate] 0.77 - 077 - 0.77]
TRIS Boie 11 - 11 - 1.2
TRIS HCI 363 - 363 - 363
Sadium Hydroxide 0.74 - 237 - 237 100606 2.17]
EDTA Disodium 1.306-02 - 1.306-02 - .01
Disadium Phosphate 0.28 - 0.28 - .28}
Monasadium Phosphate 023 - 023 - 0.3
Sadium Phosphate 6.256-02 - 6.25E-02 - 6.256-02
Triburty! phasphote - - - - -
Sadiwm Chioride 2815 - 2015 - 28.15)
Guanidinium Chlaride| 230 - 230 - .30}
Pt Glide|
Monapatassivm Phosphate
Palpsorbete 80 - - - - - - - - - - - - - - - - - - - -
Totofl 15569 1254 1258 1211 1512 5062 15563 7930 14760 GES.E  B39G 7586 7506 7506 7116 726 7216 1110 6106 G106 1345 3664 S5ISE 2442 5283 G77E02 5283
[Strearm Na. 136 137 138 139 140 141 142 143 144 145 145]
Ternperature |C] 1067 00 25 25 25 25 85.12 37 25 30 126.1
Pressure [bara] 1E5 145 Lol 101 1o 101 1703 1358 3T 3426 3.24
Enthalpy [KW-hrfbatch] 2654 2854 102 102 D2 102 2307 419.0 I39E+06 139E+06 7434
Total Mass Flow Rate [kgfbatch] | 115404 115E+04 1.31E+05 0.00E+00 LI1E+05 131E+05 1316405 L31E+05 316E+405 3.16E+05 33600
Molar Flow Rate kol bateh] - - - - - - - -
Biomoss | - = = = = = = = =
Impurities | - - - - - - - - -
BalonD Media | - - - - - - - - -
Feed 4 Medio |- - - - - - - - -
Water | 6.382402 6.388+02 - - - - - - 31567200 31567200 36.64)
Oxygen |- - 171385 - 171355 171305 171395 171395 - -
Nitrogen |- - FIGE B - JIGEE] 7IGEB]  FIGEE]  TIEEED - -
Coarban Diaxide | - - - - - - - - -
Hydroehloric acid | - - - - - - - - -
Ammonium Sulfate - - - - - - - - -
TRIS Bose |- - - - - - - - -
TRIS HEl |- - - - - - - - -
Sadium Hydrowide | - - - - - - - - -
EDTA Disodrur |- - - - - - - - -
Disadivm Phesphate |- - - - - - - - -
Monasodium Phosphate | - - - - - - - - -
Sodium Phosphate |- - - - - - - - -
Trituityl phosphate | - - - - - - - - -
Sodium Chioride | - - - - - - - - -
Guanidinium Chioride | - - - - - - - - -
Potassium Chiaride |- - - - - - - - -
Monopatassium Phosphate | - - - - - - - - -
Polysarbate 50| - - - E - - - - - - E
Terba | 6331 §38.1 9082.75 0.00 908275 908275 90ELTS  O0ELYS 315672.00 31567100 36.64)
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PROCESS DESCRIPTION

Media Prep Buffer Prep
Primary
Seed Train Production Recovery:
Reactors Harvest
Purification: . o Purification:
. « Viral Inactivation | .
Polishing Protein A

Storage of Final Formulation
Product (Out of Scope)

Figure 5: Process Block Flow Diagram

Design Basis

The scope of this project was to design a facility that produced a minimum of 1000 kg of mAb
per year. The block diagram (Figure 6) above, gives an overview of the entire process. The seed
train must be inoculated from one 1 mL vial holding 1 x10° CHO cells, with only one vial used
per batch. The doubling time for CHO cells was estimated to be 36 hours. Each step in the seed
train was operated in a batch manner and was performed under sterile conditions. The cell
culturing media was required to be a powdered, chemically-defined, serum-free media that was
mixed into solution on site. The production bioreactor was designed to produce a minimum
mADb titer (concentration per batch) of 1-2 g/L with the expectation that the titer could be
increased to 5-10 g/L in the future. The production reactor could be operated in either a batch
or a fed-batch manner. Throughout this final production step, the concentration of glucose in
the reactor had to be maintained above 2 g/L. Per the project guidelines, it was assumed that
each CHO cell produces 25 pg of mAb per day during both the seed train and bioreactor
portions of the upstream process. These project specifications are summarized in Table 6
below.

Table 6: CHO Cell and mAb Specifications
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CHO Cell/mAb Specifications

CHO Cells per vial 1000000 cells
Cell Doubling Time 36 hours

mAb Production Minimum 1000 kg/yr
mab Titer 1-2 g/fL

CHO Cell - mAb Production Rate 25 pe/day
Prod. Bioreactor Glucose Minimum |2 g/L

The product leaving the seed train and bioreactors must be sanitized and purified to the
standards set forth by the FDA for pharmaceutical processes [7]. The most significant of these
regulations include having two purification steps that inactivate any biological contaminants
including viruses. After the purification and viral inactivation steps, the final product was
required to be packaged and stably stored for up to one year. Other considerations due to the
sterile nature of the process include SIP (steam in place) and CIP (clean in place) of process
vessels in between batches and the use of WFI (water for injection) as opposed to potable
water in the process. The option was given in the project guidelines of purchasing WFI for $1/L
or of purchasing potable water for $0.543/1000 L and purifying this water to meet the USP
(United States Pharmacopeia) guidelines for WFI. Waste from the process was to be pretreated
and disposed of using the existing city sewage system at the cost of $5/1000 gal. Existing
electricity utility is also provided at the site, for a current rate of $S0.05/kW-hr. The on-site
utilities provided to the project team are summarized below in Table 7.

Table 7: Cost of On-Site Utilities

On-5ite Utilities
Electricity S0.05/kW-hr
Sewer 55/thousand gal
Water 50.543 /thousand L
WFI 51/L

Not all parameters necessary to evaluate the project were provided by management, so some
assumptions were made by the project evaluation and preliminary design team. These project
assumptions are summarized in Table 8 below.

Table 8: Project Evaluation Parameters

Project Assumptions
Service Factor 0.98
Project Life 25
Tax Rate 21%
Escalation Rate 2%
Inflation Rate 2%

13



Design Philosophy

The two main factors that influenced the design of this process were the minimum mAb
production rate (1000 kg/yr) and the sterile nature of the process. The production rate
determined the way that the upstream process was designed—both the amount of mAb
produced in each batch and the number of batches per year were maximized to at least hit the
minimum mAb production. The production rate was always the first and foremost priority in
the design, and everything else was based upon meeting it. In regards to the mAb titer in the
production reactor, this design is based solely on the current titer of 1-2 g/L. The optimization
of the process production centered around increasing total mAb production in the process
(minimum of 1000 kg/yr) rather than increasing the concentration of mAb in the product
reactor (1-2 g/L). Potential ways that this design could be used to produce a larger titer of mAb
will are addressed in the Process Scale Up subsection. The other main factor in the design was
maintaining a sterile environment and dealing with the biological hazard both within and
without the process properly. A large portion of the design is devoted to a water for
injection/steam in place (SIP) system and a clean in place (CIP) system, both of which are
necessary for keeping a biopharmaceutical manufacturing process sterile. Other important
pieces of the design that were emphasized because of the sterile nature of the product are the
viral inactivation steps and the waste treatment and disposal process. The following are
examples of ways that the process was optimized in order to properly account for these two
main factors.

Seed Train Densities

One of the keys to properly designing the seed train is managing the different phases of cell
growth. For this design, much attention was given to selecting an optimum media for CHO
growth and understanding how the media affected cell growth. The media that was selected for
this process was BalanCD CHO Growth A media. This media was proven to be an optimal media
for CHO production because of the length of time that cells remained viable in it [8]. In fact,
cultures remained viable and growing in densities of up to 9 million cells/mL of media, a larger
number than most other CHO media can support [8]. Knowing this about the media, the team
designed the seed train to keep cells in each vessel as long as the log phase was continuing, and
to remove the cells before they reached maximum density. It was established that the cells
would be inoculated at 2x10° cells/mL and harvested at 4x10°, a lower density than the
maximum. Working within this range of densities allows the process to produce the required
number of cells to produce the minimum amount of mAb per year.

Scheduling Optimization

Besides optimizing the cell culturing process, the second most important way to maximize
production is by optimizing the scheduling of the process. Although each step in this process is
batch, the steps can be scheduled in such a way as to maximize efficiency by minimizing the lag
time between each step. One way that scheduling was used to optimize the process was by
operating some of the downstream process steps in cycles. The centrifuge and first two
chromatography columns processed only a portion of the product stream at a time, decreasing
the size of the units or the number of required units to complete the process. Another way the
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process was optimized was by debottlenecking it so that the cycle time, or time between
batches could be decreased, increasing the number of batches per year. Once the original
process was designed with the minimum, necessary pieces of equipment, the schedule was
examined to see where the bottleneck in the process was. Figure 6 below is the equipment
occupancy chart for the first 100 days of the original design. As is made clear by the chart,
bioreactor R-301 is the bottleneck in the process. The minimum possible time between batches
(cycle time) is 12 days, limiting the facility to just under 30 batches per year. With a production
amount of 29.6 g/batch, this design won’t meet the minimum mAb production requirement. To
optimize this process, a second (and identical) R-301 bioreactor was added to the process. The
operation of the two bioreactors is staggered, so that the reactors take turns being used in the
process. The same equipment occupancy chart with a second R-301 bioreactor is displayed
below in Figure 7. In the chart, R-301 a/b is the original reactor and STGO1 is the second
reactor. Adding a second R-301 reactor reduces the cycle time to 7 days, allowing the facility to
process 51 batches and produce over 1500 kg of mAb each year. This optimized design is the
one that was chosen for the rest of the process because it greatly increased the yearly
production of mAb while only increasing the capital cost by a small amount.
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Water for Injection

As specified in the project statement and made very clear in FDA and USP regulations, all water
that is used in the process that in any way comes into contact with the product streams is
required to be water for injection [9] Water for injection (WFI) is available for purchase for
$1000/1000 L, however the cost of purchasing that much water adds up quickly when
considering that one batch of mAb production requires nearly 130,000 L of water for injection,
as well as another 25,000 kg of clean steam needed for steam in place (SIP) of process
equipment. Purchasing that much water greatly increases the operating cost of the process. To
make the process more cost-effective, a water for injection skid was designed that purifies
potable water until it is up to the USP standard for WFI [10,11]The skid was designed so that it
could handle potable water and even relatively “clean” waste streams from the process such as
the diafiltration flush outlet stream. In order to realistically simulate the process, a water
stream was designed using the maximum allowable contaminants in potable water per the EPA
regulation [12]. The contaminants added to the water are listed in Table 9 below. Although
there are more contaminants in potable water than those listed, these represent the variety of
possible contaminants in water. Some of the contaminants listed, such as sodium, are not
regulated by the EPA but were listed on the Boston, MA municipal water report [13]. Since
much of the pharmaceutical industry is located in the Boson-Cambridge area, this water was
compared to the EPA regulations to give a comprehensive water composition [14].
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Table 9 — Potable Water Estimated Contaminants Concentration

Water Concentration Water Concentration Water Concentration Water Concentration
Component (mg/L) Component {mg/L) Component {mg/L) Component {mg/L)
Arsenic 0.010| |Chlorine 4.0] |Endotoxins 0.034| |Mercury 0.002,
Barium 2.0| |Chlorine Dioxide 0.80| |Fluoride 4.0 |Nitrates/Nitrites 11
Benzene 0.005| |Chlorite 1.0] |Haloacetic Acids 0.060| |Sodium 33
Chloramines 4.0| |Coliform 50| |Lead 0.015] |Trihalomethanes 0.080

In the Economic Analysis — Optimization Analysis Section of the report, the designed WFI
system is compared to buying the necessary WFI from an economics standpoint. It is estimated
that the operating cost of producing WFI is $3-5/1000 L [15], which if true would make
producing WFI a very attractive option. Some of the non-economic benefits of designing a WFI
system is that it allows the manufacturing process to control the volume of WFI that is
produced and stored at any one time. If WFl is purchased, the process is dependent upon the
supply of another raw material instead of on a process that can be continuously run to produce
more of the needed material.

Heat Integration

Another optimization step performed in the process is utilizing heat integration, both within the
WFI system and the overall process. One example is using municipal water to cool down the
bioreactors and then sending that same potable water to the WFI system to be processed into
WFI. Combining these streams allows for the better utilization of resources and greatly reduces
the amount of water bought only for cooling. In the WFI system, the purified water stream is
pre-heated by exchanging heat with the hot water stream drained from the boiler and the WFI
saturated steam. Next, the pre-heated purified water is boiled in the steam boiler by an electric
coil and a steam coil fueled by the steam leaving the boiler and subsequent compressor.
Integrating these heat streams allows WFI and Clean Steam to be produced and cooled to their
respective correct states for a total of 306 kW. Finally, the compressed air that is supplied to
the bioreactors is cooled to 37 C, the reactor temperature, by potable water that is then
supplied to the WFI system. This integration of heat minimizes operating costs while also
making good use of thermal energy conservation within the process.

Compressed Air

The final optimization step considered in the design of the process was compressing air for the
bioreactors rather than buying compressed air. Over the course of one batch, 406.8 m3 of air
are fed into the three bioreactors in the process to maintain a constant oxygen concentration in
the culture media. Compressed air is available in industrial sized cylinders with sizes up to
10,000 L per cylinder [16]. The issue with buying compressed air for this process is that one
batch of would use 41 of these cylinders or almost 6 canisters per day. The required storage
space and man power to use these canisters outweighs the ease of designing a compression
skid that continuously filters, compresses, and cools the air for the reactor. The decision to
design this skid, although not economically motivated, optimizes the functionality of the
process and further minimizes the dependence of production upon supply of raw materials.
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Media Prep

The process begins with cell culture media preparation. The serum-free media, BalanCD CHO
Growth A Media, is mixed immediately prior to each new inoculation. For every L of media
solution prepared, 23.1 g and 2.09 g of Growth A media and sodium bicarbonate are added
respectively [17]. The first four steps of the seed train, t-flasks (TF-201) through cell bag
bioreactor (CB-206), are inoculated with media that is prepared in sterile glassware in a sterile
room. The glassware is sterilized in an autoclave after each use. Media for both seed train
bioreactors, R-207 and R-208, is prepared in Media Prep Vessel 1, V-101, and is pumped into
the seed train bioreactors using Media Prep Pump 1, P-102. Media Prep Vessel 1 is connected
directly to the WFI system; media powder and sodium bicarbonate are manually added to the
vessel. Using an impeller, the media ingredients are well-mixed to produce the inoculation
solution. The amounts of media added to R-207 and R-208 for each batch is 165 L and 3325 L
respectively. The inoculation media for the Production Bioreactor, R-301 A/B, is prepared in
Media Prep Vessel 2, V-103, using the same method explained above. For each batch, 16,500 L
of Growth A media solution will be pumped to R-301 using Media Prep Pump 2, P-104. The
Production Bioreactor is operated as a fed-batch process, with BalanCD CHO Feed 4 media
solution being added over the course of the reaction. The amounts of Feed 4 media powder
and sodium bicarbonate added per L of solution are 107.45 g and 2.09 g respectively [17] The
feed media is prepared in Feed Media Prep Vessel, V-105 A/B, using the same method
explained above. The media fromV-105 A/B will be fed to R-301 A/B through Feed Media Pump,
P-106. In order to minimize the time in between batches, two identical Production Bioreactors,
R-301 A/B, were designed, each with its own Feed Media Prep Vessel, V-105 A/B, but sharing a
Media Prep Vessel, V-103, and pumps P-104 and P-106.

Seed Train

The seed trains consists of a series of cell culture containers, each larger than the last, for the
purpose of multiplying the number of cells from the cell source. A large number of cells is
required to produce more mAbs, therefore the seed train is designed to maximize the number
of cells entering the production bioreactor. The seed train begins by adding 5 mL of Growth A
media solution to T-Flask 1, TF-201, thereby preparing it for inoculation. Next one 1 mL vial
containing one million CHO cells is inoculated into TF-201. The CHO cells are incubated in T-
Flask 1 for 3.5 days. After the allotted time has ended, the approximately 5x10° cells are
inoculated into TF-202 which contains 20 mL of inoculation solution. The cells are incubated in
TF-202 for 6.5 days. Next the 1x102 cells are inoculated in the Roller Bottle, RB-204, with an
additional 475 mL of inoculation solution and incubated for 6.5 days. During incubation, the
solution is constantly agitated as the Roller Bottle Roller, RB-203, keeps RB-204 in constant
radial motion. This agitation keeps the cells in suspension and promotes good dispersion of
nutrients throughout the media. Next the cells, now approximately 2x10°, are inoculated in Cell
Bag Bioreactor, CB-206, with an addition of 9.5 L of Growth A media solution. The culture is
agitated by Cell Bag Rocker, CB-205, through a continuous rocking motion during the 6.2 days
of incubation time. During these steps of the seed train, the inoculation vessels and media
preparation glassware were located in a sterile room and all transfers were performed under
sterile conditions.
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From CB-205, the 3.5x10%° cells in the culture are inoculated in a Seed Culture Bioreactor 1, R-
207. The reactor is filled with 165 L of Growth A solution from V-101 by P-102 prior to
inoculation. This cell culture is allowed to incubate for 6.5 days. During this time, R-207 is
supplied with .25 m3/min by Air Compressor, C-211, that helps to agitate the cells and
maintains an adequate oxygen concentration in the solution for optimal cell growth. A vent is
located on the reactor to allow excess carbon dioxide produced by the cells and inert nitrogen
to leave the reactor. Using the vent, the pressure in the vessel is maintained at 1.013 bara. The
cells in R-207 are additionally agitated by a low rpm impeller. After the 6.5 days are over, the
7x10 cell culture is moved to the final seed train step, Seed Culture Bioreactor 2, R-208. R-208
is prepared with 3,325 L of Growth A media solution through the use of V-101 and P-102. The
culture incubates for 6.5 days and is fed a constant supply of air throughout by C-211.
Additionally, this reactor contains the same impeller and vent systems mentioned above for R-
207. The air entering C-211 is first filtered through Air Cartridge Filter, F-210, before being
compressed from 1.013 bara to 1.7 bara. This compression also raises the temperature of the
ambient air from 25 to 89°C, so the air is cooled back to 37°C by Air Compressor After-Cooler,
HE-212 using 3250 L/hr of cooling water. The reactors are maintained at 37°C through 11.4 and
243 kg/hr of cooling water flowing through their respective jackets (R-207 and R-208). After
cooling off the reactors, this water is fed to the WFI system as potable feed water.

Production Bioreactors

From R-208, the 1.4x10®3 culture is inoculated in the Production Bioreactor, R-301 A/B.
Although each step in the seed train process has produced mAbs, the large number of cells in
this reactor maximizes protein production. R-301 A/B is prepared for inoculation by pumping in
16,500 L of Growth A media from V-103 through P-104. The cells are then inoculated in the
reactor and allowed to incubate for 9 days. During this time, 366 L of BalanCD CHO Feed 4
media are pumped from V-105 A/B to the reactor by P-106 each day. The total amount of Feed
4 media added to the production bioreactor is 20% of the volume of the Growth A media added
to the same reactor [17] The purpose for adding Feed 4 media to the reactor is to maintain the
glucose level within the reactor above 2 g/L, as well as to make sure that amount of nutrients is
not a limiting factor to culture growth. R-301 has the same compressed air, cooling jack,
impeller, and vent systems as described above for R-207 and R-208. 15 m3/min of air and 1823
kg/hr of cooling water are provided to the reactor. In order to decrease the cycle time (time
between batches) of the process, two identical Production Bioreactors and Feed Media Prep
Vessels were designed. Each successive batch will switch between using R-301A and R-301B so
that cells are always in one of the reactors.

Primary Recovery: Harvest

The solution leaving the production bioreactor, R-301 A/B, contains a variety of substances
including cells, proteins (especially mAb), water, media, nutrients, and soluble gases. Once the
mAb has been produced, the solution needs to be purified by removing any unnecessary
components and concentrating the mAbs in solution. The production slurry, a total of 23,325
kilograms per batch, leaves the production bioreactor and is sent to Production Bioreactor
Surge Tank, Tk-303 via Production Bioreactor Pump, P-302. After the complete transfer into the
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surge tank, the reactor product drains out, in four equivalently-apportioned cycles, to
centrifuge Cf-304. Here, the suspension is separated into layers based upon the density of the
components via centrifugal force, and the cells are separated into their various components
(lipids, proteins, water, etc.). Gravity serves to take 823 kg per batch of solid waste to Waste
Holding Tank, Tk-701. The Centrifugal Pump, P-305, sends the other 22,463 kg per batch of
liquid cell culture broth through Dead-End Filter 1, F-306, where any remaining cell solids or
solid impurities are removed. The pores in the filter membrane are 0.2 um in diameter, too
small for cells to pass through, but large enough that smaller components, as well as those that
are soluble, can pass through. From F-306, a cell-less solution is collected in Tk-307, where it
awaits further purification. Any waste remaining in F-306 also collects in Tk-701.

Buffer Prep

In order to purify the mAb product, the solution must pass through multiple chromatography
columns. These columns selectively bind to certain molecules in the solution while allowing
others to pass through freely. Each column uses multiple types of buffers to process the
solution: equilibration, wash, elution, and regeneration buffers. These buffers contain unique
formulations of various chemicals, for which these specific formulations can be found in Table
17 in the Column Chromatography section of Equipment List and Unit Descriptions. For the first
chromatography column, Protein A Chromatography, a total of four different buffers are
prepared. The equilibration, wash, elution, and regeneration buffers are prepared in impeller-
mixed vessels V-401, V-402, V-403, and V-404 respectively. A total of 2507, 4146, 8219, and
5097 kg/batch are prepared in the aforementioned vessels, respectively, before being pumped
through CI-406 via P-405. For the Cation-Exchange Chromatography Column, V-501, V-502, V-
503, V-504, and V-505 are utilized for the preparation of buffers. These vessels are utilized for
the equilibration, first wash, elution, regeneration, and final wash buffers, preparing 1405,
2345, 4806, 2387, and 1406 kg/batch, respectively, before sending them through the CI-507 via
P-506. Lastly, V-601, V-602, V-603, and V-604 are utilized in the preparation of the Hydrophobic
Interaction Column buffers for equilibration, wash, elution, and regeneration, respectively.
2002, 3337, 6453, and 3161 kg/batch of these respective buffers are prepared in the vessels,
followed by P-605 sending them through CI-606.

Purification: Protein A

With the liquid cell culture broth in Tk-307, the equilibration buffer from V-401 is sent through
the Protein A Chromatography Column, CI-406, at 300 cm/hr in order to prepare the
environment of the column to maximize mAb affinity. Then, the liquid cell culture broth, in two
equivalent cycles, is loaded through CI-406 at a linear velocity of 500 cm/hr in order to remove
impurities. The Protein A column operates in a bind-elute mode, in which the mAb proteins
bind to the protein A present on the column resin. Their affinity for the resin allows them to
remain in the column after the liquid has been loaded through it, while other impurities flow
through the column and into the waste stream. Five bed volumes of wash buffer from V-402 is
then sent through the column at 300 cm/hr, cleaning any remaining impurities from the
column. Now that impurities have been washed from the column, ten bed volumes of elution
buffer from V-403 is loaded at 300 cm/hr. The mAbs are eluted from the Protein A resin,
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flowing from CI-406, through F-407 in order to filter out any potential aggregates or solids, and
into the Viral Activation Vessel, V-408. Lastly, Cl-406 is regenerated by five bed volumes of
buffer solution from V-404 at 300cm/hr.

Viral Inactivation

Two orthogonal viral inactivation steps are required for biopharmaceutical processes per FDA
requirements [7]. These processes are designed to change the environment of any viruses that
it denatures their protein structure such that they are rendered inviable. Any microbes,
especially pathogenic, are a serious threat not only to cell cultures but to the public who
consume pharmaceutical products. As such, these steps of the process are some of the most
important.

After the process materials have gone through the protein A chromatography column, CI-406,
the 1687 kg of purified solution is collected in the Viral Inactivation Vessel, V-408. The elution
buffer from the protein A column has a low pH and therefore can be used for viral inactivation.
The purified solution is held in the surge tank with the elution buffer for 90 minutes to
effectively inactivate any viruses [7]. Next, the stream is diluted with 500 L WFI and sent to
Diafiltration Flush Tank 1, Tk-410. From this tank, the solution is pumped through Diafilter 1, F-
412, and back to V-108 by Diafiltration Pump 1, P-411. While passing through the diafilter,
soluble particles and liquids are separated from the product stream and sent to waste. After the
solution has been washed in the diafiltration system and returned to the same viral inactivation
vessel, V-508, 10.3 L of Polysorbate 80 solution is added to the 339 L of concentrated product
solution and held for 90 minutes. This solution acts as a surfactant to break down lipids in the
viruses, thus rendering them inactive. After the solution has been properly inactivated, it is
filtered through Dead-End Filter 3, F-413, and sent to the Viral Inactivation Surge Tank, Tk-414,
to await further purification. The 2025 kg of waste from F-412 are collected in Tk-701.

Purification: Polishing

While Protein A Chromatography is able to remove the vast majority of, and in some cases up
t0 99.5% of non-mAb components in the solution, we must still send the broth through
polishing steps in order to ensure a pure mAb product before final storage and formulation.
The first step in this polishing process is Cation-Exchange Chromatography, through CI-507.
From Tk-414, 347 kilograms of remaining cell broth is pumped via P-506 through CI-507 at 500
cm/hr. As the equilibration buffer has already been sent from V-501, the pH of the column is
below the isoelectric point of the mAb proteins. This environment makes the protein positively
charged, causing it to bind to the negatively charged CEX resin, while other uncharged or
positively charged impurities flow through the column and to the waste. After wash and elution
from CI-507, the solution flows into the Ammonium Sulfate Vessel, V-508. 102 kg of ammonium
sulfate is added to V-508 and mixed for 30 minutes in order to precipitate mAb proteins out of
the solution. The solution is then diluted with WFI and sent to Diafiltration Flush Tank 2, Tk-509,
via P-605. It is passed through the diafilter, separating waste, after which the process stream is
pumped to CI-606. CI-606 is the Hydrophobic Interaction Column, the last step in the polishing
process. This column’s resin binds to the hydrophobic regions of the antibodies. From V-601, V-
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602, V-603, and V-604, the HIC equilibration, wash, elution, and regeneration buffers,
respectively, are pumped via P-605 through each step of the HIC Chromatography. The bound
and then eluted mAb in 1322 kg of solution are sent to HIC Surge Tank, Tk-607. The solution is
once again diluted with WFI and sent through Diafilter 3, F-611, via P-610 before being sent
through the last dead end filter F-612.

Storage of Product

After the final polishing steps, the product needs to be packaged and stored for sale. 260 kg of
product is drawn out of the final filter and fed into twenty-two 12 L storage bags. Due to the
biological nature of the components, the mAb product needs to be frozen in order to preserve
the protein structure. To do so, eight storage bags at a time are placed in the Freeze-Thaw
Cryovessel, V-613. V-613 provides controlled cooling from 25 to -50°C over the course of 4.5
hours [18]. This uniformly entraps solute molecules and prevents prolonged freeze-
concentration stress. After each freeze cycle, the now-frozen solution in the storage bags are
removed from V-613 and placed into the Storage Freezer, Fz-614, at -50 C. The mAbs are viable
in their frozen state for at least one year.

Waste Treatment

Throughout the process, all 129000 kg of waste produced is collected in the Waste Holding
Tank, Tk-701. The waste streams come from CIP and SIP streams, filter waste, centrifuge waste,
and column waste. These materials must be treated so that they can be disposed of through
the municipal sewage system. The waste from Tk-701 is continuously pumped by Waste
Holding Pump, P-102, to the Neutralization Vessel, V-703 at a rate of 768 kg/hr. While the
stream is traveling to the neutralization vessel, 80 kg/hr of saturated steam is continuously
injected into the line, raising the temperature of the waste from 25 to 83°C. The heated waste
collects in the neutralization tank. Here 36 kg of 37% (w/w) aqueous hydrochloric acid is added
to the waste to bring the pH of the solution within the acceptable range. After the contents of
the vessel have been mixed by an impeller for 30 minutes, the vessel is emptied into the
municipal sewage system and more waste begins collecting in the neutralization tank.

Water for Injection

Producing pharmaceutical components requires high standards of purity and sterilization. As
such, it was a necessity to use WFI throughout the process. For water to be classified as WFl, it
must meet certain standards of purity and composition [11]. Although this water can be
purchased in bulk, it is more cost-effective to design a system to make water for injection from
potable water.

The WFI production system begins with the Potable Water Tank, Tk-801. This tank stores 1450
kg/hr of potable water from the city and 120 kg/hr of water from different points in the
process. This water solution is pumped from Tk-801 through Dead-End Filter 5, F-803, to the
Carbon Adsorption Column, CI-804, by Potable Water Pump, P-802. F-803 removes any solid
impurities, including bacteria, from the stream. In the carbon adsorption column, organic
molecules are adsorbed onto the surface of the activated carbon, further purifying the water. In
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order to maximize the productivity of the WFI process, two carbon columns operate on a
cycle—while one is in operation, the other is being regenerated by washing with 75 L each of
water, 0.5 M NaOH, and 0.5 M HCI. After leaving the carbon adsorption column, the water
enters the Cation Exchange Column, CI-805 and then the Anion Exchange Colulmn, CI-806. In
these columns, the stream is purified of cations and anions respectively as they bind to the
adsorbents. These columns also undergo a wash once per batch of the process. After
undergoing ion exchange, the stream is purified of any fine particulate matter through the
Ultrafilter, F-807. The pore size on these filters are 100 D, leading to a high filtering ability [19].
After F-807, the stream finally enters F-808, the Reverse Osmosis unit. This final unit removes
any leftover contaminants in the water. Lastly, 1531 kg/hr water enters a Purified Water Tank,
Tk-809. Although this process is designed to run continuously, the process will need to be shut
down once per batch to wash the activated carbon, cation exchange, and anion exchange
columns with buffers that will remove any adsorbed materials and help maintain optimal
purification of the water. The waste from the adsorption columns and dead-end filter are sent
to process waste, while the waste streams from the ultrafiltration and RO units are recycled to
the inlet of the potable water tank and recycled through the process.

After being processed through this filtering system, the once potable water can be classified as
purified water. In order to complete the production of WFI, the water is pumped from the
Purified Water Tank, Tk-809, through a series of heat exchangers to the Steam Boiler, HE-813,
by Purified Water Pump, P-810. The first heat exchanger the water is pumped through is
Purified Water Pre-Heater, HE-811. In this heat exchanger, the 1100 kg/hr of impure hot water
leaving the bottom of the steam boiler heats the purified water from 25 to 29°C. In the second
heat exchanger, the WFI Condenser, HE-812, the 1100 kg/hr of vaporized water for injection is
condensed at a pressure of 3.24 bara as the purified water is further preheated to 105.7°C.
Next the preheated, purified water enters the steam boiler where it is heated by an electric coil
providing 166.5 kW of heating and a steam coil carrying the compressed steam from the boiler
providing 77.89 kW of heating. As the water is boiled, it enters a compressor which superheats
the steam by increasing the pressure from 1.24 to 3.45 bara and the temperature from 105.7 to
245.8°C. This superheated steam is then circulated through the steam coil where it is cooled
from 245.8 to 136.1°C such that the steam is now saturated. From here 200 kg/hr of steam is
drawn off for steam injection into the waste treatment line and for steam in place of the
process. The rest of the steam (1100 kg/hr) is condensed in HE-812 and pumped to the WFI
Storage

Tank, Tk-818, via WFI Storage Pump, P-817. Here the WFI collects until it is needed in the
process. The WFI Process Supply Pumps 1 and 2, P-819 and P-820, pump water from Tk-818
throughout the entire process at a maximum of 30,000 L/hr. The 68.4 L/hr of water that exits
the bottom of the boiler, HE-813, is pumped through the purified water preheater, HE-811, and
recycled back to the potable water tank at the beginning of the WFI process.

Steam in Place and Clean in Place
The final part of the process is the SIP and CIP system. This system is one of the most important
of the entire process because it is responsible for sterilizing all of the equipment and
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maintaining the proper environment for mAb production. The SIP for the SIP system is
produced during the WFI process and is simply stored in the SIP lines until it is needed. The CIP
system is comprised of three vessels, V-901, V-902, and V-903, and a pump, P-904. Each vessel
is used to prepare and store a different cleaning solution. Caustic Vessel 1, V-901, is used to
prepare 0.5 M NaOH for cleaning the chromatography columns. In order to prepare this
solution, 20g of solid NaOH is added to the vessel for every one liter of WFI. Caustic Vessel 2, V-
902, is used to prepare 0.1 M NaOH for cleaning the rest of the vessels. For this solution, 4g of
solid NaOH is added to the vessel for every L of WFI. Acid Vessel 1, V-903, is used to prepare 0.1
M HCI. This solution is prepared by mixing 2.47 L of 37% (w/w) HCl per L of WFI. The total
amounts produced of each solution per batch are 6,063 L, 17,035 L, and 27,170 L for V-901, V-
902, and V-903 respectively. CIP Pump, P-904, supplies the CIP solutions for the entire process
and can supply up to 1200 L/hr. After each unit has completed its operations, different
solutions are cycled through to remove any leftover waste or impurities. For all units except
chromatography columns, respective cycles through the unit are WFI, 0.1 M NaOH, WFI, 0.1 M
HCI, and WFI. Chromatography columns only have two CIP cycles- one 0.5 M NaOH cycle and a
WFI cycle. The flow amounts for each unit are based upon equipment heuristics, summarized in
Table 10 below.

Table 10: Heuristics

Unit Type SIP Flow WFI Flow | NaOH Flow | HCI Flow
Vessel 50 kg/m3 | 14 L/min.m | 7 L/min.m | & L/min.m

Centrifuge | 600 kg/h 500 L 250 L 250 L
Diafilter 10 kg/m2 500 L 250 L 250 L
Column - 3 Bed Vol | 5 Bed Vol -

Process Scale Up

One of the most important parts of designing this process is accounting for the potential to
scale up the process in the future. There are a few ways this process could be scaled up to
increase production. The first is mentioned in the design parameters for the project—increasing
the mAb titer from 1-2 g/L to 5-10 g/L. This increase in the process titer could be accomplished
by harvesting the cells from each step in the seed train at a larger cell density. By allowing the
culture to grow longer in each step of the seed train, the amount of mAb produced in each step
increases while the volume stays constant, effectively increasing the titer. Additionally, an
increased amount of Feed 4 media can be fed to the production bioreactor through the
process. This would give the culture more nutrients to use for growth, allowing the titer to
continue to increase.

Another way to scale up the process is to build multiples of the entire process so that each
process can be run individually. This will greatly increase the capital and operating costs, but it
will also greatly increase the revenue. Although having multiples of the entire process running
simultaneously works, the most effective way to scale up the process is by continuing to add
staggered units to remove bottlenecks in the process. This method was used in this design by
adding a second production bioreactor to decrease the cycle time from 12 to 7 days. As
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bottlenecks in the process are removed, more batches can be processed per year, meaning
more product is produced and more revenue is generated. This method is more effective than
having multiples of the entire process because it prioritizes increasing the capital cost on adding
units that will affect your cycle time rather than on those that won't.

UTILITY REQUIREMENTS

One of the most important manufacturing costs to account for when analyzing the economics
of a project is the utility cost. Table 11, 12, and 13 summarize the electric, water, and sewer
utility requirements and costs for the entirety of the project life.

Table 11: Electric Utility requirements

Electric Utilities
Equipment Equipment I0| Energquibatch (khw'-hr] | Ernergu/2020 [(kw-hr] |Energul2021+ [ #2020 F2021
Media Prep
Media Prep Weszel1 =101 0.40 712 2013 036 % 1m
Media Prep Pump 1 P02 215 3863 103.46( £ 133 [ ¢ 547
Media Prep Veszel 2 WV-103 0.35 597 16.92] 0350 [ % 0.85
Media Prep Pump 2 P-104 =16 35.85 N0.07] % 134 [ # 5.50
FeedMedia Prep Vessel A/B =105 AlE 0.79 14.25 40.37] % 0.7 ¥ 202
Feed Mediz Pump A/B P-106 &/E 0,13 18239 516,77 £ 12 (% 2554
Seed Train
Roller Battle Raller RE-203 1.43 26.78 7589 % 134 [ # 3.79
Cell Bag Rocker Tray CE-205 42 1285.63 64262 ¢ B4 2B |3 18213
Seed Culture Bioreactor 1 RB-207 1.36E-11 2 45E-10 E.95E-10{ £ 000 ¢ 0.00
Seed Culture Bioreactar 2 R-205 2. T2E-0d 4. 30E-03 1.33E-02( # 000§ 0.00
Bir Compressar KO Drum =203 - - - - -
Bir Cartridge Filter F-210 - - - - -
Bir Compreszar C-2711 5. 20E+03 3. 35E+04 2 ESE+05| £4. 676 62 | $13.250.41
Bir Compressar Sfter-Coaler HE-212 - - - - -
Product BeactoriCentrifuge
Production Bioreactor /B R-301 4B 0.00295 0.05 015 ¢ 000 $ 0.m
Production Bioreactar Pump AIE P-30z2 14.58 255,84 TIZIG[ ¢ 12594 ¢ 3BET
Production Bioreactar Surge Tank | Tk-303 - - - - -
Centrifuge Ci-504 352 E55d 19505) % Sd4d.21] % 97525
Centrifuge Pump A6 P-305 AB 1 203 i1k 06| 2875
Dead-End Filter 1 F-306 - - - - -
Centrifuge Surge Tank Tk-307 - - - - -
Protein & Chromatography
Protein & Buffer Prep Vessel 1 -4 0.40 [An 2031 # 03536 | % 1.02
Protein & Buffer Prep Wessel 2 -4z 0.93 1778 50.358] 053] % 2.52
Protein & Buffer Prep Vessel 3 =403 0.32 5.80 16.44] 023 % 0.52
Protezin & Buffer Prep Vessel 4 W-d0g 014 2.60 T.06] # 013 # 0.37
Pratzin & Column Feed Pump &5 | P-405 AE E0.12 105214 J06E.07| % 411 ¢ 153.30
Protzin & Chromatography Column | Cl-d06 - - - - -
Dead-End Filker 2 F-407 - - - - -
‘iral Inactivation Weszel W-408 0,13 2.33 BB % 0121 % 0.33
\iral Inactivation Pump &/5 P-403 A'B 1.48 2664 Tod8| 133 [ % 377
Diafiltration Flush Tank 1 Tk-410 - - - - -
Diafiltration Pump 14/E P-411 AE 30525 54.945 1556775 # 275 ¥ 775
Diafilter 1 F-412 - - - - -
Dead-End Filter 3 F-d413 - - - - -
‘iral Inactivation Surge Tank Tk-414 - - - - -
IEX Chromatography
IE Buffer Prep \Vezsel 1 V501 013 234 B Ed| £ [EE 0.33
IE Buffer Prep Vesseal 2 =502 013 235 GET| # 012 [ % 0.33
IE Butfer Prep Vessel 3 503 0.41 704 2079 037 (¢ 1.04
IE¥ Buffer Prep Wessel 4 W-504 013 240 679 ¥ 012 [ # 0.5
IE= Buffer Prep Weszeal 5 V-505 0.05 0.56 1558] $ 003 % 0.05
IE Feed Pump A'E P-505 A'B 56 347 1014, 25 287370l 4 S0V 3 14568
IEX Chromatography Column CI-507 - - - - -
Amm. Sulfate Weszel \J-505 0.03 0.53 168] ¢ 003 (% 0.05
Diafiltration Flush Tank 2 Tk-503 - - - - -
Diafilration Pump 2 &/B P-510 &/B 1.48 2664 Tod8| 133 [ % 377
Diafilter & F-511 - - - - -
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Electric tilities

Equipment Equipment I0 |Ernerguibatch (kiw'-hrl |Energul2020 (kiw'-hr] | Erergul2021+ [$12020 F2027+
HIC Chromatography
HIC Buffer Prep Messel1 W-E01 014 2.58 T ¢ 013 ¢ 0.37
HIC Bufter Prep Vessel 2 W-602 0.4z T.43 2122 % 037 % 106
HIC Bufter Prep Vessel 3 W-G03 1.00 18.07 5119 & 090 % 256
HIC Buffer Prep Vessel 4 -G 0.40 T3 20.35( # 036 % 102
Oiafiltrationd'HIC Column Feed Pump &/E | P-B0S 44.13 734.35 2250EB6[ % S9.V2 [ F 253
HIC Calumn CI-606 - - - - -
HIC Surge Tank Tk-60O7 - - - - -
HIC Surge Tank Pump A/E P-E60S AE 185 33.30 3435 ¥ 1E7 | % 4.7z
Diafiltration Flush Tank 3 Tk-603 - - - - -
Diafilatration Pump 3 & P-B10AE 145 26.64 7245 ¥ 135 % 37T
Dizfilter 3 F-EM - - - - -
Dead-End Filter ¢ F-G512 - - - - -
Freeze-Thaw Cruoveszszel W-B13 135 So6d 00351 % 1/e.20( & 504.30
Storage Freezer Fz-E1d TEET. 712 138013 391053 $65,900.94 | £13. 55267
Waste Treatment
‘waste Holding Tank Tk-701 - - - - -
‘w'aste Haolding Pump A/E P-702 62,16 1115.58 7006 $55.94 $158.51
Meutralization Vessel W-TI03 335.00 1731000 S0745.00 $5595.50)  $2557.25
WFI System
Potable \water Tank Tk-501 - - - - -
Potable ' ater Pump AIB P-802 S0d 07200 25704.00 $4535.60)  #1.255.20
Dead-End Filter 5 F-503 - - - - -
Carbon Adsarption Column &7 Cl-504 A/E - - - - -
Cation Exchange Column Cl-805 - - - - -
Anion Exchange Caolumn CI-506 - - - - -
Llltrafiler F-507 - - - - -
Beverse Osmosis System F-508 - - - - -
Purified \w'ater Tank Tk-503 - - - - -
Purified ' ater Pump AIE P-510AE S0d 907200 25704.00 $453.60)  #1.2585.20
Purified '/ ater Pre-Heater HE-&11 - - - - -
'wFl Condenser HE-512 - - - - -
Steam Bailer HE-813 28744.58 S17406.40] 146595450 $25.870.32] $73.239.24
Steam Compressor KO Drum Tk-514
Steam Compressor C-5815 1620528 291635.0d4|  5264639.25] $14.5584.75] $#41.325.46
‘' ater Return Pump AB P-516 AE 62,16 1115.58 7006 $55.94 $158.51
'wF| Starage Pump &E P-517 AE S04 307200 25704.00 $453.60)  $1.285.20,
‘\WFlStarage Tank Tk-815 - - - - -
‘WFIProcess Supply Pump 14/6 P-G13 AB - - - - -
‘wFlPracess Supply Pump 2 AE F-520 A'E ETZ 12036. 00 27200 $E04. 50 $1.713. 60
Clean in Place
Caustic Vesszel 1 W-307 - - - - -
Caustic Weszsel 2 W-902 - - - - -
Acid Vessel W-303 - - - - -
CIF Pump &/E F-304 A'E 5216 1115.55 17006 $55.94 $155.51
Table 12: Water Utilities
Fatable ' ater
"WFl Sustem Seed Beactars Production Beactor | Tatal

L of \water per batch 233,382 39,216 2285589 2324804

Fil 0.000%43

L2020 4,308,568 05,873 41,140,600 41,546,473

L2021+ 12,205,453 1,933,332 6,565,033 115,565,024

#2020 2,340 383 22,339 §22, 722 Bd

2021+ 5,623 1.056 53,235 64 350.51

Table 13: Sewer Utilities

Sewer Costs
Libatch 3324
$igal 0.05
galf2020 18651
gallZ2021+ 5258413
2020 ;] 3,325.05
$12021+ 1 26,420,937
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EQUIPMENT LIST AND UNIT DESCRIPTIONS

Seed and Production Bioreactors
The CHO cells for this design are provided in 1 mL Stationary phase
vials containing 1 x 10° cells per vial. Each seed
train may only use 1 vial for each batch of
bioreactor product. Cell cultures go through four
different phases: lag phase, log phase, stationary
phase, and death phase. A generalization of the Lag phase
phases are shown in Figure 8.

Death
(decline)

phase

Log
(exponential)
phase

Number of cells (log)

Time

The goal in designing the seed train is to keep cells  Figure 8 : Phases Over Time (time)
in the log phase for as long as possible, because in

the log phase the culture grows exponentially.

Exponential growth of cells is modeled by the following function:

A= Age't (1)
where A is the current number of cells, Ao is the initial number of cells, r is the growth rate
constant (1 / hours), and t is time (hours). In the problem statement, the doubling time for CHO
cells was stated to be 36 hours, meaning when A=2*A, when t=36h. With a doubling time, the
above equation can be solved for r; for these CHO cells r=0.019254 (hr?). With this rate
constant, the amount of time needed to obtain a certain number of cells from an initial amount
of cells can be calculated. The main factor that determines whether a culture will remain in the
log phase is the concentration of nutrients in the media. Powdered BalanCD® CHO Growth A
Medium, a serum-free and chemically defined media, is used in the seed train. The media has a
reported maximum cell viability of 9.0 x 10° cells/mL [8]. Cells are often inoculated into BalanCD
media at a density of 2.0 x 10° cells/mL [8]. These two facts set the upper and lower limits for
each seed train step.

The seed train was designed to inoculate each vessel at 2.0 x 10° cells/mL and harvest at

4.0 x 10° cells/mL. This lower harvest density than the reported maximum was selected in order
to guarantee that the cells were still in the log phase throughout the entire culture. Using these
densities and the initial amount of cells in the first step, as well as the exponential growth
equation, Table 14 was created.

Table 14: Seed Train Steps

Seed Train Step 1 2 3 4 5 6 Prod Bio
Initial Cells 1.00E+06 5.00E+06 1.00E+08 2.00E+09 3.50E+10 7.00E+11 1.40E+13
Final Cells 5.00E+06 1.00E+08 2.00E+09 3.50E+10 7.00E+11 1.40E+13 2.10E+14
Time (hrs) 83.6 155.6 155.6 148.7 155.6 155.6 140.6
Time (days) 3.48 6.48 6.48 6.19 6.48 6.48 5.86
Volume (mL) 5.00 25.00 500 1.00E+04 1.75E+05 3.50E+06 1.40E+07
Volume Added (L) 0.005 0.02 0.475 9.5 165 3325 10500
Inoc Density (cell/mL) 2.00E+05 2.00E+05 2.00E+05 2.00E+05 2.00E+05 2.00E+05 1.00E+06
Harvest Density (cell/mL) 1.00E+06 4.00E+06 4.00E+06 3.50E+06 4.00E+06 4.00E+06 1.50E+07
mAb Produced (kg) 4.35E-07 1.62E-05 3.24E-04 5.42E-03 0.113 2.27 30.77
mAb Sum (kg) 4.35E-07 1.66E-05 3.41E-04 5.76E-03 0.119 2.39 33.15
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In this table, the amount of media that was needed for a particular step was calculated by
diluting the total number of cells at the beginning of that step to the desired inoculation
density. Next, the final number of cells in each step was calculated by multiplying the desired
harvest density by the total volume of the culture. Finally, the exponential growth equation was
used to solve for the total amount of time the cells would need to grow exponentially in order
to reach the final culture size. Table 14 was used to determine the size of the vessel in each
seed train step, how long the cells needed to remain in that step, as well as how much media
needed to be added to the previous broth to reach the desired volume. The last two rows in the
table calculate the amount of mAb produced during each step and a running total of all the
mAb produced so far. These values were calculated by multiplying the number of cells at any
point in time by the mAb production rate of 25 pg(mAb)/cell.day.

The size of each seed train vessel was determined based on the maximum total volume that it
would contain. For the smaller volumes, a culture vessel was chosen that was one nominal size
greater than the volume required per batch. The vessels that were chosen are a 10 mL t-flask, a
35 mL t-flask, a 1 L roller bottle, and a 15 L cell bag. All of these vessels are sterile and
disposable, which leads to lower operating costs and higher raw material costs. The bulk cost
for each of these items as well as the roller bottle roller and cell bag rocker were found from
online retailers [20,21].

The final two seed culture bioreactors and the production bioreactor were sized using the total
volume each would contain during each batch. For the seed culture bioreactors, this volume is
equal to the volume in the chart above. For the production bioreactor, this volume is equal to
the volume in the chart plus 3,300 L for the Feed 4 fed-batch media. The maximum working
capacity for each vessel is 90%, so the maximum volume was divided by 90% and then rounded
up to the nearest whole number (in m3). The sizes for the bioreactors are as follows: R-207 is
.25 m3, R-208 is 5 m3, and R-301 is 30 m3. 316L stainless steel was selected as the material of
construction for the reactor due to its high resistance to corrosion and its sterile nature. For
more details about the bioreactor sizing and costing, see the Vessels and Tanks section below.

Vessels and Tanks

All vessels and tanks in the process were sized based upon the maximum fluid volume that
might be held in the vessel during a batch. This maximum volume is divided by a 90% working
capacity factor and then rounded up to the next nominal size to determine the actual size of
the vessel. The maximum fluid volumes and actual size of the tanks and vessels in the process
are shown in Table 15 below. All vessels and tanks are made out of 316L stainless steel because
of its anti-corrosive and sterile properties.
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Table 15: Fluid Volume Compared to Tank and Vessel Volume

Equipment ID [Fluid Vol {(m3) [Vessel Size (m3)| |Equipment ID [Fluid Vol (m3] |Vessel Size (m3)
V-101 3.49 4.00] Jv-508 1.07 1.25
V-103 16.5 20.0] |Tk-509 1.94 2.25
WV-105 A/B 3.30 4.50] Jv-601 1.89 2.25
Tk-303 23.5 27.5] |V-602 3.15 3.50
Tk-307 22.7 25.0] |v-603 6.30 7.00
V-401 2.48 3.00] |v-604 3.15 3.50
V-402 4.13 5.00| |Tk-607 1.32 1.50
V-403 8.26 10.0] |Tk-609 2.32 2.50
V-404 4.13 5.00] |Tk-701 104 125
V-408 1.70 2.00] Vv-703 7.63 10.0
Tk-410 2.87 3.00] |Tk-801 4.05 5.00
Tk-414 0.35 0.50] |Tk-809 2.25 2.50
V-501 1.40 2.00] |Tk-818 93.7 100.0
V-502 2.33 3.00] Jv-901 6.06 7.00
V-503 4.67 5.50] |v-902 17.0 20.0
V-504 2.33 2.75] |v-803 27.2 30.0
Compressors

In our process, we have both an air and a steam compressor. The air compressor allows us to
provide sterile, compressed air to the bioreactors at 25 psia. The steam compressor drives the
flow of the steam for both steam-in-place and waste steam injection at 50 psia. The power of
each of the compressors was calculated based on the ideal work, gas horsepower, mechanical
losses, brake horsepower, and adiabatic efficiency from the GPSA Handbook [22]. This method
assumes:

e Mechanical losses are equal to (GHP)%#
e Compression follows a polytropic path

The team determined that both of the compressors would best operate as centrifugal single-
stage compressors. This was determined using inlet flow, discharge pressure, and Figure 9,
shown below. At the intended operating condition, 316L stainless steel is the required material
of construction.

30



100,000
._..._..__‘Q,‘%“
\I?UIH
~lag,
10,000 I =l |
._\:‘*—-_____
Centr.
E-J single stage 2,
2  — ' (’@O%d
g T %,
g ; R
i Recip. - single stage [~ | | Rotaryrscrew
E ='-=ﬂ‘.2|_.'.:f':_:"“ N—i— _..‘.g_-._..-_..._l
3 100 N I I : Axial
| Axial
c ¥ Rotary-liquiing o] | | l r
1 N H H
5 ; e i
] | ““)Ed ------ I S
a8 _LRotary-a.m. ht lobe 1 | i
1) SRR B oty iy e D LI
H N : I
=| Rotary-sliding vane 1. ‘&i Y\ | |
H :
ol I | M i :
£ i AN u
k] e
1 o] il N
Gp& 1 10 107 10’ 10 10" 10°
) INLET FLOW, acfm

Figure 9: Graphical display of suitable compressor operating ranges for compressor type
selection [22]

To size the compressor drives, the overall BHP were rounded up to the next available standard
drive size, as outlined by [23].

Centrifuge

After the cells and broth leave the production bioreactor, they are sent to the first harvesting
step, centrifugation in Cf-304. The centrifuge is scheduled to perform four cycles per batch,
processing 5831 kilograms per cycle in order to reduce the overall size and capital cost of the
equipment. In order to design the centrifuge itself, the overall settling area > was set at a
maximum value of 130,000 m?, based upon the suggested upper limit for an industrial-size
centrifuge [7]. From this maximum > value, the overall throughput was determined to be 1470
L/hr based off of calculations performed by SuperPro Designer.

Pumps

In bioprocessing industries, pumps are required to move

fluids through tubing into processing equipment. These

fluids can be buffer, media, WFI, or the biological broth - --

itself. They must be selected and designed to minimize ﬂ
shearing and agitation of the biological fluids in order to E— —
protect against degradation that could diminish product
quality. Diaphragm metering pumps have been selected
for all applications in this design for their highly accurate
volume control necessary in processes and for dosing [24]. A diaphragm pump operates by
lifting and pressing a flexible seal on top of the chamber to suck in fluid during the lift and
closing the outlet by creating a negative pressure gradient and entrapping that liquid in the
pump fluid chamber. The movement is shown in Figure 10. Then, the diaphragm is pushed

Figure 10: Pump Motion
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down to create a positive pressure gradient, resulting in opening of the exit, closing of the inlet,
and positive displacement of the fluid without creating a net pressure effect on the process
stream. These motions are powered by an electric motor. Also, the diaphragm separates the
pump drive from the product-wetted side. This separation means that mechanical seals are not
needed, which ensures product sterilization, simplifies maintenance, and allows the pump to
run dry [24]. Being able to run dry for a limited amount of time is a significant advantage that
will allow the pumps to pull from different sources depending on valve configuration
considered in the detail design, thus reducing the number of pumps required in the process.
Applications for diaphragm positive displacement pumps include: chromatography, buffer inline
dilution, homogenization, injection of fluids (e.g., liposomes) into extruders, coating operations,
filling, caustic dilution, and aseptic transfer of proteins, cells, and other materials [24], which
meet all demands of this design. It is also common practice to use pumps in diafiltration units.
Costing information for the pumps and motors used in running these pumps is listed in Table 18
in the Fixed Capital Investment Summary.

Placement and quantity of pumps is considered for the main components of this preliminary
design. Exact specifications and additional pumps of non-key process components can be
completed in the detailed design stage if this project is pursued further. Areas without pumps
in between process equipment can either be assumed to have pressure from previous pumps in
combination with valve configurations sufficient enough to move the material to their desired
locations, or to utilize gravity by placement of equipment below the previous process to move
process flow, such as the Production Bioreactor Surge Tank (Tk-203) being designed to drain to
the centrifuge. An example of a pump being used for multiple streams would be the Protein A
Column Feed Tank (P-405 A/B). If valves and control systems are configured correctly during
detailed design, this pump will be able to buffer the column by first emptying the contents of V-
401, then run dry while the valves switch to allow the contents of V-402 to flow into the
column, and continue that process until all buffers have been loaded. Next, the pump and
valves could operate by transferring in the contents of the centrifuge Surge Tank (Tk-307). This
capability coupled with the process design greatly reduces the number of pumps that would be
placed in the facility. Pumps are not required in the preliminary stages of the seed train
because the cell cultures will be transported by trained personnel due to the minimal size and
delicate nature of the early seed train stages.

Table 16: Pump Sizes [25]

Pump Flow Range (Lph) Max Pressure (bar) Motor Power (kW)

QF150 1-150 6 0.05
QF1200 6-1,200 6 0.37
QF4400 60-4,000 6 2.20
QF10K 500-10,000 6 3.00
QF20K 200-20,000 6 4.00

Sizing these pumps depends solely upon the flow required in a process stream. Due to the
nature of the diaphragm pump, a net pressure difference is not put on the streams due to the
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lift and press motion of the diaphragm that pulls in a volume of liquid to the pump and pushes
it out. So, pressure of the stream must only be less than the maximum allowable working
pressure of the pump (6 bar for each pump). Because there is no pressure greater than 6 bar in
the process design, pressure is not a factor in pump selection. Table 16 is referred to in order to
select the correct size for each pump in the design. All that needs to be known to

select the size is the maximum and minimum flowrates. There are twenty four QF1200 pumps
in the process: P-102 A/B, P-104 A/B, P-106 A/B, P-302 A/B, P-305 A/B, P-409 A/B, P-411 A/B, P-
510 A/B, P-608 A/B, P-610 A/B, P-816 A/B, and P-904 A/B. There are fourteen QF10k pumps in
the process: P-405 A/B, P-506 A/B, P-702 A/B, P-802 A/B, P-810 A/B, P-817 A/B, and P-820 A/B.
There are four QF20k pumps in the process: P-605 A/B and P-819 A/B (Figure 11). A relatively
low flowrate of 600 L/hr was selected for all streams containing CHO cells in order to protect
the cells; therefore the majority of pumps were QF1200s. The flowrates for pumps serving
chromatography columns were set by the column loading rate. The rest of the flowrates were
determined by the desired production need i.e. the amount of water being pumped through
the WFI system is determined by the total WFI production demand of 1300 kg/hr. The largest
flowrate in the process is the WFI stream leaving the WFI Storage Tank (Tk-818) due to
instantaneous WFI demand. This need can reach 29,000 liters per hour, and was outside of the
range of the largest pump size. This issue was resolved by placing a 10,000 liter per hour
(QF10k) pump in parallel with the 20,000 liter per hour (QF20K) pump to meet maximum
instantaneous demand for WFI. Pump P-819 A/B, the 20,000 liter per hour pump, will always be
running to provide WFI to the process and the other pump will only turn on if the demand
reaches above 20,000 liters per hour.

(—

Figure 11: Varying pump sizes [25]

Dead-End Filters

Dead-end filters are used throughout the process to remove unwanted solids, particularly
biomass (CHO cells) and suspended impurities, from the product stream. The pore size for
pharmaceutical dead-end filters is 0.2 um, significantly smaller than the average mammalian
cell size. Advantages of using dead-end filters include a very low capital cost and high recovery
of product solution from bioreactor slurry. The required membrane surface area for each filter
was calculated based upon the flow rate of the stream through the filter, which was usually set
by the flow rate to or from some other point in the process. SuperPro Designer was used to
model each dead-end filter, and the required surface area for each filter was determined using
that model. The following surface areas were calculated for the various dead-end filters: 230 m
for F-306, 80 m? for F-407, 80 m? for F-413, 70 m? for F-612, and 120 m? for F-803. For all of the
dead-end filtration units, 316L stainless steel is the material of construction for the filter
housing, and pharmaceutical friendly membranes are selected.

2
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Diafilters and Ultrafilters

Diafilters are used in this process to remove small particulates, soluble molecules, and non-
water liquids from the product stream. These systems are capable of removing both small solid
and liquid impurities through the use of multiple water flush cycles that dilute and concentrate
the stream until only the desired components are left. For each diafiltration system, the inlet
stream was diluted with 40% of the stream volume in WFI. Additionally, 500 L of water was
flushed through the unit to aid in filtration. The product stream was concentrated 5 times
through the filtration and the majority of chemicals and contaminants introduced into the
stream at the previous chromatography column were removed. The required filter surface area
for each diafiltration unit was calculated using the product stream and WFI diluant volumes
inputted into a SuperPro Designer model. The required membrane areas are 26 m? for F-412,
16 m? for F-511, and 20 m? for F-611.

Ultrafilters are used in the WFI system to filter out very small suspended particulates from the
water supply. Ultrafiltration membranes, along with the diafiltration membranes, have pore
sizes that are 100 D, much smaller and finer than the pore sizes for dead-end filtration [19]. The
required surface area for the ultrafiltration unit was determined using a SuperPro Designer
model based upon the total water flow through the WFI system. The required membrane area
for F-807 is 40 m?. The same filters were selected for both the diafilters and ultrafilters [19]. For
all of the filtration units, 316L stainless steel is the material of construction for the filter
housing, and pharmaceutical friendly membranes are selected.

Chromatography Columns

This preliminary design utilizes three different chromatography columns to purify the mAb
product stream. All three of the columns-Protein A, lon Exchange, and Hydrophobic Interaction-
are filled with an adsorptive resin and constructed of stainless steel to maximize sterilization
and minimize impurities due to rust and corrosion. Figure 12 is an example of this type of
column:

Figure 12: Process-Scale Chromatography Columns
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In each of these columns, the goal is to bind the target protein, mAb, to the column resin and
let impurities flow through. Affinity for Protein A, charge, and hydrophobicity are the
characteristics, respectively, that each column is utilizing to target the mAbs.

Protein A

In order to design the Protein A Chromatography Column, some assumptions were required.
Utilizing heuristics and common values from an article by Marichal-Gallardo and Alvarez, we
assumed that the dynamic binding capacity of the resin is 55 g/L, the linear velocity of each
buffer loading step is 300 cm/hr, and the bed height is 25 cm [7]. The final parameter needed to
determine the overall bed volume of the chromatography column was the productivity of the
column. As seen in the equations below, maximizing the productivity of the column increases
the mass of product processed for a given column volume and time.

Productivity (P) = (Mass of product/column volume)/time (2)
P= 1
L((1/Couy) + (N/Qqun)) (3)

In the simplified second equation, L refers to the column bed height, Co to the column loading
concentration, u, to the velocity of the load step, N to number of column volumes in non-load
steps, un to velocity of non-loading steps, and Qq to binding capacity. While most of the
parameters were estimated, the velocity of the load step was increased up to the maximum
load velocity of 500 cm/hr in order to maximize the productivity at the assumed column
conditions. From this, we determined the optimal productivity to be 20.95 g/L*hr. From the
estimated parameters and now-determined load velocity, a required bed volume of 413 liters
was specified by SuperPro Designer. In order to determine what Protein A resin to buy for the
process, several selection guides were considered. One resin in particular, mAbSelectSure, fits
the capacity needs of our process, has a high binding capacity, and has a low affinity for host
cell proteins, particles that tend to compete with mAb for resin binding positions [26].

IEX and HIC

Both the lon Exchange and Hydrophobic Interaction Chromatography columns are integral
components of the downstream polishing process. A similar approach to the previously stated
PA Column design process was taken to determine the size and parameters of each of the two
columns in the polishing process. The main change with regard to our assumptions about the
IEX column was the dynamic binding capacity of the resin. The average dynamic binding
capacity of an IEX resin is much higher than that of a Protein A resin, thus a DBC of 85 g/L was
chosen [7]. The productivity of this column was determined to be 55.02 g/L*hr with the same
maximum linear velocity of 500 cm/hr. The concentration of the IEX loading solution was much
lower than the loading concentration of the Protein A column inlet, thus only a bed volume of
233 L was determined for its design. Using a selection guide similar to that which was used for
Protein A resin, it was determined that Unosphere S Support Cation Exchange resin was the
most optimal choice for the column, based upon its nature as a strong cation exchanger as well
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as high DBC [27]. For Hydrophobic Interaction Chromatography, similar design guidelines to
Protein A Columns were provided, thus a DBC of 55 g/L was assumed, as well as the same non-
loading linear velocity of 300 cm/hr. Lastly, a productivity of 43.4 g/L*hr was calculated based
on a 500 cm/hr loading flow rate. It was determined that the required bed volume for the HIC
column is 629.5 L. The HIC resin, Methyl HIC Support was chosen as the resin due to its
minimization of protein denaturing and affinity toward bimolecular hydrophobic regions [28].

Buffers
For each chromatography column there are various buffers with their own unique formulation.
Equilibration buffers prepare a column for loading a sample by washing out any impurities and
setting the proper pH. Wash buffers remove any molecules that haven’t bonded to the column
resin, leaving behind only the resin and the bonded molecules. Elution buffers change the
environment inside the column in such a way that the molecules that were bonded to the resin
are released. Regeneration buffers clean the column by removing any leftovers of the previous
buffers and prepare the column to wait for the next load. The different buffer compositions for
each column can be found below in Table 17.

Table 17: Buffer Solution Composition

Buffer Solution Compositions

Buffer Solution Component Maszs Fraction ke/batch
EOTA Disadium 0.00168 4.2
Sodium Phasphate 0.00409 0.3
Prot A Equil Tris Base 0.00157 4.9
Tris HCI 0.00530 4.8
Water for Injection [WFI) 0.586 2473
Guanidinium Chloride 0.0361 1445
Prot AWash Tris Base 0.00197 5.2
Tris HCI 0.00592 24.5
WEFI 0.956 3364
Prot AElution Acetic Acid 0.006 443
WEI 0.99:4 2170
Sodium Chloride 0.0134 ar.0
Prot ARegen Triz base 0.00435 243
Trizs HCI 0.0146 T8
WEFI 0.981 45803
Potassium Chloride 0.000002 00025
Potassium Di-hydrogen Phosphate 0.000002 00028
|EX Equil Sodium Chlgride 0.009 125
Sodium HydroPhosphate 0.0011 15]
WEFI 0.590 1331
Potassium Chloride 0.000002 0.0047)
Potassium Di-hydrogen Phosphate 0.000002 0.0047
IEX Wash1 Sodium Chloride 0.018 422
Sodium HydroPhosphate 0.001 26
WEFI 0.581 2300
Sodium Chloride 0.018 a7.4
IEX Elute Sodium Di-hydrogen Phosphate 0.000915 4.4
WEFI 0.981 4714
IEX Regen Sodium Chloride 0.057 136
WEFI 0.943 2251
|EX Wash 2 Sodium Hydroxide 0.02 28.0
WEFI 0.98 1373
Sodium Chloride 0.196 392
HIC Equil Sodium HydroPhosphate 0.00310 .2
WEFI 0.801 1603
Sodium Chloride 0.100 3325
HICWash Zodium HydroPhosphate 0.00318 108
WEFI 0.897 2993
Sodium Chloride 0.039 253
HIC Elute Sodium HydroPhosphate 0.0029 185
WEFI 0.558 5182
HIC Rezen Sodium Hydroxide 0.02 62.9
WEFI 0.98 3098
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For Protein A Chromatography, an equilibration, wash, elution, and regeneration buffer are
prepared and sent through the column. The compositions of each of these buffer solutions
were chosen based upon suggested compositions from both Bio-Rad and ThermoFisher [29].
One important consideration was that the elution buffer would provide a pH of 3 or lower,
allowing for effective viral inactivation in V-408.

IEX Chromatography, or in this case Cation Exchange Chromatography requires five buffer
solutions: equilibration, first wash, elution, regeneration, and second wash. The

compositions of these buffers were determined both by the compatible buffer formulations
from Marichal-Gallardo and Alvarez as well as considerations to guidelines from Bio-Rad and
Pall, Inc. [30]. The most important aspect of this CEX buffer composition was to maintain a pH
of around 6 pH, 1-1.5 pH below the isoelectric point of the antibody [31]. This ensures that the
antibody is positively charged, and thus will bind to the CEX resin rather than flow through.

HIC Chromatography requires four different buffer solutions, also for an equilibration, wash,
elution, and regeneration step. However, rather than each of the buffer solutions being
different in component, the first three only differ in composition. The equilibration buffer has a
strong concentration of sodium chloride in water, salting out the mAb proteins to allow for
easier binding to the hydrophobic areas of the resin [32]. As the buffer steps continue to wash
and elute, the concentration decreases, creating a concentration gradient and allowing the
mADbs to release from the resin. The final step consists of sodium hydroxide and water, helping
to release tightly-bound proteins [32].

Adsorption Columns

The WFI process utilizes three different adsorption columns to purify potable water. The
activated carbon, cation exchange, and anion exchange columns were all sized in a similar
manner, although they use different resins and serve to purify the water in different ways. The
vessels for all three columns were sized as a regular tank, in a similar manner to the way
described in the Vessels and Tanks section above. For the activated carbon column, the bed
volume was calculated to be 276 L using a SuperPro Designer model with breakthrough time of
7 days (one complete process batch) and a water inlet flow of 2042 L/hr. Assuming a
bed/column volume ratio of 0.5, the required vessel volume for CI-804 A/B is 552 L and the
actual vessel volume is set at 0.625 m3. The same process was completed for CI-805 and CL-806
leading to required volumes of 212 L and 175 L and vessel sizes of 0.25 m3 and 0.20 m3
respectively. All of the columns are to be made out of 316L stainless steel because of its anti-
corrosive and sterile properties.

The volume of adsorbent for each column was calculated as half the total volume of the
column. Granular activated carbon comes in a variety of sizes; 12 x 40 was chosen for the
column because it is one of the most popular sized for agueous phase adsorption [ ]. For the
cation exchange column, the same resin was chosen as the resin in the mAb ion exchange
column, UNOsphere S Media. AG 1-X2 was selected as the resin for the anion exchange column
because of high resistance to oxidizing agents and ability to adsorb for long periods of time
without washing [33]. Wash cycles were designed for all three columns using the same

37



solutions from the CIP system, making the cleaning process simpler and easier. Chemical
reactivation of the activated carbon adsorbent with 0.1 M NaOH and 0.1 M HCI will occur after
each batch to maintain optimal adsorption [34]. The anion and cation exchange columns are
washed with 0.1 M NaOH and 0.1 M HCl respectively to clean the resin and prepare for the next
batch. All of the modeling for these wash steps were performed in SuperPro Designer assuming
3 bed volumes of wash per solution per batch.

Reverse Osmosis

Reverse osmosis is one of the most prevalent methods for water purification, even being used
to desalinate sea water. In this process, the reverse osmosis system serves as final purification
“catch-all,” removing any contaminants that were left over after the water was processed by
the previous systems. Due to the complication of reverse osmosis membranes, a prepackaged
RO skid sold by US Water Systems was selected to be used in the process [35]. The skid size was
selected based upon the 11,000 gpd throughput required by the WFI process. Although they
don’t have a standard skid that can product that level of throughput, a US Water Systems
employee confirmed that the price of a skid that size could be scaled up from the price of the
largest skid using the six-tenths rule. The skid comes with standard filters, and replacements
were also available through US Water Systems [36].

Air Cartridge Filter

In order to sterilize the air being brought into the bioreactor aeration system, an Air Cartridge
Filter, F-210, is placed in the process stream before the Air Compressor, C-211. The total
continuous air supply amount required to aerate the bioreactors was sent through a simulated
dead-end filter to calculate the required membrane surface area of the filter. It was determined
based upon this SuperPro Designer simulation that the size of the filter required is 10 m? of
total filter surface area.

Shell-and-Tube Heat Exchanger

Throughout our process we have three separate shell-and-tube heat exchangers, all of 316L
stainless steel material of construction. In the bioreactor aeration process, the filtered,
compressed air is sent through the shell side of the Air Compressor After-Cooler, HE-212, where
cooling water brings it from 89°C down to 37°C. The cooling water, in turn, is heated from 25°C
to 30°C before being sent to Tk-801, the Potable Water Tank. In the WFI system, the Purified
Water Pre-Heater, HE-811, allows for contact between the steam boiler bottoms liquid and
incoming purified WFI, heating the WFI on the shell side from 22°C to 24.5°C and cooling the
bottoms from 94.4°C to 50°C. In the WFI Condenser, HE-812, the WFI is preheated even more
on the tube side from 24.5°C to 106.2°C while a portion of the steam produced in the boiler is
condensed from 136.1°C to 110°C. Using these changes in temperature for ALMTD, heat duty
provided by Aspen HYSYS, as well as known U values for a stainless steel air-water, water-
water, and water-steam interface, the overall heat transfer area for each heat exchanger was
calculated [37].
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KO Drum

Two knockout drums are present in the process, one before the air compressor and one before
the steam compressor. Both separators were sized using the guidelines provided by Svrcek and
Monnery in their article, Design Two-Phase Separators Within the Right Limits [38]. The team
compared the volume and cost of vertical and horizontal separators with and without demister
pads. For both knockout drums, it was determined that horizontal orientation without demister
pads provided the lowest cost while still providing the utility and equipment safety required
before the compressors.

Steam Boiler

The steam boiler is the most important item in the WFI system, as it is what takes purified
water and makes it into water for injection. The unit was modeled in aspen as a heat exchanger
and a heater in series, since both an electric coil and a steam coil are located in the boiler. The
combined heat transfer for both, 231 kW, as well as a net delta T of 0°C for the boiled water
(the boiler is not superheating the steam) was used to size and cost the steam boiler. The steam
boiler is made out of 316L stainless steel because of the material’s anti-corrosive and sterile
properties.

Freeze System

Before being sold to pharmaceutical companies for final formulation into a drug that can be
sold to patients, it is required that the mAbs in solution be stored frozen for at least one year.
This storage condition provides a challenge to the facility, as proteins must be handled
carefully, with respect to ice crystallization fronts during freezing, as well as protein damage
during freeze-thaw cycles [18]. It has been shown that another concern with freezing is
production of soluble and insoluble aggregates of proteins in solution if the freezing process is
uncontrolled or uneven. In order to address these concerns for product quality, it was decided
that a temperature-controlled Freeze-Thaw Cryovessel, V-613, would be used to freeze the
product after it has left the last filter. The cryovessel will be bought from Sartorius, specifically
their Celsius FT100 model which is capable of freezing 100 L of product at a time. The freeze is
temperature-controlled for 4.5 hours until the 3 cycles per batch of 100 L reach -50°C.

Storage Freezer

Once frozen, the 12 L bags of product will need to be maintained at a constant temperature for
at least one year. In order to do this, the team identified laboratory deep-freeze cabinets which
can hold 792 L of product, or sixty-six 12 L bags. In order to be able to hold an entire year’s
worth of product, 18 deep-freeze storage cabinets will be bought in order to store and maintain
the mAb product at -50°C.

cip

The CIP system is designed to contain enough of the various cleaning solution to clean the
entire process one time. Using the CIP heuristics in Table 10, the total amount of each CIP
solution was calculated. Accounting for a 90% working capacity of the vessels, the vessels sizes
were determined to be 7, 20, and 30 m3 for V-701, V-702, and V-703 respectively. All three of
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these vessels are constructed of 316L stainless steel because of its anti-corrosive and sterile
properties.

EQUIPMENT SPECIFICATION SHEETS

The equipment specification sheets were made for all capital costed equipment. Equipment
type is ordered alphabetically in Figure 13 below.
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Figure 13: Equipment Specification Sheets
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Funetion: HIC Buffer preperation [Cperation: Batch
Operation: Batch Matwrial Inket Outhet
Materials Handled: Inlet/Outhet Temperature [C]: 25 .50
Temperature [C]: 25 Pressure [bara): 1,01 104
Pressure [bara]: 10 Mass Flowrate [ke/batch]: 598 2598
Mass Flowrate [kg,/batch): 31613 Molar Flawrate
Molar Flowrate [kmod/batch]:
[kmol/batch]: Mab 16 16
Water 1720 ”M“ Phasphate TM uu.“ m..wu_w_“

im sphal Ll AL

Sodium Hycrouid 16 Sodium Chioride LI1E-02 L1602
Total 173.6 Total 14.4 144
Design Data: Volume: a5 [m*3) Deslgn Data: Volame: el

Dlameter: 125 [m] Dlameter: [m]

MOoC: 316155 MOC: 316155

Impeller Internals: None

Unilities: Electricity: 0.4 [kw-hr] Utilities: Electriity: 198 [KW-hi)

Comments and Drawings: See PFD Comments and Drawings: See PFD
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Vessel
em Cauritic Viisel 2
nem No. =002
No. Required |1
: [Baten
Materials Handled: |intet/Outier
Temperature [C) 15
Pressure [bara): 101
Mass Flowrate [kg/batch): 1.7T0E+04
Meolar Flowrate
938.7
Sodium Mydroxide 1.7
5404
: Viabume: 20 [m=~3]
Diameter: [m]
MIOC: 6155
Internals: Impelier
Electricity: - [kW-hr]

Comments and Drawings: See PFD




Filter
Identification: Itmm Dead-End Filter 1
Item No. F-306
Vessel Filter No. Required |1
" | ¥ H
identification: frem (Acid Vessel " T v identification: Ttem Air Cartridge Fllter metien: Jtaron sl
tem No. v-903 1 . Operation: Baich
S Baguive (10 _23__zo e ‘Matarials Handled I
“ﬂ:»ﬁl.oq 1 — No. ired | 1 -_-__-__u. i Inlet .-.:9_:! s
Function: preperstion ration Function: rifies the air M ' ' :
_u . Batch f — Operstion: $ Prossure [bara]: 101 101
iateriel e et 5 rurnpatetuns (1) 0 Ty it T ﬁnn!-:—_ﬁ__.csu__” 2256404 2250682
Temperature [C]: 5 ] Framary (bars} 464 Temperature [C]: 2 2 /bateh
Pressure [bara): 101 101 WA Pt el s Pressure [bara]: 1m 1M _gz,iu.nu- g 0.1 01
(Mass Flowrate [kg/batch): L7e404  LSE403 kol fbatch]: Mass Flowrate [kg/batch]: 13105 1.01EA05 impurities 11 11
[Moker Flaumsts Mab 18 Molar Flawrate Feed 4 Media 125 125
[kmol/batch]: Winter 12 [kmolfbatch): Mab 25 15
Wter 0 71 Disodium Phosphate 6.AL-04 Oxygen 7140 1140 Sodium Bicarbonate 0.6 06
Total 0 79.1 oo Chiaride 20002 Mitrogen 73688 7368.8 Water 1226.9 1226.9
Design Data: Volume: 0 [m*3) __”z.__ o — 144 — — Total 0828 90828 Total 1244.8 1244.8
Diameter: 2.5 Im] n Doty iy ] Design Data: Area 10 [m*2] Design Data: Area 230 [mna]
MOC: 316155 MoG  Sibss MoC: 316055 MO 316185
Internals:  impelier imernalsi e, Type: Cartridge Type: Dead-End
Utifities: Electricity: - [lw-her] Utilities: Hectricity: 76677 ToW-ha] Utilities: Electricity:  None Utilities: Electricity:  None
[Comments and Drawingi: See PFD Comments and Drawings: See PFD Comments and Drawings: See PFD gs:_See PFD
Fier Filter Filtar Filter
ientifiaation. Nem [Dend-End Fiter 1 Identifeation: Ibem Dead-Filter 2 identification: Item Dead-End Filter 3 Idantification: It Dead-End Filter 4
Rem No F-306 Item No. F-407 It Mo, F413 Them No. EBl2
o | Wo. Aequired |1 Mo, Requiced |1 o, Required | 1
[Function: Filter out solids N Funtion: Filtas aut wolids 5 "
[Function: Filter out solids — Evl Filter out solids
— Opsration: Batch it o | Oparation: Batch
K aal aal Materials Handled: Inlet Outlet Temperature [C): P Materials Handled: Inlet Outlet
[baral: 161 101 Temperature [C]: 25 25 Prassurs (bara): 101 Temperature [C]: 25 25
Mnss Fowrate | /Bateh]: 175604 22506.02 Pressure [bara]: Loy 101 Mass Flawrate [ke/batch]: e MEE Pressure [bara]: 1m 10
[ — Mass Flowrate |kg/batch]: 1687.1 1687.1 Malar Flawrate Mass Flowrata |kg/batch]: 250,77 0
[kl Mhatch]: Molar Flowrate [molbatch]: Molar Flowrate
Bomnass o1 o1 [Krral/bateh): impurities 01 04 [mal fateh]:
I ities ¥ 12 Impurities 01 0.1 Mok 12 121 Mab 164 o
Feed 4 Media 125 125 Mab 21 23 Water 167 167 Water 12.7 o
Mot 25 25 Acetic-Acid oo L]
Water 0.7 90.7 Disodium Phosphate 6AE-04 o
Sodium Biarbonate o8 o8 Acetic-Acid 02 02 iy phsaphaia oo oe Sadium Chioride 21602 0
e o Tatal 3.3 93.8 S b v Tatal 14.4 0
Totol 1348 12448 - Total 19.0 19.0 Cl -
Deign Data: = ) ) Design Data: Area B0 [ma2] [Detign Oata: (Ares w0 Tl Detign Data: Area 0 [m*2]
MOC: 316155 moc: 316155 fnes 1658 Moc: 316155
Type: Dead End Type: Dead-End Type: Dead-End Type: Dead-End
Litilitioes - Electricity:  None: Wt lites: Electricity:  None Unilities: Electricity:  None Utilktios: Electricity:  None
Commants and See PFD Comments and Drawings: See PFD and See PFD
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Filter Heat Lachangs?

identfication: item Dead-End Fiftes & Identificatian: Uhtrafifter Identification: Revere Dsmasis System bentifiaton e [ Compressor After-Cooter

Item No. F-803 F-807 F-808 .

No. Required |1 1 1
Function: Fittar out solids Function: er out suspended particulates Function: Filter out remaining partiches ferion

Batch Operation: | Operation: ] Maneriah Handied
Materials Handled: Inlet Cutet Materials Handled: Inlet Outlet Materials Handled: Inlet Dutlet Temperature (C]-
Temperature [C]: 25 25 Temperature [C]: 15 15 Temperature [C]: 25 25 Pressure [bara|- mi2 w » 0
Pressure [baral: 101 1.01 Pressure [bara]: 101 101 Pressure [bara]: 101 101 iass Flowrate [kg/batch] LME-05  LME-8  L16E-05 BAGE 05
Mass Flowrate [kg/batch)]: 182E+03  1B2E+03 Mass Flowrate [kg/batch]: 169.7 3394 Mass Flowrate [kg/batch]: 168.7 16925 Mok Rewenty
Malar Flowrate Molar Flowrate Malar Flowrate -!sifl._al..n o 0 3208 30408
[kmol/bateh]: [kmol/batch]: [kmel/batch]: ypen L7000 L7000 o L
Water 854 86,0 Water 1.6E+04 1GEsDd Wimter 1.5E+04 7728 meerogen 7AE+03 TAE0D M
Tatal 95.9 96.0 Tatal 16E+04  16E+04 Total 15E+04 7728 Total S1Es00  930+00  1IEs08 330408
Design Data: Aren 120 [mn2] Design Data: Area 40 [m*2] Detign Data: Devign Data- [(Area- ni Im*2]

MO 316155 MOC: F1ELSS Oty ny [ow)

Type: Dead-End Type: Uhtrafilter ﬁ uﬁﬂ.&i
Unilitles: Electrictty:  None Utilities: Electricity:  Mone Utilities: —— rre——— rrre

4 and Drawings: See PFD |Comments and : See PFD

Identification: Fem Purified Water Pre-Heater

Item No. HE-811

Mo, Aeguined |1
Function: Pre-heat purified water
Operation: Batch
Materials Handled: Shell In Shell Qut  Tubein Tulbe Out
Temperature [C]: s F53 05.7 504
Pressure [bara]: 166 145 16 145
Mass Flowrate [kgfbatch]: 23E+05 2.3E+05 12E+04 1.2E+04
Molar Flowrate
[kmal/batch]:
Woter 6.0 .0 B38.0 B36.0)
Total Ta.0 a0 6381 B3B.1
Design Data: Area: 0.2 |m*2]

Duty: 282 lew]

MO 316LS5

.R“ Shell and Tube
tilities: Electricity: - (kWb

Comments and See PED
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EQUIPMENT COST SUMMARY

Table 18: Fixed Capital Investment Summary

Equipment Equipment 0| Total Module Cast | Equipment Equipment I0 | Total Module Cost
Media Prep HIC Chromatography

Media Prep Yessel1 =101 ¥ 25,166.13 HIC Buffer Prep Wessel 1 -601 ;3 66,231.54
Media Prep Pump 1 P-102 ¥ G0,471.54 HIC Buffer Prep Vessel 2 W-E0Z ¥ 34,865, 61
Media Prep Vessel 2 -103 k3 23,727.54 HIC Buffer Prep Vessel 3 \-B03 i 201,973.84
Media Prep Pump 2 P-104 ¥ 60.471.54 HIC Buffer Prep Vesseld -60d ¥ 34.351.24
Feed Media Prep Veszel AIF W-105 AB ¥ 212.941.22 Dizfiltration!HIC Column Feed Pump A'B P-605 % 94.,853.12
Feed Media Fump AlE P-106 45 ¥ G0,471.54 HIC Calumn Cl-606 ¥ 1.054.557.03
Seed Train HIC Surge Tank Tk-607 ¥ 40,315,582
Baller Bottle Baller RE-203 b3 1.460.00 HIC Surge Tank Pump A/B P-EOZ AE $ E0.471.84
Cell Bag Rocker Tray CE-205% ¥ 5.405.00 Dliafiltration Flush Tank 3 Tk-603 ;3 50.954.34
Seed Culture Bioreactor 1 R-207 ¥ 47 60553 Diafilatration Pump 3 &E P-E10 AE ¥ G0,471.53
Seed Culture Bicreactor 2 B-203 F 23423358 Dliafileer 3 F-E11 i 52.834.00
fir Compressor KO Drum -203 ¥ 12.373.63 Oead-EndFilter 4 F-612 ¥ 517,930,320
Bir Cartridge Filker F-210 ¥ 30,303.02 Freeze-Thaw Cryovessel W-E13 % 125.,000.00
Lir Compressar C-211 ¥ 210,053,533 Storage Freezer Fz-E1d i 516,555,532
fir Compressar After-Coaler HE-212 ¥ 32202862 YWaste Treatment

Product HeactorlCentrifuge ‘waste Holding Tank Tk-701 $ 95920024
Production Bioreactar &/ R-301A/E ¥  BOB.535.55 ‘waste Halding Pump A/E P-70z ;3 G0,505.65
Production Bioreactor Pump &I P-302 3 E0,471. 54 Eutralizatinn Veszel W-T03 % 135,252.15
Praduction Bioreactar Surge Tan Tk-303 ¥ 24243724 YWFIl System

Centrifuge Cf-304 ¥ 30,000.00 Patable 'water Tank Tk-a01 ¥ T0.315.05
Centrifuge Pump A/B P-30SAE | % 50,471.84 Potable ' ater Pump &5 P-502 ;] 85,505.68
Dead-End Filker 1 F-306 ¥ 112552346 Dead-End Filter S F-803 i T28.296.16
Centrifuge Surge Tank Tk-307 ¥ 22d,293.13 Carbon Adzarption Column &6 Cl-s04 AE | # 22.802.85
Protein A Chromatography Cation Exchange Column Cl-205 3 21.891.91
Praotein & Bufer Prep VYeszel 1 [W-401 ¥ 87 327.46 Anion Enchange Calumn CI-806 ;3 13.314.50
Pratein & Buffer Prep Vessel 2 | W-402 ¥ 131635237 Llltrafilter F-807 ¥ 128,502,100
Protein & Bulfer Prep Wessel 3 |W-403 F 23857383 Beverse Osmosis Sustem F-202 i 28157.73
Pratein & Buffer Prep Yesszeld | W-404 ¥ 33,313.58 Purified 'w'ater Tank Tk-503 ¥ T0.936.20
Protein & Column Feed Pump &All P-405 A/B ¥ 85.505.63 Purified ''ater Pump AB P-510 A/B % £5.505.65
Pratein & Chromatography Colur Cl-406 ¥ 82857770 Furified 'w'ater Pre-Heater HE-5T1 ¥ 558.6d6.6ED
Dead-End Filter & F-407 ¥ 56267175 WFlCondenser HE-512 ¥ 156,056.33
Viral Inactivation Vessel \V-403 § 8597006 Steam Baoiler HE-813 ;3 92802127
Viral Inactivation Pump &6 P-403 A/E ¥ 60,471.54 Steam Compressor KO Drum Tk-&14 ;3 36,831.55
Diafiltration Flush Tank 1 Tk-410 ¥ 55,3580.36 Steam Compressor C-515 ¥ 713,938, 71
Diafiltration Pump 14/E P-4114/B k3 E0.471.84 ‘o ater Beturn Pump &/E P-316 AlE i B0.471.84
Diafileer 1 F-d412 ¥ 52.534.00 WFlStorage Pump &/B P-517 AE ¥ 55,505.65
Dead-End Filker 3 F-413 b 55267175 "'Fl Storage Tank Tk-813 % 53365111
| Wiral Imactivation Surge Tank Tk-d41d 3 24,2351 WFlProcess Supply Pump 14/E P-513 AE 3 G0.505.65
IEX Chromatography ‘WFl Process Supply Pump 2 &IE P-520 AE ¥ 34,5853.12
|IEX Buffer Prep Veszel 1 -5 3 B2, 312,75 Clean in Place

|IEX Buffer Prep Vessel 2 =502 ¥ 72,5461 Caustic Weszel 1 =301 ;3 154,554, 36
|IEX Buffer Prep Vessel 3 W-503 ¥ 166.642.03 Caustic Vesszel 2 =302 ¥ 56094603
|E* Butfer Prep Wessel 4 WSO b3 7248139 Acid Vessel =303 ¥ 5A0,610.75
IE= Buffer Prep Wessel 5 W-505 ¥ 5133423 CIP Pump &/E P-304 &/5 ¥ 50.471.54
IE* Feed Pump &/B P-SOEAE | % 85.505.68 Tatal Fized Capital Inwvestment $ 17.618.056.139
|IEX Chromatography Column CI-507 ¥ E11.313.63

Amm. Sulfate Vessel W-505 ¥ 44.132.35

Diafileration Flush Tank 2 Tk-503 § 43,618.55

Diafiltration Pump 2 &/B P-510 A/E ¥ 60.471.54

Diafilter 2 F-511 S 52.834.00
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FIXED CAPITAL INVESTMENT SUMMARY

In order to predict and calculate economic metrics for our project, we assumed that all fixed
capital investments were incurred during the year 2019. The project, however, does not begin
production until halfway through the year 2020.

Roller Bottle Roller and Cell Bag Rocker Tray
In order to approximate the cost of the Roller Bottle Roller, RB-203, and the Cell Bag Rocker
Tray, CB-205, quotes from vendor catalogs were obtained [20,21]

Centrifuge

To estimate the capital investment of the disc-stack centrifuge Cf-304, an automatic disc-stack
centrifuge with a capacity of 4000 liters per hour was found via a vendor. It was assumed that,
while Cf-304 only requires 1470 liters per hour, the cost of the centrifuge from the vendor
would provide a valid estimation and if anything an overestimation of the cost [39].

Chromatography Columns

In order to estimate the capital cost of the chromatography columns, the “six-tenths rule,” as
described in Analysis, Synthesis, and Design of Chemical Processes, was utilized to relate a cost
estimate for a 90 liter chromatography column to the known required volume of our disparate
columns [40]. The estimate of $200,000 for a 90 L column was given by Warner and Nochumson
in Rethinking the Economics of Chromatography from BioPharm International journal [41]. This
estimate was given in 2003, so the estimate was projected to 2019 dollars utilizing the CEPCI
before the “six-tenths rule” was applied.

Freeze-Thaw Cryovessel

In order to approximate the capital investment of the Freeze-Thaw Cryovessel, V-613, a quote
was obtained via phone call from a vendor for the Sartorius Celsius FT-100 Freeze-Thaw System,
the system for which our cryovessel is based [42].

Storage Freezer

To estimate the cost of the Storage Freezer, Fz-614, a quote from a vendor catalog was
obtained for one freezer. This was then multiplied by 18 to find the total capital investment in
freezer storage [43].

Ultrafilter

In order to approximate the capital cost of the ultrafilter, a quote direct from vendor was
obtained via email. The six ultrafilters in series were accounted for to obtain the total capital
cost of the ultrafilter [19].

Reverse Osmosis System

To estimate the fixed capital investment of the Reverse Osmosis System, F-808, the “six-tenths
rule” [40] was again utilized to relate the cost of a known piece and size of equipment from a
vendor to the size of the equipment required for the process. The size of the RO System
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provided by the vendor is 9200 gallons per day, while the WFI production process requires
11000 gallons per day of RO water [35].

General Equipment Costing

For all other major pieces of equipment, the Guthrie Method constants and correlations, given
in Analysis, Synthesis, and Design of Chemical Processes [40], were utilized to calculate the
“vanilla” purchased cost. A carbon steel material of construction and MAWP of 50 psig is what
constitutes the vanilla cost for any piece of equipment. A summary of each piece of equipment
costed from these correlations and the parameter used to do so is provided in Table 18 below.

Table 19: Costing Parameter Values for Process Equipment

Equipment [EquipmentID |  ParameterValue Equipment [EquipmentID | Parameter Value
Media Prep HIC Chromatography

Media Prep Veszel 1 W-101 4.0)m"3 HIC Buffer Prep Veszel 1 W-601 23| m'3
Media Prep Pump 1 P-102 0. ) ke HIC Buffer Prep Wessel 2 W-E0Z 35 m3
Media Prep Vessel 2 W-103 20.0|m"3 HIC Buffer Prep Vessel 3 W-F03 70| m'3
Media Prep Pump 2 P-104 0. ) ke HIC Buffer Prep Wesseld W-Eild 35 m3
Feed Media Prep Veszel AlB W-105 Al 4.5|m3 Diafiltration!HIC Column Feed Pump AIE P-E05 4.0[ k'
Feed Media Pump &/1E P-10E A/E 0.4] k' HIC Column CI-606 - -
Seed Train HIC Surge Tark Tk-E07 15] m3
Roller Bottle Roller RE-203 - - HIC Surge Tank Pump AIE P-E05 AE 0.4] kW
CellBag Rocker Tray CE-205 - - Diafiltration Flush Tank 3 Tk-603 25| m'3
Sened Culture Bioreactor 1 R-207 03| m"3 Diafilatration Pump 3 A P-610 A/E 0.4 kK
Seed Culture Bioreactar 2 B-208 50{m"3 Diafilter 3 F-E11 - -
Air Compreszar KO Drum W-209 0.1|m"3 Dead-End Filter & F-E1Z TO.0| m2
Air Cartridge Filter F-210 10.0)m"2 Freeze-Thaw Cruovessel W-F13 MEE
fir Compressar C-21 0.7|barg Sitorage Freezer Fz-E1d - ¥ -
Air Compreszar After-Coaler HE-212 Tr2(m2 YWaste Treatment

Product ReactoriCentrifuge "waste Holding Tank Tk-701 125.0] m'3
Production Bioreactor &8 F-301 AB A30.0{m"3 " azte Holding Pump AE P-T0Z 3.00 kW
Praduction Bioreactar Pump AIE F-302 Okt Mewtralization Yessel =703 0.0l m3
Production Bioreactor Surge Tank | Tk-303 275|m3 WFI System

Centrifuge Ci-304 - - Patable 'Water Tank Tk-501 g.0] m'3
Centrifuge Pump &5 P-305 AIE 0.4] k! Patable 'Water Pump AE P-30z 3.0[ kW
Dead-End Filter 1 F-306 230.0)m'2 Dead-End Filker 5 F-803 120.0] m'3
Centrifuge Surge Tank Th-307 25.0{m™3 Carbon Adsorption Column S5 Cl-a04 &5 05 me
Protein A Chromatography Cation Exchange Column Cl-505 0.3 m2
Protein & Buffer Prep Wessel 1 =401 30{m"3 &nion Exchange Column CI-806 0.2 m2
Protein & Buffer Prep Vessel 2 -4 2.0(m"3 itr afileer F-507 - -
Protein & Buffer Prep Vessel 3 -4 10.0)m™3 Feverse Dsmosis System F-50& - -
Pratein & Butter Prep Yesseld W-40d S0|m'3 Purified ' ater Tank Tk-803 25 m3
Pratein & Calumn Feed Pump AE P-405 A'E 300 kW Purified W ater Pump &5 P-510 AE 3.0 K
Protein & Chromatagraphy Column | Cl-406 - - Purified 'water Pre-Heater HE-5T1 0z me
Oead-EndFilter 2 F-407 g0.0|m" \Fl Condenszer HE-&12 7.3 m™=
Wiral Inactivation Yessel W-405 20|m'3 Steam Boiler HE-&13 310 ke
Wiral Inactivation Pump &/B P-403 A/B 0. |k Steam Compressor KO Drum Tk-514 07l w3
Diafiltration Flush Tank 1 Tk-410 30{m"3 Steam Compressar C-815 75.0] K
Diafiltration Pump 1A/E P-411 &/E 0. |k Water Feturn Pump &6 P-816 &/E 0] kW
Diafilter 1 F-412 - il W Storage Pump AE P-&17 AE 3.0 K
I:I?E-ad—Enc! Filt.er 3 F-d413 0.0 mﬁ2 Wl Storage Tank Tk-815 000 m3
Wiral Inactivation Surge Tank Thk-d414 05(m"3 Wl Process Supply Pump 1408 P-cia &b 0| K
IEX Chromatography W Process Supply Pump 2 AE F-G20 MG 3.0] Kl
[E= Buffer Prep Vezsel1 =501 20{m"3 Clean in Place

[E= Buffer Prep Vessel 2 M-Sl 30{m"3 Caustic Mezzel 1 V-9 700 m3
|Ex Bufter Prep Wessel 3 W-503 2.5 m3 Caustic Yezzel 2 -0z 200l ma
|E* Buffer Prep Weszseld V-S04 2.8[m"3 : _ =
IEX Buffer Prep Veszel5 Vo505 18[m3 éiﬁ'.dpt:: o e S
|E* Feed Pump &/B P-506 A/B 3.0] k'

|E* Chromatography Column CI-507 - -

Amm. Sulfate Veszel =505 13[m™3

Dliafiltration Flush Tank 2 Tk-503 23| m'3

Diafiltration Pump 2 AlB P-510 AE 0. |k

Dliafilver 2 F-511 - -
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In order to convert the vanilla purchased costs to installed costs, the purchased costs were
multiplied by the bare module factors in order to account for infrastructure and installation.
Material factors also accounted for the use of stainless steel rather than carbon steel for each
piece of equipment. From the bare module costs, the total module costs were calculated by
factoring in 3% fees and 15% contingency, a factor of 1.18. All of the correlations and constants
were created in the year 2001, so the CEPCI was utilized to project the CTM to the current year,
2019. The pertinent CEPCI figures for the Fixed Capital Investment Estimates are included in
Table 20 below.

Table 20 : Chemical Engineering Plant Cost Index for Relevant Years

CEPCI
2001 394.3
2003 401.3
2019 652.9

The total fixed capital investment for the project is $17.6 million. The 2019 total module costs
for each piece of equipment are summarized in Table 18 in the Equipment Cost Summary
section.

Working Capital

The chromatography column and adsorption column resin, granular activated carbon, and filter
and membrane cartridges all pose working capital costs to our facility when they are purchased.
This is because they are not completely used up during the year in which they are purchased, as
raw materials are, nor are they pieces of equipment that can continue to hold value once they
have been placed into service. For this reason they cannot be deducted as an operating cost or
depreciated as a fixed capital cost. We will write off the price we paid for the material at the
end of the year in which its equipment life has ended. Only then can we realize the full value of
the equipment in our tax deductions. Table 21 below summarizes the working capital over the
life of the project.

Table 21: Working Capital Summary

Working Capital Summary

Equipment Amount Units Equip. Life 5/L or 5/Cartridge S/Purchase

Protein A Resin 450 L 5yrs 5 16,802.00 | & 7,560,900.00
IEX Resin - Cation Exchange 700 L 5yrs s 3,19000 | 5 2,233,000.00
HIC Resin 650 L 5yrs = 444000 | & 2,886,000.00
IE¥. Resin - Anion Exchange 350 L 5yrs 5 73060 | 5 255,710.00
RO Membrane & Cartridges 5yrs s 42200 | 5 2,532.00
Granular Activated Carbon 4200 L 3yrs S 794 |5 33,331.20
Dead-End Filter Cartridge 580 m? 3yrs S 1700 | 5 3,860.00
Diafilter 102 m? 3 yrs 5 5,375.33 | & 548,284.00
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SAFETY, HEALTH, AND ENVIRONMENTAL
CONSIDERATIONS

Overview

Environmental, health, and safety (EH&S) considerations are overseen and addressed by a
process safety management (PSM) system. Good Manufacturing Practices (GMP) for the
preparation of drug products in the United States are outlined by the FDA in their Code of
Federal Regulations Title 21 Part 211. The PSM system must adequately cover GMP for the
organization and personnel, building and facilities, equipment, control of components and drug
product containers and closures, production and process controls, packaging and labeling
control, holding and distribution, laboratory controls, records and reports, and returned and
salvaged drug products [44].

Occupational Safety

Occupational safety is considered in this design for the purpose of protecting those who work in
this facility. A large portion of this safety will come from training. The FDA requires that
gualified personnel to undergo GMP training on a continuous basis to assure that they are
familiar with CGMP requirements. Being familiar with training is one of the best ways to
prevent incidents from occurring. Furthermore, consultants are required to be upheld to the
same standard as facility employees. This ensures that everyone on the premises knows what is
expected of them and knows how to handle themselves when working. Personnel must have
good sanitation and health habits. This deters the spread and growth of potential pathogens
that could infect the process. Any health conditions or concerns must be reported in order to
not jeopardize the product quality.

Both a security measure and process safety measure, only authorized personnel may enter
certain areas. Proper training is required in many areas of the facility, and anyone without that
training poses an occupational safety risk to others, themselves, and the process.

Personal Protective Equipment (PPE) will be held to a high standard during operation. The
proper protection of someone on site is crucial to their safety. Consequences of improper PPE
may include skin and eye irritation, chemical burns, respiratory distress and choking, infection
from foreign pathogens and contamination of the process. Gloves must be worn at all times in
the lab. When removed, proper removal technique must be used and the gloves are to be
disposed of in biohazard waste. Powered air purifying respirators (PAPRs) should be worn in
media and buffer prep area as a secondary means of exposure control where potent compound
exposure potential is possible, as indicated by air monitoring data.

Another form of occupational safety is ergonomics. Training on this subject will be included in
the training program required of employees. For many board operators, ergonomics can play a
significant role in occupational safety when spending many hours of a shift sitting at a control
panel. Proper ergonomics will promote good posture and resting positions, this will minimize
the chances of developing aches and pains that can result in injury if left unchecked.
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When detailed design is considered, security measures should be taken to guard against
external threats. Fences, security checkpoints, and random screenings will deter potential
threats while also putting another layer of protection between the facility and the community.

Product Requirements

A quality department is responsible for the testing and approval or rejection of components,
drug product containers, closures, packaging materials, in-process materials, and drug products
[44]. An adequate number of personnel must be present for the quality department to perform
its functions. Testing for hazardous biological contaminants will include tests for Retroviruses,
in vitro assays, and in vivo assays [45]. This testing will occur between The Protein A
Chromatography Column and viral inactivation tank in order to measure what level of
contamination must be reduced. Testing will also occur before product freezing in the Freeze-
Thaw Cryovessel to ensure product quality and safety. If there is a rejection by standards at the
product step, more testing will be conducted after the HIC and IEX Chromatography columns in
order to identify the step that is not effectively inactivating viral contaminants.

Equipment MOC must not alter the quality or purity of the product. No substances required for
operation, such as lubricants or coolants, shall come into contact with any process components
that could alter the quality or purity of the product. This risk is reduced by the use of the
diaphragm pumps utilizing electric motors. The diaphragm separating the wetted and non-
wetted side separates the process fluid from the rest of the pump housing.

Product must be quarantined until the quality department releases it. Procedures must outline
that the oldest product must be distributed first and removal procedure if there is a recall of a
batch of product. This is a procedural safeguard against release of low quality or contaminated
product to further processing and potentially the larger community.

Industrial Health

All pieces of equipment in the process that come into contact with the process materials have a
method of cleaning or sterilization. A Steam in Place system and a Clean In Place system are
designed to sterilize and wash any piece of equipment that is not single use. All single use
equipment is disposed of properly into biohazard waste containers that will be available on site.

Buildings must be maintained in a clean and sanitary condition with adequate lighting and in a
good state of repair. Any in-process materials must be properly labeled, stored properly,
disposed of in a timely and sanitary manner, and have written procedures.

Per FDA regulations, air must be supplied to the building under positive pressure to maintain
airflow. Also, the quality of air must be high enough by passing the air through high-efficiency
particulate filters [44].

The room in which media is prepared must have a method of disinfecting the room so that the
conditions can remain sterile. This room in particular, due to the dust hazard present, must
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utilize air filtration systems. These systems include but are not limited to: pre filters and
particulate matter air filters. This prevents dust recirculation in the facility. Fume hoods will be
placed over the buffer preparation areas to protect against volatile vapor hazards.

Medical gas containers will be available and on site. They must be portable and self-contained
to ensure reliability and efficiency in case of emergency situations. This is a layer of protection
in place to respond to health related incidents involving respiratory distress. On site HSE
emergency response teams must be trained in storage, handling, and use of these pieces of
equipment.

Environmental

Fugitive air emissions must be identified and mitigated if necessary. The vapors involved in the
design of this process and their respective hazards to the environment have been summarized
in Table 22 below. Nitrogen, carbon dioxide, and oxygen are all components of ambient air that
have no fugitive emissions concerns other than the flammability of oxygen. However, oxygen
will not be in high enough concentrations to be cause for concern. Ambient air is not
flammable, so the flammability concern is not a pertinent risk as oxygen concentration will not
be raised above ambient air concentration in this design. Steam is produced in this process, but
there are no emission hazards associated with a release of steam to the atmosphere. Aqueous
hydrochloric acid is utilized throughout the design. This is a volatile chemical and is known to
have vapor emissions of the acid. HCl vapor is both toxic and a pollutant. A release of this vapor
would most likely result in a pollutant concern because this vapor is highly soluble in water. This
could result in large amounts being put into solution with rain water or large bodies of water.
Acid rain is corrosive to metal structures and buildings, and aqueous HCl is toxic to aquatic
organisms.

Table 22: In accordance to the Clean Air Act Amendments of 1990, Title I, Clean Air Act

Amendments of 1990, Title Ill, Emergency Planning and Community Right-to-Know Act
Components Flammable Human Toxic Volatile Organic Hazardous Air Pollutant
Nitrogen
Carbon Dioxide
Oxygen X
Water (Steam)
HCI X X

Fume hoods will be incorporated in the buffer preparation area to collect any HCl vapors that
could evaporate off of the designed HCl solutions used in the process. This actively reduces the
risk presented by HCl vapors to the environment.

Liquid and solid wastes in this design are treated in the waste process. Two steps are taken to
ensure sewage feed requirements are met. The first step is the steam injection process
mentioned in the process description. The purpose of this steam injection step is to kill,
denature, and inactivate any biological components that could remain in the waste stream prior
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to release into the sewage system. The steam does this by raising the process stream
temperature above 80 degrees Celsius for over a minute to adequately ensure microbial death
[46]. The second step is the aqueous HCl addition to the neutralization tank. This step acts to
lower the caustic pH of the stream into an acceptable range for sewage (5 to 9 pH) and dilute
the waste even further. Any inorganic components that do not contribute to pH in the waste
will be diluted to a lower concentration due to this addition of the aqueous solution.

PROCESS SAFETY CONSIDERATIONS

Objective

In order to reduce the risk of the production process, a detailed safety evaluation was
performed using various methods to challenge safety concerns from multiple perspectives. Our
main focus is to identify and mitigate hazards such as: toxicity, flammability, reactivity,
environmental hazards, and biological hazards.

The overlying goal is to create a process design that is inherently safe with low levels of risk due
to the design and that safety is less reliant of safety precautions and protective systems. An
inherently safer design evaluates alternatives and aims to consider all potential hazards. It is
crucial for this to be done at the preliminary design stage to allow for minimal possible damage
to the environmental, business, and personnel.

Taking into consideration the inherently safer design, additional safety evaluations are
performed. A Hazard Identification Summary was created using Risk Rank Matrix. Material
properties, inventory estimates, and process technology, equipment, & operating conditions
are evaluated. The Potential consequences summary identifies the potential for equipment
damage, environmental compliance, loss of life, disruption of other business units, legal/PR,
and community impact.

This preliminary design is assumed to have appropriate traditional plant safeguards, written

procedures, mitigation equipment, and the various safety systems including emergency
shutdown systems.

Inherently Safer Design
When considering how to design an inherently safer process, strategies such as minimization or

intensification, moderation or attenuation, substitution, and simplification should be evaluated.
The strategies for this preliminary design are assessed in Table 23 below.
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Table 23: Inherently Safer Design Summary

Concept

Incorporation in Preliminary Design

Hazard Addressed

Attenuation

Vent lines incorporated into bioreactor
and tank design

Relieves pressure buildup in
reactors

Substitution

Using chemically defined media
instead of serum media

Facility is animal free

Minimization

Centrifuge and chromatography
processes utilize multiple cycles per
batch to minimize process fluid under
process conditions

Larger centrifuge size poses a
larger mechanical hazard. Larger
chromatography columns process
larger amounts of hazardous
materials at one time.

Minimization

Only preparing enough media or
buffer for one process cycle to
alleviate unnecessary storage

Large quantities of hazardous
materials like acidic or caustic
buffer preparation material being
stored for long periods of time.

Intensification

Diafiltration steps after each
chromatography step reduce
biological and chemical contaminant
risks

Possibility of contaminants making
it to the end product.

Attenuation

Dilution of all acidic or caustic
solutions

Reduces hazard of storage.
Reduces storage pressure. Reduces
initial atmospheric concentration if
a release occurs.

Simplification

The use of disposable units in the seed
train process.

It is less difficult to keep sterile
conditions. It also reduces the
number of cleaning steps in the
process.

Substitution | Positive Displacement Diaphragm Reduces the hazard of
pumps were selected over cheaper contamination of process flow with
centrifugal pumps. contaminants associated with
centrifugal pumps in biological
processes.
Substitution | Materials of construction are 316L (SS) | Reduces risk of corrosion and

instead of carbon steel

surface metal release into solution,
thus reducing contamination risk.

Hazard Identification and Risk Analysis

Near misses or injuries are typically traced back to the failure to identify hazards that could
have been anticipated. Hazard identification is commonly sourced from the materials used and
how they interact with other materials in the process, where the materials are stored, and the
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equipment operating conditions. The source and the hazard are identified in the summary
Table 23 and interaction matrix in Table 23.

The risk analysis is done using Figure 14. The potential risk is the product of consequences and
probability. The consequences are based upon health/safety risk, environmental impact, and
economic impact. Probability is the likelihood of an injury occurring. The hazards are rated by
low, medium, and high risk in Table 24.

62



Table 24: HSE Hazard Identification Summary

Source Hazard Risk Rank
Material Acids (HCl and eluting) Skin/eye irritant Medium Risk
Properties | Sodium Hydroxide (NaOH) Skin/eye irritant Medium Risk
Steam Burn risk Low Risk
Inventory Kill Tanks pH out of range to Low Risk
Estimates sewer
Large spill Low Risk
Media Prep Tanks Media dust inhalation Medium Risk
Buffer Prep Tanks Large spill Medium Risk
Final Formulation Storage Refrigerant Spill Medium Risk
Process Pumps Leak of process Low Risk
Technology, material
Equipment,
& Filters Flammability Low Risk
Operating Seed Train Broken Glassware Low Risk
Conditions Biological High Risk
contamination
Bioreactors Overpressure with Medium Risk
closed vent
Centrifugation Overturn Low Risk
Mechanical Strike to Medium Risk
employee
Chromatography: Protein A Blockage Medium Risk
Chromatography: Cation Blockage Medium Risk
Exchange
Chromatography: Hydrophobic | Blockage Medium Risk
Interaction
Steam Boiler Burn risk Low Risk
Blockage leading to Medium Risk
overpressure
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Probability

A ] C D E

Probability
Category

Definition

A Possibility of Repeated Incidents

8 Possibility of Isolated Incidents

c Possibility of Occurring Sometime

o Not Likely to Occur

Medium Risk

3 Practically Impossible
e

“w m N DM E O ®mw D 0N

Consequence Considerations

Category Health / Safety Environmental Impact Economic Impact

1 Fatality / serious impact on public Large Community greater than $500 Million

Serious Injury to Personnel / Limited

] Small Community $100 to $500 million
Impact on Public

m Medical Treatment for Personnel / No Minor $10 to $100 Million
Impact on Public

v [Minor Impact on Personnel Minimal to None less than $10 million

Figure 14: Preliminary Design Risk Rank Matrix

Interaction Matrix

In this process, a variety of chemicals are used for a variety of reasons. Chemical reactivity
poses a threat to any process that contains chemicals that can mix and react with each other.
This process contains inherently dangerous and reactive chemicals that can potentially react
dangerously with each other. Table 25 is an interaction matrix for this design [47]. All of the
chemical species in the process are included around the outside of the table. The cells inside
the table describe the interaction between the species on the outside. This is useful to see the
potential hazards that the process may contain if streams mix. For this process oxygen,
ammonium sulfate, and hydrochloric acid are the most dangerous materials as they are
incompatible with most of the other species present. The interaction matrix below contains all
of the reaction information for each of the species present.
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Chemical Interaction Matrix

Table 25:
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Potential Consequence Summary

Potential consequences are ranked based upon the immediate impact in Table 26.

Table 26: Potential Consequence Summary

Hazard Equipmen | Environmental | Loss of Life | Disruption | Legal/PR | Community
t Damage Compliance of Other Impact
Business
Units
Build up of Low None Medium Medium Low None
inert gas (OSHA (Too much
in breathing air inert gas
bioreactor requirements) | stunts cell
growth)
Skin Low None None None Low Low if
irritants allowed
into
sewage
Inhalation Low Low Medium None Low None
Hazard (OSHA
breathing air
requirements)
Column High None None High None None
Over-
pressure
Pump High None None High None None
loses
contain-
ment

Safety Assessment Summary

1. Potential project termination
After considering the aforementioned safety concerns in the hazard analyses,

none of said concerns have high enough risk levels to warrant a project

shutdown due to safety concerns.

2. Major concerns requiring significant attention
Dust inhalation hazard
If the waste line to sewage is out of the pH range requirements, a massive
amount of materials will be put into the sewage line. Large environmental
consequences could result in significant fines as well.

3. Specific concerns - PSM related
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e Total employee participation in PSM practices and mindset is vital to maintaining
a safer work environment. The facility will benefit if one hundred percent of
employees participate in every required training, go about their work days while
keeping PSM in mind and maintain good practicing integrity. Training will include
the initial training as well as refresher training to keep employees up-to-date and
in compliance with PSM.

e Process Hazard Analysis (PHA) is an integral part of PSM. They should be
conducted regularly and identified hazards should be assessed and mitigated in a
timely manner.

e Pre-Startup Safety Review (PSSR) for equipment will need to be handled very
carefully and meticulously. With so many batch style pieces of equipment, PSSRs
will be used daily. PSSRs will need to be reviewed and updated regularly to avoid
miscommunication that could result in improper use of process equipment.

e Hot work will not be conducted on a regular basis in this facility. Typically, it
should only be required in some instances of maintenance and repair.
Regardless, hot work permits and procedures should be in place for the times it
is needed.

4. Specific concerns - RMP related
e |[f viral inactivation is not carried out to its fullest extent as designed, potential
harm to the community end users and large regions could receive ineffective or
harmful drugs.
e HCl vapor release to the environment and surrounding communities is a
significant environmental concern relating to the facilities relationship with the
surrounding area.

Siting and Layout of Processes and Equipment

The FDA requires that the building have enough room for cleaning, maintenance, and proper
operations. Enough space with defined areas must be designed in order to not mix up the
different components. The layout must also flow in order to minimize contamination.

All chemical compounds used or stored on site must have appropriate labels and Safety Data
Sheets (SDS) available. This provides a layer of protection against misidentification of materials
and improper cleaning or response to exposure. Storage of chemicals relevant to this design
must be categorized and separated based on properties. The following categories of chemicals
must have their own storage areas:

e Inorganic salts (chlorides and phosphates)
e Inorganic corrosive bases that are dry (Dry Hydroxides and Carbon)
e Non-metal corrosive acid (Hydrochloric acid)

These separate storage containers will be dry, flame and tamper proof. Also, it is good practice to
store all compounds at eye level with labels facing out for ease of identification and
transportation. Benefits of storing these categories of compounds separately include ease of
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identification, separation of potentially reactive mixtures, and simplification of spill cleaning
procedures. Mixtures of compounds that are alike are easier to properly clean than differing
compound mixtures [48].

The media preparation equipment will need to be in its own room due to dust hazards and the
contamination threat it poses. The large vessels used in this area for media preparation will
have pumps to deliver media to the bioreactors in a separate room.

OTHER IMPORTANT CONSIDERATIONS

HAZOP

The team performed a preliminary design HAZOP in order to account for and assess the

potential consequences and probability of hazards to personnel and equipment. Safeguards
and actions to be taken in the event of such a deviation were also considered. This HAZOP is
detailed in Table 27 below.

Table 27: Preliminary Design HAZOP [49]

Item Deviation Possible Consequences Safeguards Actions
Causes
1 Vent System Outlet Build up of Have additional Regular
Failure blockage, inert gas venting inspections of
motor failure systems and venting system
backup motors
2 Unbalanced Insufficient Biological Secondary Frequent training
Centrifuge | training / user sample containment of and procedural
error release, high- centrifuge checklist
speed impact during
risk operation
Caustic Spill during Corrosive PPE, available | Frequent training
3 chemical buffer material, skin drainage and procedural
exposure preparation and eye checklist
or in kill tanks irritant
4 Loss of Loss of seal, Spoiled Largest process | Regular inspection
biological spill during Product, steps do not of seals.
containment | transportation personnel require
in seed train exposure unloading out
of process flow
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MANUFACTURING/OPERATION COSTS

Raw Materials
In order to estimate the annual manufacturing costs of the project facility, it was important to
summarize the total raw materials costs incurred annually. Raw materials included chemicals
used for buffer and media preparation, CHO cells, disposable inoculation equipment, freezer
storage bags, and other miscellaneous chemicals introduced into the process. Table 28 below
summarizes the total raw materials amounts and costs for the first half-year of the project and
in every year after that.

Table 28: Raw Materials Summary

Fiaw Materials

Buffer  [kagfbatch [ PMaterial Fraction Linit ch Unitd2020 | Unitf202 1« [ $Unit F2020 F2021+
EOTA Disodium 0.00z2 kg 4.2 6.7 245) & 19700 % 14,911.44( 42,249.09
F'n:it_F'- sen7 54 | Sodium Phosphate 0.004 kg 0.3 1846 B22alg 4440 § 2,194.46( & 2321764
Equil Triz Baze 0.00z2 kg 13 38.7 2613 ¢ 1me00 | % 140329 ¢ 39,7043
Triz HCI 0.008 kg 14.2 2661 h40] ¢ 1238a | % 32966.97] % 9340642
Prat & Guanidinium Chlaride 0.036 kg 149.5 26918 FEZES| ¢ VIED ) § 19811956 % 56133874
Wash 414E.3E | Tris Baze 0.00z2 kg 8.2 1472 417.0) ¢ 1500 | % 2325431 % BE.887.22
Triz HCI 0.008 [ 245 4415 1251.0] ¢ 12383 % 5469768 % 154,976.75

ProtA eotass .

Elution Acetic Acid 0.008 kg 443.2 3876 26180| ¢ 8630 | % TE5E1 & 214,527 56
Frot & Sodium Chloride 0.013 kg av.0 17466 49486) ¢  2ra | % 3884365 % 110,057.02
Regen 4399.82 | Tris baze 0.005 kg 24.3 4367 2372 ¢ 18500 | % E2.992.96) % 195,480.04
Triz HCI 0.015 kg 7B 1309.6 P0G § 12388 | F RENVE] % 453,672.40
Potassium Chlaride 0.000002 kg 000281 0.1 01§  169.00 ) § 505 $ 24.23
[EX Equil] 140542 Faotaszium Oi-hydrogen phosphate 0.000002 kg 0.002831 0.1 0 § a2hd | % 418 $ 1.83
Sodium Chloride 0.004 kg 12.6 2277 G451 ¢ 24| ¥ S 4, 34E6.75
Sodium HydroPhosphate 0.001 kg 15 278 TEEl ¢ TES4| % 2,138.25| & E,058.38
Potassium Chloride 0.000002 kg 0.0 0.1 02 % 163.00) % 7§ 40.42
IE: 2544 7( [Eotazsium Di-hydragen phosphate 0.000002 kg 0.0 0.1 02l ¢ 8254 % EAT 13.74
Wazh Sodium Chloride 0.013 kg 42.2 7ha.7 2E24| ¢ 22| % 1689642 % 47.870.35
Sodium HydroPhosphate 0.001 kg 25 464 1315 ¢ 7es4 | % 356732 & 10,107.40
IEX 420607 Sodium Chloride 0.013 kg [k 15528 44345 ¢ 24| % a5.20088] & 99,736.01
Elute ) Sodium Oi-hydrogen Phosphate 0.001 kg 4.4 T2 2243 % 254 | % E53353( ¢ 18,511.68
HIC 200194 Sodium Chlaride 0196 kg 3924 Tog2a[  z2o0n4) ¢ 2224 ¢ BVOVYEER| § 445,053.36
Equil ’ Sodium HydroPhosphate 0.003 kg E.2 1.7 eS| ¢ TeS4| % 358366 ¢ 24,320.38
HIC 396 56 Sodium Chloride 0100 ka 332h FEG G R EEE ITTAT4AD
wash ) Sodium HydroPhosphate 0.003 kg 106 1910 B3 ¢ TeS4 | % 14.679.88] & 41592.93
HIC G4EZ TE Sodium Chlaride 0.033 kg 2627 45483 1280690 F 224 % 0115462 % 28660477
Elute ' Sodium HydroPhosphate 0.003 kg 185 3332 4421 ¢ TeR4 | % 25.605.74] % 7254959
Ammonium Sulfate 1 kg 0213 18383 R AT 94ETE| % 27751581
Puolysorbate 80 1 kg 347 E25 177.0) ¢  2e422 | % 16.503.18] ¢ 46,759.01
Tri-n-butyl Phosphate 1 kg 116 204 a2 ¢ an4av| % 739925 $ 20,964.53
Sodium Hydrogide 1 kg 280 B04E #4297 ¢ G300 [ $  2EVA4150( 7776091
Hydrochlaric Acid 1 kg 515 11063 36| & 2164 [ 2303VEET( $ E78.234.45
Sodium Chloride 1 kg 136 2454 E9E3) ¢ r2ra| % 5457963 % 15464228
EalanCO [Inoc Sltn) 1 kg 152 2319 2IETE[ ¢ 433F [ 4 GE0EMAI[ §  10E232BVE
Feed 4 Media (Fin Feed) 1 kg 356 E383 w024 ¢ raEs [ & L0E40821[ £ 4048994
Freezer bags [12L) Biags 21.7 3410 0] ¢ 48626 [ & 1TR006EE| % 50442808
Air Cartridge Filter Cartridge 1 2l % 419607 % 4,196.07( % 8,392.14
CHO Cells Wials 1 18 G| ¢ 72a.00)| % 1302200 37.179.00
T-Flask1 Flask 1 18 5| % 199 ) % 35.90( § .72
T-Flazk 2 Flask 1 18 5| % 386 ) E407| § 181.52
Faoller Eattle Eittle 1 18 51| % 1950 | ¥ 3m108] § 99473
Cell Bag - Eags 1 13 Bl $ 43036 [ # EEEEE I 2194536
Total Raw Material Cost 43,5667 B0LEE 410,076, 450.51
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Utilities

Another major manufacturing cost are the utilities purchased on an annual basis: sewer,
potable water, and electricity. Sewer costs are $0.05/gallon, potable water costs are
$0.543/1000 liters, and electricity costs are $0.05/kW-hr. Utility consumption and costs are
summarized in Tables 11, 12, and 13 in the Utility Requirements section of the report. The total
utility costs incurred annually is $247,778.

Labor Costs

Along with utility and raw materials costs, generally the next most significant manufacturing
cost is the cost of labor. In order to determine labor costs, we first needed to determine the
total number of operator positions required for the facility at any one point in time. In order to
estimate this, we utilized the Equipment Module Approach as outlined in Analysis, Synthesis,
and Design of Chemical Processes and shown in Figure 15 below.

Nor = (6.29 + 31.7P% + 0.23N,,)""
Figure 15: Equipment Module Approach Equation

In the equation, P represents the number of particulate solid handling steps and Nn, represents
the number of non-particulate processing steps. It was determined that P is equivalent to 40
while Npp is 13. However, according to the West Virginia University Department of Chemical
Engineering, one should set P equal to zero if it is greater than two and now add P to the new
Nov value [50]. Utilizing this guideline, we determined No. to be 43.05. Assuming a 24-hour
operating facility and that 4.5 operators are required for each position, this means there are
194 operators needed for the new facility. According to the Bureau of Labor Statistics, in the
Pharmaceuticals and Medicine Manufacturing field, the annual mean wage for a Plant and
System Operator is $51,280. With this known, we find our annual labor costs to be $9.95
million.

Other Manufacturing Costs

Outside of the three main categories of manufacturing costs already discussed, others include
supervisory labor, lab costs, maintenance and repairs, local taxes and insurance, overhead
costs, supplies, and administration costs. These other manufacturing costs are summarized with
raw materials, utilities, and operating labor in Table 29 to give a summary of total
manufacturing costs for the project. Taking all of these costs into account, the total annual
operating cost for the project is $34.9 million.
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Table 29: Manufacturing Costs

Cost Item Multiplying Factor |Annua| Cost

Direct Manufacturing Cost

Raw Materials Cam S 10,076,450.51
Utilities Cur S 247,777.82
Operating Labor Co S 9,548,320.00
Direct Supervisory and Labor 0.18%Cq, S 1,750,657.60
Maintenance and Repairs 0.06*Fixed Capital Investment [FCI) S 1,057,083.37
Operating Supplies 0.009*FCI 5 158,562.51
Lab Charges 0.15%Cy, S 1,492,248.00
Fixed Manufacturing Costs

Local Taxes and Insurance 0.032*FCI g 563,777.80
Plant Overhead Costs 0.708*C,+0.036%FCI ] 7,677,660.58
General Manufacturing Expenses

Administration Costs 0.177%C+0.009*FCI g 1,919,415.15

ECONOMIC ANALYSIS

Revenue

There is not currently a standard market sales price for mAb products. Figure 16 compares the
revenue per kilogram of production for different mAb derived pharmaceuticals and other
similar pharmaceuticals. The estimated mAb sales price was determined by averaging these
values, minus Humira which was an outlier. The estimated sales price for this project is $4.6
million/kg of mAb. This value is necessary to determine the annual revenue of the project. The
effects of any error in this estimation are addresses in the following economic analyses. The
annual revenue for this project is $6.96 billion.

Product Pricepoints
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Figure 16: Sales Price of Various mAb Derived Pharmaceuticals

DCFROR and NPV Analysis

In order to evaluate the economic feasibility of the project, the discounted cash flow rate of
return as well as the net present value were the primary metrics utilized. The following
economic parameters were assumed in order to calculate the DCFROR and NPV for the project.
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Project Life was assumed to be 25 years. All capital expenses are incurred during 2019.
Production begins during mid-2020 and continues through 2045. NPV and DCFROR are based
upon this assumed life of the project.

The Minimum Rate of Return was assumed to be 15% for the project. In order for the mAb
production facility to be economically feasible, the project’s DCFOR would need to be greater
than 15%. When calculating net present value, this minimum rate of return was also utilized.

Tax Rate for the project is known to be 21%, as specified by the 2017 tax act (Pub. L. No. 115-
97). The 2017 tax act taxes corporation at a flat rate of 21%, down from a previous maximum
tax rate of 35% [51].

The MACRS Depreciation Basis for fixed capital investments was determined to be 10 years
based on IRS Publication 946. The fixed capital investment can be recovered through tax
deductions by the year 2030.

A cash flow table was constructed in order to analyze and evaluate the economic attractiveness
of the mAb production facility project. An escalation rate of 2% was assumed and used to
escalate all costs and revenues throughout the life of the project. The washout assumption was
determined to be not valid, as the amount that costs and revenues increased was not
equivalent.

We determined that the NPV of the project is $31.4 billion, and the current dollars DCFROR is
6350%. The NPV is greater than zero and the DCFROR is greater than the minimum DCFROR of
15%, thus the project is determined to be economically attractive.

Payback Period Analysis

Based off the cash flow table, the discounted payback period for the project was determined to
0.0185 years or 6.78 days. This means that as long as the facility operates for one week then it
will make back all of its initial capital investment. However, it is known that it will actually take
51 days for the first batch of mAb to be produced. Only after this period will there be any
product with which to create revenue. Thus, a more realistic payback period on the initial
capital investment for the project is 51 days.

Optimization Analysis

A major consideration the preliminary design team made during the course of the design
formulation was whether to buy Water for Injection for the process or to design a system to
purify potable water and make our own WFI. Both designs were performed and an economic
analysis on both options was performed for comparison. The comparison of buying and making
the WFl is presented in Table 30 below.
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Table 30: Economic Comparison between Buying and Making WFI

Parameter Buying WFI Making WFI Incremental (Make-Buy)
Capital Investment $13,21273950| & 17,618,056.19 -

Annual Operating Costs 546,497 27500 & 3493199334 -

NPV @ ROR. 5, %$31,319557,722 84 & 31,367,659,45595 %48 296,449.17
Today's Dollars DCFROR 744 63.5 049

One can see that the economic parameters when comparing the two options do not paint a
simple black and white picture. If the facility buys its own WFI, this imposes a greater capital
investment on the project as expected, due to the additional equipment required to purify the
potable water. However, the annual operating costs are significantly increased if it buys its WFI,
due to the additional raw material costs. The DCFROR of buying the WFI is over 1000
percentage points greater than when making your own WFI, but the NPV when making WFl is
almost S50 million greater than buying it over the course of the 25-year project. In order to
determine definitively the best option, the team performed an incremental analysis on the
scenarios. Subtracting the buy option from the make option, one can see that the NPV of $48
million is still greater than zero and the DCFROR of 90% is greater than the minimum DCFROR if
15%. Thus, it is confirmed that making WFI is a more economically attractive option than buying
it.

A cash flow table summarizing the revenues and expenses incurred during every year of the
project life is included as Table 31 on the next page.
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Table 31

Cash Flow Table
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Single Variable Sensitivity Analysis

Single variable sensitivity analysis is a qualitative economic evaluation of risk, performed by
altering economic variables individually to see how the discounted cash flow rate of return
(DCFROR) will be react. The analysis evaluates the parameter uncertainty and how it correlates
to the project’s viability. The analysis does not account for probability or variation so the
analysis was done for years 2-25.

The uncertainty of the sales price ($/kg), annual profit, raw material or feed cost, and capital
cost are analyzed. These parameters cause the most economic uncertainty, best predict the
viability of the project, and account for the largest variability in the project’s overall economics.
The project life is assumed to be 25 years, and the capital cost estimates are preliminary
estimations. The analysis will indicate where future focus or investments are best utilized.

The economic analysis provides a DCFROR of 6345.8%. The percent change in predictions is a
form of statistical analysis that is used to find the variation in the parameters and degree of
confidence. The sales price range of confidence is + 20% and the fixed capital cost ranges from
and -20% to 50%. Annual profit is + 40% and raw materials ranges from -10% to 30%. A
summary of the sensitivity analysis of the four parameters are shown throughout Tables 32-36.

In the sensitivity analysis, some assumptions are made. The key assumptions is that the isolated
variable is the only value that changes and all other factors are constant. Another assumption is
that production remains constant and therefore profit is constant (except when the sales price
was varied).

Table 32: Sales Price Calculations for

Tornado Chart for Tornado Chart

Table 33: Fixed Capital Investment Calculations

Sales Price (US [% Change in % Change of Fixed Capital % Change in % Change of
Millions/ke) prediction DCFROR |DCFROR Prediction Investment prediction DCFROR | DCFROR Prediction
2 gp ol S101 Toezal [5(14.094,444.96) 20%| 7134 12.42%
16 0.00% 6346 oooxl  15(17.618,056.19) 0% 6346 0.00%
552 20% 75,90 19.61% 5(21,141,667.43) 20% 57.18 -0, 89%
$(31,712,501.15) s0%| 49.84 .21.47%

Table 34: Annual Profit Calculations for

Tornado Chart

Table 35: Raw Material Investment Calculations
for Tornado Chart

% Change in % Change of
Annual Profit prediction |DCFROR |DCFROR Prediction| |Raw Material % Change in % Change of
$ 3,400,714,074.58 -40% 62.38 -1.69%| |Cost prediction |DCFROR DCFROR Prediction
: :22:;2:::;;: 'zx ":Siz ‘;ig: $ (6,287,705.12) -10% 63.459 0.0006%
s 6:801:428:149:16 20% 63..98 0:83% $(10,479,508.53) 0% 63.458 0.00%
$ 7,934,999,507.36 40% 64.50 164%| | $(13,623,361.09) 30% 63.457 0.0018%
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Table 36: Minimum and Maximum Percent
Change of DCFROR Prediction

Min DCFROR [%] MAX DCFROR [%)
Sales Price -19.62% 15.61%|
Annual Profit -1.69% 1.64%]
Fixed Capital Investment -21.47% 12.42%)
Raw Material Cost 0.0018% 0.0006%

Sales Price £100.87% d TE50.55%

Fixed Capital Investment 4933.659% _ 7133.86%

Annual Profit 6238.60% I 5450.02%

Raw Material Cost 5345.88% | 6346.04%

4000% 4500% 5000% 5S500% 6000% 6500% 7000% 7500% B000%
DCFROR

Figure 17: Tornado chart representing parameter sensitivities

The tornado chart shown above in Figure 17 displays the DCFROR variation based off the
calculated DCFROR of 6345.8%. The single most sensitive variable was the sales price as the
profit is based on low titers sold for high dollars. Even a small change in sales price with
drastically impact the profit margin for any given year. The next highest was the fixed capital
investment. This impact is due to the cost being incurred at the beginning of the project life as
this has a significant effect on the overall profit. This is a significant variable in the project's
profitability and is the leading factor in the project’s long-term success. The annual profit is not
a very sensitive variable because the annual profit is such a large number that fluctuation has a
small effect on the margins. The cost of the raw materials has a minimal effect on the viability
of the project. The cost of the raw material is minuscule in comparison to the project’s annual

profit. Therefore, when the raw material price fluctuates, there is little to no effect on the
DCFROR.

Break-Even Analysis

Break-even analysis was the final economic analysis that was performed for the project. This
analysis is used to determine the value of some variable at which the project becomes
profitable. For this project, the break-even sales price of mAb was determined by varying the
sales price of mAb ($/kg) until the NPV of the project equals 0. The break-even price was
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calculated to be $28,889.25/kg of mAb. As long as the sales price of mAb is above that value,
the project will be economically attractive. This value is especially important if this production
facility is ever contracted out to other companies. If that is the case, the other companies need
to pay at least this price per kg of mAb for the process to be profitable.

CONCLUSIONS AND RECOMMENDATIONS

Conclusions

The proposed design in this report meets the technical requirements for the manufacturing
facility proposed by The Company management. Both the required annual production and
production titer were fulfilled while also meeting the other specifications set forth in the
project statement. The design is capable of producing 1514 kg/yr of mAb (29.6 kg/batch) at a
titer of 2 g/L with a 7 day cycle time. Included in the design are a continuous water for injection
production system, a full-scale SIP and CIP skid, waste treatment and disposal processes, and an
air compression system—everything that is necessary for immediate full-scale production.
Facility production can be scaled up by several methods including staggering more units to
decrease the cycle time and harvesting the cells from each seed train step at a higher density
(increasing the time of each seed train step) as the demand for mAb products grow.

The NPV of the project is $31.4 billion, and the current dollars DCFROR is 6350%. The total
capital cost (517.6 million) and annual operating cost ($34.9 million) are significantly smaller
than the annual revenue ($6.96 billion). The payback period is one batch, approximately 51
days, and the break-even sales price is just under $29,000/kg mAb while the average sales price
is $4.6 million/kg mAb. Taking all of these economic factors into consideration, this project is
very economically attractive.

Analyzing the single variable sensitivity analysis, the mAb sales price and fixed capital
investment have the greatest impact on the DCFROR. The analysis also reveals that even under
less than optimal conditions, the project is still economically attractive. Incremental analysis
comparing making WFI to purchasing WFI indicates that the project is economically attractive
under with either method, but making WFI is the more attractive option.

Safety is of the utmost importance in this process because of the biological cultures that are
worked with and because the product is being used in pharmaceuticals. The process is designed
with a SIP and CIP system that maintains sterile conditions within each process unit. Only water
for injection is used in the process and all the air that enters into the process is filtered prior to
entering the process. The product stream is virally inactivated in two orthogonal steps and the
waste stream is heated with steam and neutralized with acid to make it safe to enter the
sewage system. The design was optimized to be inherently safer by preparing hazardous
chemicals immediately prior to their use and by operating the centrifuge and chromatography
columns in cycles. Both of these design decisions limit the hazard associated with moving and
storing large amount of hazardous chemicals.
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Overall, the project is both economically attractive and technically feasible. Thus, The Company
management should move forward with the proposed project.

Recommendations

e Proceed with the detailed design of this process.

e Explore further reducing the cycle time by adding more staggered equipment. The
additional capital costs will be outweighed by the increased revenue.

e Scale up the size of the WFI and SIP/CIP systems as the process is scaled up.

e Test BalanCD Growth A and Feed 4 media with CHO cells to determine the optimal
inoculation and harvest densities and other optimal seed train conditions.

e Consider the use of single-use pumps instead of diaphragm pumps.

ACKNOWLEDGMENTS

The design team would like to acknowledge the following:

e Intelligen, Inc. for the SuperPro Designer simulation software and tips from an employee
on biological process simulation.

e Sartorius employees for providing quotes on ultrafiltration cassettes.

e US Water Systems employees for providing quotes on reverse osmosis units.

78



BIBLIOGRAPHY

1.Monoclonal antibodies to treat cancer. https://www.cancer.org/treatment/treatments-and-side-
effects/treatment-types/immunotherapy/monoclonal-antibodies.html (accessed Mar 14,
2019).

2.General cancer information. https://www.cancerresearchuk.org/about-cancer/cancer-in-
general/treatment/immunotherapy/types/monoclonal-antibodies (accessed Mar 14, 2019).

3.Applications of Monoclonal Antibodies: 4 Applications.
http://www.biologydiscussion.com/biotechnology/applications-of-monoclonal-antibodies-4-
applications/10045 (accessed Mar 14, 2019).

4.CHO Cells Can Make More Protein.
https://www.sciencedirect.com/science/article/pii/S2405471216303714 (accessed Mar 14,
2019).

5.Sargent, B. CHO Cells - The Top Expression System of Best Selling Biologic Drugs.
https://cellculturedish.com/cho-cells-the-top-expression-system-of-best-selling-biologic-drugs/
(accessed Mar 14, 2019).

6.Monoclonal Antibodies (mAbs) Market Size | Industry Report, 2018 - 2024.
https://www.grandviewresearch.com/industry-analysis/monoclonal-antibodies-market
(accessed Mar 14, 2019).

7.Marichal-Gallardo, P. A.; Alvarez, M. M. State-of-the-Art in Downstream Processing of Monoclonal
Antibodies: Process Trends in Design and Validation. Biotechnology Progress2012, 28(4), 899—
916.

8.Reinhart, D.; Kaisermayer, C.; Damjanovic, L.; Kunert, R. Benchmarking of commercially available CHO
cell culture media for antibody production
https://www.ncbi.nlm.nih.gov/pmc/articles/PMC3981488/ (accessed Mar 14, 2019).

9.Shukshith, K. S. Water for Pharmaceutical Use http://globalresearchonline.net/journalcontents/v36-
1/35.pdf (accessed Mar 14, 2019).

10.0ffice of Regulatory Affairs. Inspection Technical Guides - Water for Pharmacuetical Use
https://www.fda.gov/ICECI/Inspections/InspectionGuides/InspectionTechnicalGuides/ucm0729
25.htm (accessed Mar 14, 2019).

11.USP. WATER FOR PHARMACEUTICAL PURPOSES

https://hmc.usp.org/sites/default/files/documents/HMC/GCs-Pdfs/c1231_1SUSP40.pdf
(accessed Mar 14, 2019).

79



12.National Primary Drinking Water Regulations https://www.epa.gov/ground-water-and-drinking-
water/national-primary-drinking-water-regulations#two (accessed Mar 14, 2019).

13.Your Water http://www.mwra.state.ma.us/annual/waterreport/2016results/metro-all.pd (accessed
Mar 14, 2019).

14.Top 10 Pharmaceutical Hubs in the USA | ProClinical Recruitment blogs
https://www.proclinical.com/blogs/2016-3/top-10-pharmaceutical-hubs-in-the-usa (accessed
Mar 14, 2019).

15.King, M. A. Selection Criteria for WFI Production Equipment
https://www.rdmag.com/article/2005/09/selection-criteria-wfi-production-equipment
(accessed Mar 14, 2019).

16.High-Pressure Cylinders https://industry.airliquide.us/high-pressure-cylinders (accessed Mar 14,
2019).

17.CHO Media. http://www.irvinesci.com/industrial-cell-culture/serum-free-and-chemically-defined-
media/cho-media (accessed Mar 14, 2019).

18.Singh, S. K.; Kolhe, P.; Nema, S. BioProcess Technical 2009.
19.Hydrosart® Ultrafilter. https://www.sartorius.com/shop/us/en/usd///hydrosart®<-sup>-
ultrafilter/c/M_Hydrosart_Ultrafilter (accessed Mar 14, 2019).

20.CHEMcell ROCKER BIOREACTOR SYSTEM, FOR CELL CULTURE BAGS.
https://chemglass.com/chemcell-rocker-bioreactor-system-cell-culture-
bags?AspxAutoDetectCookieSupport=1 (accessed Mar 14, 2019).

21.Bottle/Tube Roller. https://www.thomassci.com/Equipment/Roller-Bottle-
Apparatus/_/Bottle/Tube-Roller?g=Roller Bottles (accessed Mar 14, 2019).

22.GPSA Engineering Data Book, 13th Edition, GPSA: Tulsa, Okla., 2012.
23.Walas, S. M. Chemical Process Equipment; Butterworth-Heinemann, 1990.

24.Markarian, J. BioPharm International 2017, 30 (2), 26-29.
25.Quattroflow Pumps. http://www.hollandapt.com/static.asp?path=2964,10426 (accessed Mar 14,
2019).

26.Mehta, K. K.; Soderquist, R.; Shah, P.; Marchand, N.; Bolton, G. R. Comparing Performance of New
Protein A Resins for Monoclonal Antibody Purification.

80



27.https://www.americanpharmaceuticalreview.com/Featured-Articles/347357-Comparing-
Performance-of-New-Protein-A-Resins-for-Monoclonal-Antibody-Purification/ (accessed Mar
14, 2019).

28.lon Exchange Chromatography. http://www.bio-rad.com/en-us/applications-technologies/ion-
exchange-chromatography?ID=MWHAY9ESH (accessed Mar 14, 2019).

29.Macro-Prep HIC Resin. http://www.bio-rad.com/en-us/product/macro-prep-hic-resin?ID=079a7f90-
61bd-4ee3-bdbd-3788039fa9a3 (accessed Mar 14, 2019).

30.Cation Exchange Chromatography | LSR | Bio-Rad. http://www.bio-rad.com/en-cn/applications-
technologies/cation-exchange-chromatography?ID=MWHBO018UU (accessed Mar 14, 2019).

31.lon Exchange Chromatography http://www.bio-rad.com/en-us/applications-technologies/ion-
exchange-chromatography?ID=MWHAY9ESH (accessed Mar 14, 2019).

32.Zhang, L.; Patapoff, T.; Farnan, D.; Zhang, B. Improving pH gradient cation-exchange
chromatography of monoclonal antibodies by controlling ionic strength.
https://www.ncbi.nlm.nih.gov/pubmed/23253120 (accessed Mar 14, 2019).

33.Cheriyedath, S. Hydrophobic Interaction Chromatography (HIC). https://www.news-
medical.net/life-sciences/Hydrophobic-Interaction-Chromatography-(HIC).aspx (accessed Mar
14, 2019).

34.AG® 1-X2 Anion Exchange Resin, analytical grade, 200—400 mesh, chloride form, 500 g #1401251
http://www.bio-rad.com/en-us/sku/1401251-ag-1-x2-anion-exchange-resin-analytical-grade-
200-400-mesh-chloride-form-500-g?ID=1401251 (accessed Mar 14, 2019).

35.Sun, K.; Jiang, J.-C.; Xu, J.-M. Bulletin of the Chemical Society of Ethiopia 2009, 23 (1).
US Water Systems. https://www.uswatersystems.com/us-water-medium-duty-commercial-reverse-
osmosis-systems-9-200-gpd-6-gpm.html (accessed Mar 14, 2019).

36.US Water Systems. https://www.uswatersystems.com/axeon-nf4-4040-4-x-40-2000-gpd-nf-
membrane.html (accessed Mar 14, 2019).

37.0verall Heat Transfer Coefficients for Fluids - Heat Exchanger Surface Combinations.
https://www.engineeringtoolbox.com/overall-heat-transfer-coefficients-d_284.html (accessed

Mar 14, 2019).

38.Svrcek, W. and Monnery, W. (1993). Design Two-Phase Separators Within the
Right Limits. Chemical Engineering Progress.

81



39.Automatic Disc Stack Solid Bowl Centrifuge - Buy Centrifuge,Solid Bowl Centrifuge,Disc Stack Solid
Bowl Centrifuge Product on Alibaba.com. https://www.alibaba.com/product-detail/Automatic-
Disc-Stack-Solid-Bowl-

40.Centrifuge_60830647396.htmI?spm=a2700.7724857.normalList.32.17523744M489M?2 (accessed
Mar 14, 2019).

41.Turton, R.; Shaeiwitz, J.; Bhattacharyya, D.; Whiting, W. Analysis, Synthesis, and
Design of Chemical Processes; 5th ed.; Pearson Education, 2018.

42 Warner, T.; Nochumson, S. N. Rethinking the Economics of Chromatography New Technologies and
Hidden Costs . http://alfresco.ubm-us.net/alfresco_images/pharma/2014/08/22/e3cd2e51-
a230-41b2-bf18-el4ab0eec21c/article-43413.pdf.

43 SARTORIUS STEDIM THAW SYSTEM, MODEL CELSIUS FT100.
http://fedequip.com/inventory/Miscellaneous-Equipment/SARTORIUS-STEDIM-THAW-SYSTEM-
MODEL-CELSIUS-FT100.html (accessed Mar 14, 2019).

44 VWR® Ultra Low Temperature Upright Freezers and Freezer Packages, —86° to —50°C.
https://us.vwr.com/store/product/14459968/vwr-ultra-low-temperature-upright-freezers-and-
freezer-packages-86-to-50c (accessed Mar 14, 2019).

45.CFR - Code of Federal Regulations Title 21.
https://www.accessdata.fda.gov/SCRIPTs/cdrh/cfdocs/cfcfr/CFRSearch.cfm?CFRPart=211&sho
wFR=1 (accessed Mar 14, 2019).

46.VIRAL SAFETY EVALUATION OF BIOTECHNOLOGY RODUCTS DERIVED ...
https://ichguideline.weebly.com/uploads/2/6/2/1/26210522/q5a_r1__step4.pdf (accessed
Mar 14, 2019).

47 .Heat Inactivation of Mammalian Cell Cultures for Biowaste ...
http://onlinelibrary.wiley.com/doi/10.1021/bp025637w/abstract (accessed Mar 14, 2019).

48.NOAA Office of Response. Search Chemicals. https://cameochemicals.noaa.gov/reactivity (accessed
Mar 14, 2019).

49.Storage Pattern for Chemicals Where Space is Limited.
https://hazwastehelp.org/Educators/documents/SafelyStoringChems.pdf (accessed Mar 14,
2019).

50.Laboratory Safety Guidance - osha.gov.

https://www.osha.gov/Publications/laboratory/OSHA3404laboratory-safety-guidance.pdf
(accessed Mar 14, 2019).

82



51.Hashim, M. H. Chapter 8 cost of manufacturing.
https://www.slideshare.net/muhammadhisyambinhashim/chapter-8-cost-of-manufacturing
(accessed Mar 14, 2019).

52.Bentil, J. How Tax Reform Will Affect the Pharmaceutical Industry.

http://www.pharmexec.com/how-tax-reform-will-affect-pharmaceutical-industry (accessed Feb
15, 2018).

83



Appendices

Appendix A: Economics

Table A.1 : Media Prep Vessel 1 Costing

Media Prep Vessel 1

CBM=Cp0(B1+B2*Fm*Fp)
*vertical for compressors
*L/D=2.5t05

*should be no less than 10 time the liquid volume passing per minute

Without Demister

Flat Paddle

Impeller Diameter (m)

0.625

Power Number

1.8

Liquid Density (kg/m”3)

996

RPS

1.6667

|Min Vessel Volume (m3)

|Pressure (barg) |Diameter (m) |Power [kw] |
| 4| 1.52| 1.25| 0.792] 0.395798588
[Fp B1 B2 |
[ 0.794641763 2.25 1.82
min=.1, max = 628 m3 vessel thickness> .25 in
[K1 (Table A.2) [k2 [k3 [cpo |
| 3.4974| 0.4485 0.1074| $6,402.56]
Vertical Process Vessel
Material ID # (Table A.3) [Fm (Fig A.18) [cbm [ctm [ctm2019 ]
ss 20| 3.4 $4,565.46]  $5,387.25[ S 8,920.45 |
CBM=Cp0*Fm
Mixers
Impeller
K1 (Table A.1) K2 K3 Cpo
3.8511 0.7009 -0.0003 $6,025.02
Fbm (Table A.7) Cbm CT™M CTM 2019
1.38] $8,314.53| $ 9,811.14 | $ 16,245.74
Table A.2 : Media Prep Vessel 2 Costing
Media Prep Vessel 2
CBM=Cp0(B1+B2*Fm*Fp) Impeller Diameter (m) 0.6
*vertical for compressors Flat Paddle Power Number 1.8
*L/D=25t05 Liquid Density (kg/m”3) 1024
*should be no less than 10 time the liquid volume passing per minute RPS 1.6667
Without Demister
|Min Vessel Volume (m3) Pressure (barg) Diameter (m) Power [kW] |
[ 20 1.52 1.2 0.664] 0.331795907
[Fo [B1 B2 I
[ 0.782856092] 2.25] 1.82]
min=.1, max = 628 m3 vessel thickness> .25 in
[K1 (Table A.2) K2 K3 Cpo |
[ 3.4974 0.4485 0.1074] $18,310.73]
Vertical Process Vessel
Material ID # (Table A.3) [Fm (Fig A.18) [com [ctm [ctm2019 ]
ss 20| 3.4] $12,984.95]  $15,322.24[ $ 25,371.26 |
CBM=Cp0*Fm
Mixers
Impeller
K1 (Table A.1) K2 K3 Cpo
3.8511 0.7009 -0.0003 $5,324.28
Fbm (Table A.7) Cbm cT™ CTM 2019
1.38 $7,347.51] $ 8,670.06 | $ 14,356.28
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Table A.3 : Production Bioreactor Feed Media Prep Vessel Costing
Feed Media Prep Vessel (2X)

CBM=Cp0(B1+B2*Fm*Fp) Impeller Diameter (m) 0.625
*vertical for compressors Flat Paddle Power Number 1.8
*L/D=2.5t05 Liquid Density (kg/m"3) 996
*should be no less than 10 time the liquid volume passing per minute RPS 1.6667
Without Demister
|Min Vessel Volume (m3) |Pressure (barg) |Diameter (m) |Power [kw] |
[ 4.5 1.52] 1.25] 0.792] 0.395798588
[Fp B1 B2 |
[ 0.794641763 2.25 1.82
min=.1, max = 628 m3 vessel thickness> .25 in

[K1 (Table A1) [k2 [k3 [cpo |
[ 3.4974] 0.4485] 0.1074] $6,857.91]
Vertical Process Vessel
Material ID # (Table A.3) Fm (Fig A.18) Cbm CTM CTM 2019 |
SS 20| 3.1 $46,176.86 $54,488.69] $ 90,224.87 |
CBM=Cp0*Fm
Mixers
Impeller
K1 (Table A.1) K2 K3 Cp0

3.8511 0.7009 -0.0003 $6,025.02
Fbm (Table A.7) Cbm CTM CTM 2019

1.38 $8,314.53| $ 9,811.14 | $ 16,245.74

Table A.4 : Seed Train Equipment Costing

SEED TRAIN ]
batches per yr |OPERATING COSTS TOTAL [s 819753 ]
51

T-Flask 1
$$ #in shipment _|$$ each [Volume (100mL) [$$ per 2020 [$/2021+

398.9 200[ $ 1.99 [15-38 ['s 3590 [$ 10172
https://www.sigmaaldrich.com/catalog/product/SIGMA/C6481?lang=en&region=US&cm_sp=Insite-_-prodRecCold_xviews-_-prodRecCold5-3
T-Flask 2
$$ #in shipment _|$$ each [Volume (100mL) [$$ per yr |

427.1 120] 3.56 [35-52.5 ['s 64.07 |5 18152
https://www.sigmaaldrich.com/catalog/product/SIGMA/C7106?lang=en&region=US&cm_sp=Insite-_-prodRecCold_xviews-_-prodRecCold5-2
Roller Bottle
$$ #in shipment _ |$$ each [Volume (100mL) [$$ per yr |

858.2 44[ s 19.50 [1L [$  35108]$ 99473
https://www.sigmaaldrich.com/labware/labware-products.html?TablePage=9577881
Cell Bag
$$ #in shipment _ |$$ each [Volume (100L) [$$ per yr |

430.36 1[s 430.36 [15L s 7,746.48 ] $ 21,948.36
https://ecatalog.corning.com/life-sciences/b2b/NO/en/Bioprocess-and-Scale-up/Single-Use-Technology/Rocker-Cell-Culture-Bags/Corning%C2%AE-Rocker-Cell-Culture-Bags/p/91-200-78
CTM in 2019
$ 8,405.00

https://chemglass.com/chemcell-rocker-bioreactor-system-cell-culture-bags ?As pxAutoDetectCookieSupport=1
CTMin 2019

$ 1,460.00

https://www.thomassci.com/Equipment/Roller-Bottle-Apparatus/ /Bottle/Tube-Roller?q=Roller%20Bottles

https://www.socalbiomed.com/equipment/rockers-rollers-revolvers/tube-bottle-rollers/stackable-minirollertm-tube-bottle-mixer. html#specification.tab
wow

85



Table A.5 : Seed Culture Reactor Costing

Seed Culture Bioreactor 1 (R-207)

CBM=CpO0*Fbm Impeller Diamets 0.026
Volume [m”3] Power Number 1.8
0.25|From Excel Calc Diameter (m) Liquid Density (k| 1101
10<P<100 barg 0.052 RPS 0.083333
Jacketed Agitated Reactor 1 Min:0.1 Max:35[m"3] Power [kW]
K1 (Table A.1) K2 K3 Cpo 0.0
4.1052 0.532 -0.0005| $ 6,091.48
Material Fbm (Table A.7) |CBM CTM CTM 2019
SS 4|S 24,365.92 | S 28,751.79 | S  47,608.53
Seed Culture Bioreactor 2 (R-208)
CBM=CpO0*Fbm Impeller Diamets 0.75
Volume [m”3] Power Number 1.8
5|From Excel Calc Diameter (m) Liquid Density (K 1101
10<P<100 barg 1.5 RPS 0.0833333
Jacked Agitated Reactor 2 Min:0.1 Max:35[m"3] Power [kW]
K1 (Table A.1) K2 K3 Cpo 0.00027
4.1052 0.532 -0.0005| $ 29,978.35
Material Fbm (Table A.7) [CBM CTM CTM 2019
SS 4| $119,913.41 | S 141,497.82 | S 234,298.58
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CBM=CpO*FBM

Table A.6 : Air Compressor Costing
Air Compressor (C-209)

Design Pressure [barg]

Power Purchased [kW]

0.703 27.35 30.93

Compressor
(Centrifugal, axial,
reciprocating) Min:450 Max:3000 C1,2,3=0 0.95
K1 (Table A.1) K2 K3 Cp0 Chosen CTM

2.2897 1.3604 -0.1027 $10,776.48 $210,083.33
Centrifugal
Material ID # FBM (A.6/A.19) CBM CTM (2001) [CT™M 2019
SS 2 6.7 $72,202.43 $85,198.87| $141,076.19
Axial
Material ID # FBM (A.6/A.19) CBM CTM (2001) [CTM 2019
SS 5 8| $86,211.86| $101,730.00| $168,449.19
Reciprocating
Material ID # FBM (A.6/A.19) CBM CTM (2001) |CTM 2019
SS 11 7| $75,435.38 $89,013.75| $147,393.04
Rotary Min:18 Max:950
K1 (Table A.1) K2 K3 Cp0

5.0355 -1.8002 0.8253| $14,216.97
Material ID # FBM (A.6/A.19) CBM CTM (2001) [CT™m 2019
SS 8 5| $71,084.86 $83,880.14| $138,892.57
CBM=CpO*FBM
Drive
Material ID # (Table A.6) Fbm (Fig A.19) K1 (Table A.1) [K2 K3
Electric-totally enclosed 17 3.5 1.956 1.7142 -0.2282
Cp0 CBM limits [kW] CT™M CTM 2019

10090.76394| $ 35,317.67 [75-2600 S 41,674.86 | S 69,007.13
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Table A.7 : Air Compressor Knock Out Drum Costing
Air Compressor KO Drum

CBM=Cp0(B1+B2*Fm*Fp *L/D=2.5t0 5
*vertical for compressors *should be no less than 10 time the liquid volume passing per minute

Without Demister

Min Vessel Volume (m3) [Pressure (barg) Diameter (m)
0.053 0.703 0.2286
Fp B1 B2
0.536393497 2.25 1.82
min=.1, max = 628 m3 vessel thickness> .25 in
K1 (Table A.1) K2 K3 Cp0
3.4974 0.4485 0.1074 $1,259.01
Vertical Process Vessel
Material ID # (Table A.3) Fm (Fig A.18) Cbm CT™M CTM 2019
SS 20 3.1 $6,642.94 $7,838.67| $ 12,979.63
Horizontal Process Vessel
B1 B2
1.49 1.52(min=.3, max = 520 rvessel thickness> .25 in
K1 (Table A.1) K2 K3 Cp0
3.5565 0.3776 0.0905 $1,667.53
Material ID # (Table A.3) Fm (Fig A.18) Cbm CTM CTM 2019
SS 20 3.1 $6,699.27| $ 7,905.13 [ $ 13,089.68
Table A.8 : Water Pre-Heater Costing
Purified Water Pre-Heater (HE-811)
CBM=CpO(B1+B2*Fm*Fp limits:5-140 barg
Area (m”2) Op Pressure [barg] Design Pressure [bqdC1 C2 C3
77.17363222 62.058 62.058 0.03881 -0.11272 0.08183
limits:10-1000
Fp B1 B2 K1 K2 K3 Cpo
1 1.63 1.66 4.1884 -0.2503 0.1974| 26,254.98
Heat Exchanger (tube&shell) (U-tube)
Material ID # (Table A.3) Fm (Fig A.18) CBM CT™M CTM 2019
SS-shell/SS-Tube 5 2.8| 164,828.78 | $194,497.96| $322,058.62
35-70
Q [Btu/hr] U [Btu/ft*2*hrF] T1 (Inlet tube) T2 (outlet tubgtl (inlet shell) |t2 (outlet shel|DelTIm [F] |A (ft?2) A (m”2)
7.61E+04 2 77 86 192.5 98.6 53.21| 714.5706687| 77.173632
Table A.9 : Air filter Costing
Air Cartridge Filter (HE-811)
Area (m”2) Cl C2 C3
10 0.03881 -0.11272 0.08183
limits:10-1000
Fbm K1 K2 K3 Cp0 Cbm CTM
1.65 3.2107 0.7597 0.0027| 9,399.40 | 15,509.01 | 18,300.63

88




Table A.10 : Production Bioreactor Costing

Production Bioreactor (R-301A/B)

CBM=Cp0*Fbm Impeller Diametg 1.2315
Volume [m”3] Power Number 1.8
30 Diameter Liquid Density (ki 1000
10<P<100 barg 2.463 RPS 0.0833333
Fermenter Reactor Min:0.1 Max:35[m*3] Power [kW]
K1 (Table A.1) K2 K3 Cp0 0.00295
4.1052 0.532 -0.0005 77613.55279
Material Fbm (Table A.7) [CBM CTM CTM 2019
SS 4| $310,454.21 | S 366,335.97 | S 606,595.88
Table A.11: Production Bioreactor Surge Tank Costing
Production Bioreactor Surge Tank (Tk-303)
CBM=CpO0(B1+B2*Fm*Fp) *L/D=251t05
*vertical for compressors *should be no less than 10 time the liquid volume passing per minute
Without Demister
Min Vessel Volume (m3) Pressure (barg) [Diameter (m)
27.5 1.52 2.3
Fp B1 B2
1.042140843 2.25 1.82
min=.1, max = 628 vessel thickness> .25 in
K1 (Table A.1) K2 K3 Cp0
3.4974 0.4485 0.1074 $23,197.38
Vertical Process Vessel
Material ID # (Table A.3) [Fm (Fig A.18) |Cbm CTM CTM 2019
SS 20 3.1 $188,589.13 $222,535.17| S 368,483.92
Horizontal Process Vessel
B1 B2
1.49 1.52|min=.3, max = !vessel thickness> .25 in
K1 (Table A.1) K2 K3 Cp0
3.5565 0.3776 0.0905 $19,385.59
Material ID # (Table A.3) [Fm (Fig A.18) |Cbm CTM CTM 2019
SS 20 3.1 $124,078.76( S 146,412.93 | S 242,437.24
Table A.12 : Dead-End Filter Costing
Dead-End Filter 1 (F-306)
CBM=Cp0*Fbm
Area [m”2] SuperPro
230 $ 810,000.00
10<P<100 barg
Deadend Plate and Frame Filter Min:0.5 Max:80[m”2]
K1 (Table A.1) K2 K3 Cp0
4.28 0.352 0.0714 320022.23
Material Fbm (Table A.7) |CBM CTM CTM 2019
SS 1.8| $ 576,040.01 | $ 679,727.21 | $ 1,125,523.46
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Table A.13 : Centrifuge Surge Tank Costing

Centrifuge Surge Tank (Tk-307)

CBM=Cp0(B1+B2*Fm*Fp)
*vertical for compressors
Without Demister

*L/D=2.5t05

*should be no less than 10 time the liquid volume passing per minute

Min Vessel Volume (m3) Pressure (barg) |Diameter (m)
25 1.52 2.2
Fp B1 B2
1.02 2.25 1.82
min=.1, max = 628 vessel thickness> .25 in
K1 (Table A.1) K2 K3 Cpo
3.4974 0.4485 0.1074 $21,590.42
Vertical Process Vessel
Material ID # (Table A.3) |Fm (Fig A.18) [Cbm CT™M CTM 2019
SS 20 3.1 $2,929,504.17| $3,456,814.92| $ 5,723,952.48
Horizontal Process Vessel
B1 B2
1.49 1.52{min=.3, max = !vessel thickness> .25 in
K1 (Table A.1) K2 K3 Cpo
3.5565 0.3776 0.0905 $18,248.22
Material ID # (Table A.3) |Fm (Fig A.18) [Cbm CTM CTM 2019
SS 20 3.1 $114,772.18| $ 135,431.17 | $ 224,253.13

Table A.14 : Centrifuge Costing

Centrifuge (Cf-307)

|

Automatic Disc Stack Solid Bowl
Centrifuge
$S for Unit
$ 30,000.00

https://www.alibaba.com/product-detail /Automatic-Disc-Stack-Solid-Bowl-Centrifuge_60830647396.html?spm=a2700.7724857.normalList.32.17523744M489M2

90




CBM=Cp0*Fbm

|Diameter [m]

| 1|Super pro doesn’t have an area

Table A.15 : Centrifuge Costing 2

10<P<100 barg Energy/cycle 95.6128
Solid Bowl Centrifuge w/o motor Min:0.3 Max:2 [m] Energy/Batch 382.4512 kW-h
K1 (Table A.1) K2 [k3 [cpo |
4.9697 1.1689] 0.0038] 93260.98542
[Material [Fbm (Table A.7) [cBM [ctm [ctm2019 ]
ss 1.27] s 11844145 139,760.91 | |
CBM=CpO0*FBM
Drive
Material ID # (Table A.6) |Fbm (Fig A.19) K1 (Table A.1) K2 K3 Cp0 CBM limits [kW] |CTM
Gas Turbine 13 1.5 -21.7702 13.2175 -1.5279| 1.69746E-22| S 0.00 |7500-23000 | $ 0.00
Intern. Comb. Engine 14 1.5 2.7635 0.8574 -0.0098| 580.0961725| $ 870.14 |10-10,000 S 1,026.77
Steam Engine 15 1.5 2.6259 1.4398 -0.1776| 422.5713024| S 633.86 [70-7500 S 747.95
Electric-explosion-proof 16 3.5 2.4604 1.4191 -0.1798| 288.6689018| S 1,010.34 |75-2600 S 1,192.20
Electric-totally enclosed 17 3.5 1.956 1.7142 -0.2282| 90.36494737| S 316.28 |75-2600 $ 31321
Electric-open/drip-proof 18 2 2.9508 1.0688 -0.1315| 892.8941961| $ 1,785.79 |75-2600 $ 2,107.23
https://www.alibaba.com/product-detail /Automatic-Disc-Stack-Solid-Bowl-Centrifuge_60830647396.html?spm=a2700.7724857.normalList.32.17523744M489M2
Table A.16 : Protein A Buffer Prep Vessel 1 Costing
Protein A Buffer Prep Vessel 1 (V-401)
CBM=CpO(B1+B2*Fm*Fp) Impeller Diameter (m) 0.625
*vertical for compressors Flat Paddle Power Number 1.8
*L/D=2.5t05 Liquid Density (kg/mA3) 1002.3
*should be no less than 10 time the liquid volume passing per minute RPS 1.6667
Without Demister
Min Vessel Volume (m3) Pressure (barg) Diameter (m) Power [kW] |
3 1.52 1.25 0.797| 0.39830213
Fp B1 B2
0.794641763 2.25 1.82
min=.1, max = 628 m3 vessel thickness> .25 in

K1 (Table A.1) K2 K3 Cpo |

3.4974 0.4485 0.1074 $5,442.99]
Vertical Process Vessel
Material ID # (Table A.3) Fm (Fig A.18) Cbm CT™M CTM 2019
SS 20 3.1 $36,649.69| $43,246.64| S 71,609.76
CBM=Cp0*Fm
Mixers
Impeller
K1 (Table A.1) K2 K3 Cp0

3.8511 0.7009 -0.0003 $6,051.71
Fbm (Table A.7) Cbm CTM CTM 2019

1.38! $8,351.36| $ 9,854.60 | $ 16,317.70
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Table A.17 : Protein A Buffer Prep Vessel 2 Costing

Protein A Buffer Prep Vessel 2 (V-402)

CBM=Cp0(B1+B2*Fm*Fp)
*vertical for compressors
*L/D=2.5t05

*should be no less than 10 time the liquid volume passing per minute

Without Demister

Flat Paddle

Impeller Diameter (m) 0.75
Power Number 1.8
Liquid Density (kg/mA3) 999
RPS 1.6667

Min Vessel Volume (m3) Pressure (barg) Diameter (m) Power [kW] |
5 1.52 1.5 1.976| 0.98784003
Fp B1 B2 |
0.853570115 2.25 1.82
min=.1, max = 628 m3 vessel thickness> .25 in
K1 (Table A.1) K2 K3 Cpo |
3.4974 0.4485 0.1074 $7,300.61]
Vertical Process Vessel
Material ID # (Table A.3) Fm (Fig A.18) Cbm CTM CTM 2019
SS 20 3.1 $51,584.98| $60,870.27| $ 100,791.79
CBM=Cp0*Fm
Mixers
Impeller
K1 (Table A.1) K2 K3 Cpo
3.8511 0.7009 -0.0003 $11,437.77
Fbm (Table A.7) Cbm CTM CTM 2019
1.38 $15,784.13| $ 18,625.27 | $ 30,840.58

Table A.18 : Protein A Buffer Prep Vessel 3 Costing

Protein A Buffer Prep Vessel 3 (V-403)

CBM=CpO(B1+B2*Fm*Fp) Impeller Diameter (m) 0.6
*vertical for compressors Flat Paddle Power Number 1.8
*L/D=2.5t05 Liquid Density (kg/m”3) 995
*should be no less than 10 time the liquid volume passing per minute RPS 1.6667
Without Demister
Min Vessel Volume (m3) Pressure (barg) Diameter (m) Power [kW] |
10 1.52 1.2 0.645| 0.32239934
Fp B1 B2
0.782856092 2.25 1.82
min=.1, max = 628 m3_vessel thickness> .25 in

K1 (Table A.1) K2 K3 Cpo |

3.4974 0.4485 0.1074 $11,305.77|
Vertical Process Vessel
Material ID # (Table A.3) Fm (Fig A.18) Cbm CT™M CTM 2019
SS 20 3.1 $75,374.12| $88,941.46| $ 147,273.34
CBM=Cp0*Fm
Mixers
Impeller
K1 (Table A.1) K2 K3 Cp0

3.8511 0.7009 -0.0003 $5,218.13
Fbm (Table A.7) Cbm CTM CTM 2019

1.38 $7,201.01] $ 8,497.19 | $ 14,070.04
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Table A.19 : Protein A Buffer Prep Vessel 4 Costing

Protein A Buffer Prep Vessel 4 (V-404)

CBM=Cp0(B1+B2*Fm*Fp) Impeller Diameter (m) 0.5
*vertical for compressors Flat Paddle Power Number 1.8
*/D=2.5t05 Liquid Density (kg/mA3) 1108
*should be no less than 10 time the liquid volume passing per minute RPS 1.6667
Without Demister
Min Vessel Volume (m3) Pressure (barg) Diameter (m) Power [kW] |
5 1.52 1 0.289| 0.14427949
Fp B1 B2 |
0.73571341 2.25 1.82
min=.1, max = 628 m3 vessel thickness> .25 in
K1 (Table A.1) K2 K3 Cpo |
3.4974 0.4485 0.1074 $7,300.61
Vertical Process Vessel
Material ID # (Table A.3) Fm (Fig A.18) Cbm CTM CTM 2019
SS 20 3.1 $46,730.45| $55,141.94| S 91,306.54
CBM=Cp0*Fm
Mixers
Impeller
K1 (Table A.1) K2 K3 Cpo
3.8511 0.7009 -0.0003 $2,969.55
Fbm (Table A.7) Cbm CTM CTM 2019
1.38 $4,097.98| $ 4,835.62 | $ 8,007.04
Table A.20 : Protein A Column Costing
Chromatography:Protein A
Published Price
Volume [L] )
90| $ 200,000.00
Estimated Price 6/10th Rule
Volume [L] CTM 2003 CTM 2019
415| S 500,395.45 | S 828,577.70
Table A.21 : Dead End Filter 2 Costing
Dead-End Fliter 2 (F-407)
CBM=CpO*Fbm
Area [m”2]
80
10<P<100 barg
Deadend Plate and Frame Filter Min:0.5 Max:80[m”2]
K1 (Table A.1) K2 K3 CpO
4.2756 0.352 0.0714| 159985.5403
Material Fbm (Table A.7) CBM CTM CTM 2019
SS 1.8| $ 287,973.97 | $ 339,809.29 | S 562,671.78
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Table A.22 : Viral Inactivation Vessel Costing
Viral Inactivation Vessel (V-408)

CBM=Cp0(B1+B2*Fm*Fp) *L/D=2.5t05 Impeller Diameter (m) 0.5
*vertical for compressors *should be no less than 10 time the liquid volume pas{Power Number 1.8
Without Demister Liquid Density (kg/m”3) 995
RPS 1.6667
Min Vessel Volume (m3) Pressure (barg) Diameter (m) [Power [kW] Flat Paddle
2 1.52 1 0.259 0.129565065
Fp B1 B2
0.73571341 2.25 1.82
min=.1, max = 628 m3 vessel thickness> .25 in
K1 (Table A.1) K2 K3 Cp0
3.4974 0.4485 0.1074 $4,386.77
Vertical Process Vessel
Material ID # (Table A.3) Fm (Fig A.18) |Cbm CT™M CTM 2019
SS 20 3.1 $28,079.23 $33,133.49( S 54,863.95
CBM=Cp0*Fm
Mixers
Impeller
K1 (Table A.1) K2 K3 Cpo
3.8511 0.7009 -0.0003 $11,536.25
Fbm (Table A.7) Cbm CTM CTM 2019
1.38 $15,920.03| S 18,785.63 | S 31,106.11
Table A.23 : Diafiltration Flush Tank 1 Costing
Diafiltration Flush Tank 1 (Tk-410)
CBM=Cp0(B1+B2*Fm*Fp) */D=2.5t05
*vertical for compressors *should be no less than 10 time the liquid volume passing per minute
Without Demister
Min Vessel Volume (m3) Pressure (barg) Diameter (m)
3 1.52 1
Fp B1 B2
0.73571341 2.25 1.82
min=.1, max = 628 m3 vessel thickness> .25 in
K1 (Table A.1) K2 K3 Cp0
3.4974 0.4485 0.1074 $5,442.99
Vertical Process Vessel
Material ID # (Table A.3) Fm (Fig A.18) |Cbm CTM CTM 2019
SS 20 3.1 $34,840.04 $41,111.25( S 68,073.88
Horizontal Process Vessel
Bl B2
1.49 1.52|min=.3, max = !vessel thickness> .25 in
K1 (Table A.1) K2 K3 Cpo
3.5565 0.3776 0.0905 $5,718.25
Material ID # (Table A.3) Fm (Fig A.18) |Cbm CTM CTM 2019
SS 20 3.1 $28,343.52| S 33,445.36 | S 55,380.36
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CBM=Cp0*Fbm

Table A.24 : Dead End Filter 3 Costing
Dead-End Fliter 3 (F-413)

Area [m"2] SuperPro
80 S 45,000.00

10<P<100 barg
Deadend Plate and Frame Filter Min:0.5 Max:80[m~2]
K1 (Table A.1) K2 K3 Cp0

4.2756 0.352 0.0714| 159985.5403
Material Fbm (Table A.7) CBM CT™M CTM 2019
SS 1.8 $ 287,973.97 | $ 339,809.29 | $ 562,671.78

Table A.25 : Viral Inactivation Surge Tank Costing

Viral Inactivation Surge Tank (Tk-414)

CBM=Cp0(B1+B2*Fm*Fp) *L/D=2.5t05
*vertical for compressors *should be no less than 10 time the liquid volume passing per minute
Without Demister
Min Vessel Volume (m3) Pressure (barg) Diameter (m)

0.5 1.52 0.5
Fp B1 B2

0.617856705 2.25 1.82
min=.1, max = 628 m3 vessel thickness> .25 in
K1 (Table A.1) K2 K3 Cp0
3.4974 0.4485 0.1074 $2,355.70
Vertical Process Vessel
Material ID # (Table A.3) Fm (Fig A.18) |Cbm CTM CTM 2019
SS 20 3.1 $13,512.19 $15,944.38| S 26,401.44
Horizontal Process Vessel
B1 B2
1.49 1.52|min=.3, max = !vessel thickness> .25 in
K1 (Table A.1) K2 K3 Cpo
3.5565 0.3776 0.0905 $2,825.09

Material ID # (Table A.3) Fm (Fig A.18) |Cbm CTM CTM 2019
SS 20 3.1 $12,434.18| $ 14,672.33 | S 24,295.12

Table A.26 : Diafilter 1 Costing

Diafilter 1 (F-412)

SS Per Unit (14 mA2)
S 26,417.00
# of Units )
2] S 52,834.00
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Table A.27 : IEX Buffer Prep Vessel 1 Costing

IEX Buffer Prep Vessel 1 (V-501)

CBM=Cp0(B1+B2*Fm*Fp) Impeller Diameter (m) 0.5
*vertical for compressors Flat Paddle Power Number 1.8
*L/D=2.5t05 Liquid Density (kg/m”3) 999.5
*should be no less than 10 time the liquid volume passing per minute RPS 1.6667
Without Demister
Min Vessel Volume (m3) Pressure (barg) Diameter (m) Power [kW]
2 1.52 1 0.260 0.130151
Fp B1 B2
0.73571341 2.25 1.82
min=.1, max = 628 m3 vessel thickness> .25 in
K1 (Table A.1) K2 K3 Cp0
3.4974 0.4485 0.1074! $4,386.77
Vertical Process Vessel
Material ID # (Table A.3) Fm (Fig A.18) Cbm CTM CTM 2019
SS 20 3.1 $28,079.23| $33,133.49| S 54,863.95
CBM=Cp0*Fm
Mixers
Impeller
K1 (Table A.1) K2 K3 Cp0
3.8511 0.7009 -0.0003 $2,762.52
Fbm (Table A.7) Cbm CTM CTM 2019
1.38 $3,812.28| $ 4,498.49 | S 7,448.81
Table A.28 : IEX Buffer Prep Vessel 2 Costing
IEX Buffer Prep Vessel 2 (V-502)
CBM=Cp0(B1+B2*Fm*Fp) Impeller Diameter (m) 0.5
*vertical for compressors Flat Paddle Power Number 1.8
*L/D=2.5t05 Liquid Density (kg/m”3) 1004
*should be no less than 10 time the liquid volume passing per minute RPS 1.6667
Without Demister
Min Vessel Volume (m3) Pressure (barg) Diameter (m) Power [kW]
3 1.52 1 0.261 0.130737
Fp B1 B2
0.73571341 2.25 1.82
min=.1, max = 628 m3 vessel thickness> .25 in
K1 (Table A.1) K2 K3 Cp0
3.4974 0.4485 0.1074! $5,442.99
Vertical Process Vessel
Material ID # (Table A.3) Fm (Fig A.18) Cbm CTM CTM 2019
SS 20! Sl $34,840.04| $41,111.25| S 68,073.88
CBM=Cp0*Fm
Mixers
Impeller
K1 (Table A.1) K2 K3 Cp0
3.8511 0.7009 -0.0003 $2,771.24
Fbm (Table A.7) Cbm CTM CTM 2019
1.38 $3,824.31] S 4,512.68 | $ 7,472.31
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Table A.29 : IEX Buffer Prep Vessel 3 Costing

IEX Buffer Prep Vessel 3 (V-503)

CBM=Cp0(B1+B2*Fm*Fp) Impeller Diameter (m) 0.625
*vertical for compressors Flat Paddle Power Number 1.8
*/D=2.5t05 Liquid Density (kg/m”3) 1026
*should be no less than 10 time the liquid volume passing per minute RPS 1.6667
Without Demister
Min Vessel Volume (m3) Pressure (barg) Diameter (m) Power [kW]
5.5 1.52 1.25 0.815| 0.4077202
Fp B1 B2
0.794641763 2.25 1.82
min=.1, max = 628 m3 vessel thickness> .25 in
K1 (Table A.1) K2 K3 Cp0
3.4974 0.4485 0.1074! $7,732.55
Vertical Process Vessel
Material ID # (Table A.3) Fm (Fig A.18) Cbm CT™M CTM 2019
SS 20! 3.1 $52,066.09| $61,437.99| $ 101,731.83
CBM=Cp0*Fm
Mixers
Impeller
K1 (Table A.1) K2 K3 Cp0
3.8511 0.7009 -0.0003 $6,151.66
Fbm (Table A.7) Cbm CT™M CTM 2019
1.38 $8,489.29| $ 10,017.37 | $ 16,587.21
Table A.30 : IEX Buffer Prep Vessel 4 Costing
IEX Buffer Prep Vessel 4 (V-504)
CBM=Cp0(B1+B2*Fm*Fp) Impeller Diameter (m) 0.5
*vertical for compressors Flat Paddle Power Number 1.8
*/D=2.5t05 Liquid Density (kg/m”3) 1023
*should be no less than 10 time the liquid volume passing per minute RPS 1.6667
Without Demister
Min Vessel Volume (m3) Pressure (barg) Diameter (m) Power [kW]
2.75 1.52 1 0.266| 0.1332111
Fp B1 B2
0.73571341 2.25 1.82
min=.1, max = 628 m3 vessel thickness> .25 in
K1 (Table A.1) K2 K3 Cp0
3.4974 0.4485 0.1074! $5,190.04
Vertical Process Vessel
Material ID # (Table A.3) Fm (Fig A.18) Cbm CT™M CTM 2019
SS 20! 3.1 $33,220.87| $39,200.63| $ 64,910.20
CBM=Cp0*Fm
Mixers
Impeller
K1 (Table A.1) K2 K3 Cp0
3.8511 0.7009 -0.0003 $2,807.91
Fbm (Table A.7) Cbm CT™M CTM 2019
1.38 $3,874.92| $ 4,572.40 | $ 7,571.19

97




Table A.31 : IEX Buffer Prep Vessel 5 Costing

IEX Buffer Prep Vessel 5 (V-505)

CBM=Cp0(B1+B2*Fm*Fp) Impeller Diameter (m) 0.375
*vertical for compressors Flat Paddle Power Number 1.8
*/D=2.5t05 Liquid Density (kg/m”3) 1004
*should be no less than 10 time the liquid volume passing per minute RPS 1.6667
Without Demister
Min Vessel Volume (m3) Pressure (barg) Diameter (m) Power [kW]
1.75 1.52 0.75 0.062049011| 0.0310245
Fp B1 B2
0.676785058 2.25 1.82
min=.1, max = 628 m3 vessel thickness> .25 in

K1 (Table A.1) K2 K3 Cp0

3.4974 0.4485 0.1074! $4,099.65
Vertical Process Vessel
Material ID # (Table A.3) Fm (Fig A.18) Cbm CT™M CTM 2019
SS 20! 3.1 $24,878.38| $29,356.49| S 48,609.82
CBM=Cp0*Fm
Mixers
Impeller
K1 (Table A.1) K2 K3 Cp0

3.8511 0.7009 -0.0003 $1,010.39
Fbm (Table A.7) Cbm CTM CTM 2019

1.38 $1,394.34| S 1,645.33 [ $ 2,724.40

Table A.32 : IEX Chromatography Column Costing

IEX Chromatography Column (CI-507)

Published Price SuperPro
Volume [L] SS $S 2019
90| $ 200,000.00 S 635,000.00
Estimated Price 6/10th Rule
Volume [L] CTM 2003 CTM 2019
250( $ 369,188.78 | S 611,319.69
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Table A.33 : Ammonium Sulfate Vessel Costing
Amm. Sulfate Vessel (V-508)

CBM=Cp0(B1+B2*Fm*Fp) *L/D=2.5t05 Impeller Diameter (m) 0.375
*vertical for compressors *should be no less than 10 time the liquid volume passing per minute Power Number 1.8
Without Demister Liquid Density (kg/m”3) 1066.57
RPS 1.6667
Min Vessel Volume (m3) Pressure (barg) Diameter (m) Power [kW] Flat Paddle
1.25 1.52 0.75 0.066 0.032957975
Fp B1 B2
0.676785058 2.25 1.82
min=.1, max = 628 m3 vessel thickness> .25 in
K1 (Table A.1) K2 K3 Cpo
3.4974 0.4485 0.1074 $3,482.35
Vertical Process Vessel
Material ID # (Table A.3) Fm (Fig A.18) Cbm CTM CTM 2019
SS 20 3.1 $21,132.39 $24,936.21( $ 41,290.53
CBM=Cp0*Fm
Mixers
Impeller
K1 (Table A.1) K2 K3 Cp0
3.8511 0.7009 -0.0003 $1,054.17
Fbm (Table A.7) Cbm CTM CTM 2019
1.38 $1,454.76| $ 1,716.62 | S 2,842.45
Table A.34 : Diafiltration Flush Tank 2 Costing
Diafiltration Flush Tank 2 (Tk-509)
CBM=CpO(B1+B2*Fm*Fp) *L/D=2.5105
*vertical for compressors *should be no less than 10 time the liquid volume passing per minute
Without Demister
Min Vessel Volume (m3) Pressure (barg) Diameter (m)
2.25 1.52 1
Fp B1 B2
0.73571341 2.25 1.82
min=.1, max = 628 m3 vessel thickness> .25 in
K1 (Table A.1) K2 K3 Cpo
3.4974 0.4485 0.1074 $4,663.10
Vertical Process Vessel
Material ID # (Table A.3) Fm (Fig A.18) Cbm CTM CTM 2019
SS 20 3.1 $29,848.03 $35,220.67| $ 58,320.01
Horizontal Process Vessel
B1 B2
1.49 1.52|min=.3, max = 520 m3 vessel thickness> .25 in
K1 (Table A.1) K2 K3 Cp0
3.5565 0.3776 0.0905 $5,020.06
Material ID # (Table A.3) Fm (Fig A.18) Cbm CTM CTM 2019
SS 20 3.1 $24,882.85[ S 29,361.76 | $ 48,618.55
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Table A.35 : Diafilter 2 Costing

Diafilter 2 (F-411)

SS Per Unit (14 mA2)

s

26,417.00

# of Units

$S

2| $

52,834.00

Table A.36 : HIC Buffer Prep Vessel 1 Costing

HIC Buffer Prep Vessel 1 (V-601)

CBM=Cp0(B1+B2*Fm*Fp) Impeller Diameter (m) 0.5
*vertical for compressors Flat Paddle Power Number 1.8
*L/D=2.5t05 Liquid Density (kg/m"3) 1101
*should be no less than 10 time the liquid volume passing per minute RPS 1.6667
Without Demister
Min Vessel Volume (m3) Pressure (barg) Diameter (m) Power [kW]
2.25 1.52 1 0.287| 0.143368
Fp B1 B2
0.736 2.25 1.82
min=.1, max = 628 m3 vessel thickness> .25 in
K1 (Table A.1) K2 K3 Cp0
3.4974 0.4485 0.1074; $4,663.10
Vertical Process Vessel
Material ID # (Table A.3) Fm (Fig A.18) Cbm CTM CTM 2019
SS 20 3.1 $29,848.03| $35,220.67| $ 58,320.01
CBM=Cp0*Fm
Mixers
Impeller
K1 (Table A.1) K2 K3 Cp0
3.8511 0.7009 -0.0003 $2,956.38
Fbm (Table A.7) Cbm CTM CTM 2019
1.38 $4,079.81| $ 4,814.18 | S 7,971.53
Table A.37 : HIC Buffer Prep Vessel 2 Costing
HIC Buffer Prep Vessel 2 (V-602)
CBM=Cp0(B1+B2*Fm*Fp) Impeller Diameter (m) 0.625
*vertical for compressors Flat Paddle Power Number 1.8
*L/D=2.5t05 Liquid Density (kg/m*3) 1047
*should be no less than 10 time the liquid volume passing per minute RPS 1.6667
Without Demister
Min Vessel Volume (m3) Pressure (barg) Diameter (m) Power [kW]
3.5 1.52 1.25 0.832| 0.4160654
Fp B1 B2
0.795 2.25 1.82
min=.1, max = 628 m3 vessel thickness> .25 in
K1 (Table A.1) K2 K3 Cp0
3.4974 0.4485 0.1074! $5,932.07
Vertical Process Vessel
Material ID # (Table A.3) Fm (Fig A.18) Cbm CTM CTM 2019
SS 20! 3.1 $39,942.79| $47,132.49| $ 78,044.14
CBM=Cp0*Fm
Mixers
Impeller
K1 (Table A.1) K2 K3 Cp0
3.8511 0.7009 -0.0003 $6,239.65
Fbm (Table A.7) Cbm CT™M CTM 2019
1.38 $8,610.72| $ 10,160.65 | $ 16,824.47
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Table A.38 : HIC Buffer Prep Vessel 3 Costing

HIC Buffer Prep Vessel 3 (V-603)

CBM=Cp0(B1+B2*Fm*Fp) Impeller Diameter (m) 0.75
*vertical for compressors Flat Paddle Power Number 1.8
*L/D=2.5t0 5 Liquid Density (kg/m”3) 1015
*should be no less than 10 time the liquid volume passing per minute RPS 1.6667
Without Demister
Min Vessel Volume (m3) Pressure (barg) Diameter (m) Power [kW]
7 1.52 1.5 2.007| 1.0036613
Fp B1 B2
0.853570115 2.25 1.82
min=.1, max = 628 m3 vessel thickness> .25 in
K1 (Table A.1) K2 K3 Cp0
3.4974 0.4485 0.1074! $8,976.99
Vertical Process Vessel
Material ID # (Table A.3) Fm (Fig A.18) Cbm CTM CTM 2019
SS 20, 3.1 $63,429.97| $74,847.37| $ 123,935.70
CBM=Cp0*Fm
Mixers
Impeller
K1 (Table A.1) K2 K3 Cp0
3.8511 0.7009 -0.0003 $11,565.83
Fbm (Table A.7) Cbm CTM CTM 2019
1.38 $15,960.85| $ 18,833.80 | S 31,185.87
Table A.39 : HIC Buffer Prep Vessel 4 Costing
HIC Buffer Prep Vessel 4 (V-604)
CBM=Cp0(B1+B2*Fm*Fp) Impeller Diameter (m) 0.625
*vertical for compressors Flat Paddle Power Number 1.8
*L/D=2.5t0 5 Liquid Density (kg/m”3) 1004
*should be no less than 10 time the liquid volume passing per minute RPS 1.6667
Without Demister
Min Vessel Volume (m3) Pressure (barg) Diameter (m) Power [kW]
3.5 1.52 1.25 0.798| 0.3989777
Fp B1 B2
0.795 2.25 1.82
min=.1, max = 628 m3 vessel thickness> .25 in
K1 (Table A.1) K2 K3 Cp0
3.4974 0.4485 0.1074! $5,932.07
Vertical Process Vessel
Material ID # (Table A.3) Fm (Fig A.18) Cbm CTM CTM 2019
SS 20, 3.1 $39,942.79| $47,132.49| S 78,044.14
CBM=Cp0*Fm
Mixers
Impeller
K1 (Table A.1) K2 K3 Cp0
3.8511 0.7009 -0.0003 $6,058.90
Fbm (Table A.7) Cbm CTM CTM 2019
1.38 $8,361.28[ $ 9,866.32 | $ 16,337.10
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Table A.40 : HIC Column Costing

HIC Column (CI-606)

Published Price
Volume [L] $S$
90| S 200,000.00
Estimated Price 6/10th Rule
Volume [L] CTM 2003 CTM 2019
650 S 654,986.73 | S 1,084,557.03

CBM=Cp0(B1+B2*Fm*Fp)
*vertical for compressors
Without Demister

Table A.41 : HIC Surge Tank Costing

*L/D=2.5t05

*should be no less than 10 time the liquid volume passing per minute

HIC Surge Tank (Tk-607)

Min Vessel Volume (m3) Pressure (barg) Diameter (m)
1.5 1.52 1
Fp B1 B2
0.73571341 2.25 1.82
min=.1, max = 628 m3 vessel thickness> .25 in
K1 (Table A.1) K2 K3 Cp0
3.4974 0.4485 0.1074 $3,799.33
Vertical Process Vessel
Material ID # (Table A.3) Fm (Fig A.18) Cbm CTM CTM 2019
SS 20 3.1 $24,319.12 $28,696.57| S 47,517.09
Horizontal Process Vessel
B1 B2
1.49 1.52|min=.3, max = 520 m3 vessel thickness> .25 in
K1 (Table A.1) K2 K3 Cp0
3.5565 0.3776 0.0905 $4,224.72
Material ID # (Table A.3) Fm (Fig A.18) Cbm CTM CTM 2019
SS 20 3.1 $20,940.61| $ 24,709.92 | S 40,915.82
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CBM=Cp0(B1+B2*Fm*Fp)
*vertical for compressors
Without Demister

Table A.42 : Diafiltration Flush Tank 3 Costing
Diafiltration Flush Tank 3 (Tk-609)

*L/D=2.5t05

*should be no less than 10 time the liquid volume passing per minute

Min Vessel Volume (m3) Pressure (barg) Diameter (m)
2.5 1.52 1
Fp B1 B2
0.73571341 2.25 1.82
min=.1, max = 628 m3 vessel thickness> .25 in
K1 (Table A.1) K2 K3 Cp0
3.4974 0.4485 0.1074 $4,930.42
Vertical Process Vessel
Material ID # (Table A.3) Fm (Fig A.18) Cbm CTM CTM 2019
SS 20 3.1 $31,559.07 $37,239.71| S 61,663.21
Horizontal Process Vessel
Bl B2
1.49 1.52|min=.3, max = 520 m3 vessel thickness> .25 in
K1 (Table A.1) K2 K3 Cp0
3.5565 0.3776 0.0905 $5,261.30
Material ID # (Table A.3) Fm (Fig A.18) Cbm CTM CTM 2019
SS 20 3.1 $26,078.61| S 30,772.76 | S 50,954.94
Table A.43 : Dead-End Filter 4 Costing
Dead-End Fliter 4 (F-412)
CBM=Cp0*Fbm
Area [m”2] SuperPro
70 S 45,000.00
10<P<100 barg
Deadend Plate and Frame Filter Min:0.5 Max:80[m”2]
K1 (Table A.1) K2 K3 Cp0
4.2756 0.352 0.0714| 147281.3397
Material Fbm (Table A.7) CBM CTM CTM 2019
SS 1.8| S 265,106.41 | $ 312,825.57 | S 517,990.90
Table A.44 : Diafilter 3 Costing
Diafilter 3 (F-412)
SS Per Unit (14 mA2)
S 26,417.00
# of Units SS
2| S 52,834.00
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Table A.45 : Freezer and cryovessel Costing

# of Freezers

18] $316,588.32|https://us.vwr.com/store/product/ 14459968 /vwr-ultra-low-temperature-upright-freezers-and-freezer-packages-86-to-50c
http://fedequip.com/inventory/Miscellaneous-Equipment/SARTORIUS-STEDIM-THAW-SYSTEM-MODEL-CELSIUS-FT100.html
https://www.sartoriusglobal.com/ ui/images/h5f/hdc/8880818421790.pdf

Freezer $17,588.24
Celsius FT100 $125,000.00]

CBM=Cp0(B1+B2*Fm*Fp)
*vertical for compressors
Without Demister

Table A.46 : Waste Holding Tank Costing

*L/D=2.5t05

Waste Holding Tank (Tk-701)

*should be no less than 10 time the liquid volume passing per minute

Min Vessel Volume (m3)

Pressure (barg)

Diameter (m)

125

2 3.75

Fp

Bl

B2

1.552649308

2.25

1.82

min=.1, max = 628 m3

vessel thickness> .25 in

K1 (Table A.1) K2 K3 Cp0

3.4974 0.4485 0.1074 $81,302.77
Vertical Process Vessel
Material ID # (Table A.3) Fm (Fig A.18) Cbm CTM CTM 2019
SS 20 3.1 $895,147.34| $1,056,273.86| S 1,749,026.63
Horizontal Process Vessel
B1 B2

1.49 1.52|min=.3, max = 520 m3 vessel thickness> .25 in

K1 (Table A.1) K2 K3 Cp0

3.5565 0.3776 0.0905 $55,747.40
Material ID # (Table A.3) Fm (Fig A.18) Cbm CTM CTM 2019
SS 20 3.1 $490,916.22| $ 579,281.14 | S 959,200.24
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Table A.47 : Neutralization Vessel Costing

Neutralization Vessel (V-703)

CBM=Cp0(B1+B2*Fm*Fp) Impeller Diameter (m) 0.75
*vertical for compressors Flat Paddle Power Number 1.8
*L/D=2.5t05 Liquid Density (kg/m”3) 995
*should be no less than 10 time the liquid volume passing per minute RPS 1.6667
Without Demister
Min Vessel Volume (m3) |Pressure (barg) Diameter (m) Power [kW]
10 2 1.5 1.968| 0.983884714
Fp B1 B2
0.921059723 2.25 1.82
min=.1, max = 628 m3 vessel thickness> .25 in
K1 (Table A.1) K2 K3 Cp0
3.4974 0.4485 0.1074 $11,305.77
Vertical Process Vessel
Material ID # (Table A.3) Fm (Fig A.18) Cbm CTM CTM 2019
SS 20 3.1 $84,189.73 $99,343.88| S 164,498.15
CBM=Cp0*Fm
Mixers
Impeller
K1 (Table A.1) K2 K3 Cp0
3.8511 0.7009 -0.0003 $11,405.66
Fbm (Table A.7) Cbm CTM CTM 2019
1.38 $15,739.82| S 18,572.98 | $ 30,754.00
Table A.48 : Potable Water Holding Tank Costing
Potable Holding Tank (Tk-801)
CBM=Cp0(B1+B2*Fm*Fp) *L/D=2.5t05
*vertical for compressors *should be no less than 10 time the liquid volume passing per minute
Without Demister
Min Vessel Volume (m3) Pressure (barg) Diameter (m)
1.52 1
Fp B1 B2
0.73571341 2.25 1.82
min=.1, max = 628 m3 vessel thickness> .25 in
K1 (Table A.1) K2 K3 Cp0
3.4974 0.4485 0.1074 $7,300.61
Vertical Process Vessel
Material ID # (Table A.3) Fm (Fig A.18) Cbm CTM CTM 2019
SS 20 3.1 $46,730.45 $55,141.94| S 91,306.54
Horizontal Process Vessel
B1 B2
1.52|min=.3, max = 520 m3 vessel thickness> .25 in
K1 (Table A.1) K2 K3 Cpo
3.5565 0.3776 0.0905 $7,322.27
Material ID # (Table A.3) Fm (Fig A.18) Cbm CTM CTM 2019
SS 20 3.1 $36,294.16| S 42,827.10 [ $ 70,915.08
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CBM=Cp0*Fbm

Table A.49 : Dead-End Filter 4 Costing
Dead-End Filter 4 (F-803)

Area [m”2]

120

10<P<100 barg

Deadend Plate and Frame Filter

Min:0.5 Max:80[m*2]

K1 (Table A.1) K2 K3 Cpo
4.2756 0.352 0.0714 207077.8355
Material Fbm (Table A.7) CBM CT™M CTM 2019
ss 18] $ 372,740.10 | $ 439,833.32 | $ 728,296.16

Table A.50 : Carbon Absorption Column A/B Costing
Carbon Adsorption Column A/B (CI-804 A/B)

CBM=CpO(B1+B2*Fm*Fp)
*vertical for compressors
Without Demister

*L/D=2.5t0 5

*should be no less than 10 time the liquid volume passing per minute

Min Vessel Volume (m3)

Pressure (barg)

Diameter (m)

0.5 1.52 0.5
Fp B1 B2
0.617856705 2.25 1.82
min=.1, max = 628 m3 vessel thickness> .25 in
K1 (Table A.1) K2 K3 Cp0
3.4974 0.4485 0.1074 $2,355.70
Vertical Process Vessel
Material ID # (Table A.3) Fm (Fig A.18) Cbm CTM CTM 2019
SS 20 3.1 $13,512.19 $15,944.38| S  52,802.88
Table A.51 : Cation Exchange Column Costing
Cation Exchange Column (CI-805)
CBM=Cp0(B1+B2*Fm*Fp) *L/D=2.5t05
*vertical for compressors *should be no less than 10 time the liquid volume passing per minute
Without Demister
Min Vessel Volume (m3) Pressure (barg) Diameter (m)
0.25 1.52 0.75
Fp B1 B2
0.676785058 2.25 1.82
min=.1, max = 628 m3 vessel thickness> .25 in
K1 (Table A.1) K2 K3 Cpo
3.4974 0.4485 0.1074 $1,846.32
Vertical Process Vessel
Material ID # (Table A.3) Fm (Fig A.18) Cbm CT™M CTM 2019
SS 20 3.1 $11,204.22 $13,220.98[ S  21,891.91
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CBM=CpO(B1+B2*Fm*Fp)
*vertical for compressors
Without Demister

Table A.52 : Anion Exchange Column Costing
Anion Exchange Column (CI-806)

*L/D=2.5t05

*should be no less than 10 time the liquid volume passing per minute

Min Vessel Volume (m3)

Pressure (barg)

Diameter (m)

0.2 1.52 0.5
Fp B1 B2
0.617856705 2.25 1.82
min=.1, max = 628 m3 vessel thickness> .25 in
K1 (Table A.1) K2 K3 Cp0
3.4974 0.4485 0.1074 $1,723.39
Vertical Process Vessel
Material ID # (Table A.3) Fm (Fig A.18) Cbm CTM CTM 2019
SS 20 3.1 $9,885.27 $11,664.61| S 19,314.80
Table A.53 : Ultrafilter Costing
Ultrafilter (F-807)
SS Per Unit (14 m”2)
$ 26,417.00
# of Units S
6| S 158,502.00
Table A.54 : Reverse Osmosis System Costing
Reverse Osmosis System (F-808)
Published Price
Volume [L] SS
9200( S 25,295.00
Estimated Price 6/10th Rule
Volume [L] CTM 2019
11000| $ 28,157.73
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Table A.55 : Purified Water Tank Costing
Purified Water Tank (Tk-809)
CBM=Cp0(B1+B2*Fm*Fp) *L/D=2.5to 5
*vertical for compressors *should be no less than 10 time the liquid volume passing per minute
Without Demister

Min Vessel Volume (m3) |Pressure (barg) Diameter (m)
2.5 1.52 2.75
Fp Bl B2
1.148211878 2.25 1.82
min=.1, max = 628 m3 vessel thickness> .25 in
K1 (Table A.1) K2 K3 Cp0
3.4974 0.4485 0.1074 $4,930.42
Vertical Process Vessel
Material ID # (Table A.3) Fm (Fig A.18) Cbm CTM CTM 2019
SS 20 3.1 $43,033.71 $50,779.78| S 84,083.49

Horizontal Process Vessel

B1 B2
1.49 1.52|min=.3, max = 520 m3 vessel thickness> .25 in
K1 (Table A.1) K2 K3 Cp0
3.5565 0.3776 0.0905 $5,261.30
Material ID # (Table A.3) Fm (Fig A.18) Cbm CTM CTM 2019
SS 20 3.1 $36,304.97| $ 42,839.86 | $  70,936.20
Table A.56 : Purified Water Pre-Heater Costing
‘ Purified Water Pre-Heater (HE-811)
CBM=Cp0(B1+B2*Fm*Fp) limits:5-140 barg
|Area (m"2) |Op Pressure [barg] |Design Pressure [barg] ICl |C2 |C3 |
[ 0.19471293] 62.058] 62.058] 0.03881] -0.11272] 0.08183]
limits:10-1000
[Fo [B1 [82 [k [k2 [k3 [cpo |
[ 1] 1.63( 1.66] 4.1884| -0.2503 0.1974| 29,237.72 |
Heat Exchanger (tube&shell) (U-tube)
Material [ID # (Table A.3) Fm (Fig A.18) [cBm [ctm [ctm 2019 |
s5-shell/SS-Tube [ 5 2.8 18355442 | $216,594.22] § 358,646.63 |
35-70
[ [Btu/hr] [U [Btu/ftr2*hrF] [T1 (Inlet tube) [T2 (outlet tube) [t (inlet shell) [t2 (outlet shell) [DelTim [F] [atfr2)  Jamra) |
[ 9.636+03] 65 201.9] 122] 72| 76.04] 82.18] 1.8028975| 0.19471293]
Table A.57 : WFI Condenser Costing
\ WFI Condenser (HE-812)
CBM=Cp0(B1+B2*Fm*Fp) limits:5-140 barg
|Area (m"2) |Op Pressure [barg] |Design Pressure [barg] |C1 |C2 |C3 |
[ 17.27315736] 62.058] 62.058] 0.03881] -0.11272] 0.08183]
limits:10-1000
[Fo [B1 [82 [ka [k2 [k3 [cpo |
[ 1] 1.63| 1.66] 4.1884| -0.2503 0.1974| 15,167.81 |
Heat Exchanger (tube&shell) (U-tube)
Material [ID # (Table A.3) Fm (Fig A.18) [cam [ctm [ctm 2019 |
55-shell/SS-Tube [ 5 2.8 95,223.49 | $112,363.72| §  186,056.99 |
35-70
[ [Btu/hr] [U [Btu/ftr2*hrF] [T1 (Inlet tube) [T2 (outlet tube) [t (inlet shell) [t2 (outlet shell) [DelTim [F] [atfr2) Jamra) |
[ 1.71E+06] 120] 76.04] 2233 277.1] 230 88.89| 159.936642| 17.2731574]
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CBM=Cp0*Fbm*Fp*FT

Table A.58 : Steam Boiler Costing

Steam Boiler (HE-813)

|Design Pressure [barg] IDuty [kw] IDeIta T \
| 1.25 231 ol
P<20 barg
Steam Boiler Min:1200 Max:9400 [kW] FT: Superheat correction factor for steam boiler
K1 (Table A1) k2 [k3 Jcpo [c1 (Table A2) [c2 Jca [ro [Fr
6.9617 -1.48] 0.3161]  169628.1786] o q o 1,00 | 1|
Tube for nonreactive process heater
[Material [ID # (Table A.6) [Fbm (Fig A.19) [cam [ctm lcm2o19 ]
Stainless Steel 55] 28] 47495890 | 560451.5021] $ 928,021.27 |
Table A.59 : Steam Compressor Costing
‘ Steam Compressor (C-814)
CBM=Cp0*FBM
|Design Pressure [barg] |Power Purchased [kW] |
[ 3.5] 75.00]
9694.0983
Compressor (Centrifugal,
axial, reciprocating) Min:450 Max:3000 C1,2,3=0 0.95
K1 (Table A.1) K2 [k3 [cpo |
2.2897 1.3604] -0.1027] $30,161.65
Centrifugal
Material D # [FBM (A.6/A.19) [cam [cT™ (2001) [ctm 2019 |
ss 2| 6.7  $202,083.04] $238,457.99] S 394,849.65 |
Axial
Material D # [FBM (A.6/A.19) [cBm [cT™ (2001) [ctm 2019 |
ss 5| 8| $241,293.18] $284,725.95] $  471,462.27 |
Reciprocating
Material ID # [FBM (A.6/A.19) [cBm [cT™ (2001) [cT™ 2019 |
ss 11] 7] $211,131.53 $249,135.21[ $  412,529.49 |
Rotary Min:18 Max:950
K1 (Table A.1) K2 K3 Cpo
5.0355 -1.8002 0.8253 $36,445.98
Material D # FBM (A.6/A.19) CBM CTM (2001) [cTm 2019 |
S5 3 5| $182,229.90 $215,031.28] $  356,058.65 |
CBM=Cp0*FBM
Drive
Material ID # (Table A.6) [Fom (Fig A.19) [K1 (Table A1) [k2 [k3 |
Electric-totally enclosed 17 3.5] 1.956] 1.7142| -0.2282]
[cpo [cam [limits [kw] [ctm [ctm 2019 |
[ 23329.85103[ $ 81,654.48 [75-2600 [s 96,35228(s 159,544.53 |
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CBM=Cp0(B1+B2*Fm*Fp)
*vertical for compressors
Without Demister

Table A.60 : WFI Storage Tank Costing
WEFI Storage Tank (Tk-817)

*L/D=2.51t05

*should be no less than 10 time the liquid volume passing per minute

Min Vessel Volume (m3) |Pressure (barg) Diameter (m)
100 1.52 1.75
Fp B1 B2
0.912498468 2.25 1.82
min=.1, max = 628 m3 vessel thickness> .25 in
K1 (Table A.1) K2 K3 Cp0
3.4974 0.4485 0.1074 $66,680.68
Vertical Process Vessel
Material ID # (Table A.3) Fm (Fig A.18) Cbm CTM CTM 2019
SS 20 3.1 $493,324.74 $582,123.20| S 963,906.25
Horizontal Process Vessel
B1 B2
1.49 1.52|min=.3, max = 520 m3  vessel thickness> .25 in
K1 (Table A.1) K2 K3 Cp0
3.5565 0.3776 0.0905 $47,173.71
Material ID # (Table A.3) Fm (Fig A.18) Cbm CTM CTM 2019
SS 20 3.1 $273,121.27| S 322,283.10 | S 533,651.11
Table A.61 : Steam Compressor KO Drum Costing
Steam Compressor KO (Tk-914)
CBM=Cp0(B1+B2*Fm*Fp) *L/D=2.5t0 5
*vertical for compressors *should be no less than 10 time the liquid volume passing per minute
Without Demister
Min Vessel Volume (m3) |Pressure (barg) Diameter (m)
0.65 3.67 1.1
Fp B1 B2
0.981231557 2.25 1.82
min=.1, max = 628 m3 vessel thickness> .25 in
K1 (Table A.1) K2 K3 Cpo
3.4974 0.4485 0.1074 $2,613.67
Vertical Process Vessel
Material ID # (Table A.3) Fm (Fig A.18) Cbm CTM CTM 2019
SS 20 3.1 $20,350.32 $24,013.38| $ 39,762.45
Horizontal Process Vessel
B1 B2
1.49 1.52|min=.3, max = 520 m3  vessel thickness> .25 in
K1 (Table A.1) K2 K3 Cpo
3.5565 0.3776 0.0905 $3,083.36
Material ID # (Table A.3) Fm (Fig A.18) Cbm CTM CTM 2019
SS 20 3.1 $18,850.29| S 22,243.35 | S 36,831.55
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Table A.62 : Caustic Vessel 1 Costing

Caustic Vessel 1 (V-701)

CBM=CpO(B1+B2*Fm*Fp) Impeller Diameter (m) 0.75
*vertical for compressors Flat Paddle Power Number 1.8
*L/D=2.5t05 Liquid Density (kg/m”3) 1004
*should be no less than 10 time the liquid volume passing per minute RPS 1.6667
Without Demister
Min Vessel Volume (m3) |Pressure (barg) Diameter (m) Power [kW]
7 1.52 1.5 1.986
Fp B1 B2
0.853570115 2.25 1.82
min=.1, max = 628 m3 vessel thickness> .25 in
K1 (Table A.1) K2 K3 Cp0
3.4974 0.4485 0.1074 $8,976.99
Vertical Process Vessel
Material ID # (Table A.3) Fm (Fig A.18) Cbm CTM CTM 2019
SS 20 3.1 $63,429.97| $74,847.37| $ 123,935.70
CBM=Cp0*Fm
Mixers
Impeller
K1 (Table A.1) K2 K3 Cpo
3.8511 0.7009 -0.0003 $11,477.86
Fbm (Table A.7) Cbm CTM CTM 2019
1.38 $15,839.44| S 18,690.54 | $ 30,948.66
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Table A.63 : Caustic Vessel 2 Costing

Caustic Vessel 2 (V-702)

CBM=CpO(B1+B2*Fm*Fp) Impeller Diameter (m) 1
*vertical for compressors Flat Paddle Power Number 1.8
*L/D=2.5t05 Liquid Density (kg/m”3) 997
*should be no less than 10 time the liquid volume passing per minute RPS 1.6667
Without Demister
Min Vessel Volume (m3) |Pressure (barg) Diameter (m) Power [kW]
20 1.52 2 8.309
Fp B1 B2
0.97142682 2.25 1.82
min=.1, max = 628 m3 vessel thickness> .25 in
K1 (Table A.1) K2 K3 Cpo
3.4974 0.4485 0.1074 $18,310.73
Vertical Process Vessel
Material ID # (Table A.3) Fm (Fig A.18) Cbm CTM CTM 2019
SS 20 3.1 $141,556.42| $167,036.57| S 276,586.81
CBM=Cp0*Fm
Mixers
Impeller
K1 (Table A.1) K2 K3 Cp0
3.8511 0.7009 -0.0003 $31,286.13
Fbm (Table A.7) Cbm CTM CTM 2019
1.38 $43,174.86| $ 50,946.34 | $ 84,359.28
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Table A.64 : Acid Vessel Costing

Acid Vessel (V-703)

CBM=CpO(B1+B2*Fm*Fp) Impeller Diameter (m) 1.25
*vertical for compressors Flat Paddle Power Number 1.8
*L/D=2.5t05 Liquid Density (kg/m”3) 995
*should be no less than 10 time the liquid volume passing per minute RPS 1.6667
Without Demister
Min Vessel Volume (m3) |Pressure (barg) Diameter (m) Power [kW]
30 1.52 2.5 25.306
Fp B1 B2
1.089283526 2.25 1.82
min=.1, max = 628 m3 vessel thickness> .25 in
K1 (Table A.1) K2 K3 Cpo
3.4974 0.4485 0.1074 $24,786.98
Vertical Process Vessel
Material ID # (Table A.3) Fm (Fig A.18) Cbm CTM CTM 2019
SS 20 3.1 $208,104.96| $245,563.85| S 406,615.87
CBM=Cp0*Fm
Mixers
Impeller
K1 (Table A.1) K2 K3 Cp0
3.8511 0.7009 -0.0003 $68,237.76
Fbm (Table A.7) Cbm CTM CTM 2019
1.38 $94,168.11| $ 111,118.37 | S 183,994.88
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Figure B.1 : mAb production Process modeled in SuperPro
115



S-05 @ g
+
il
HH
ul
o_AC p | S5-57
P-1/%101
Blending / Storage
500 @ I
+
"l
dl
dl
5-58 @ ¥ Hm] 5-50
P-2iv-02
Blending/ Storage
Hm] 5-53

P-3 /%103
Blendng / Storage

Figure B.2 : CIP Process modeled in SuperPro

—
S-84 =
s-103 | T !
Tk-901 S-[05
—-_—
S-104 X P-100
A
——————
W ——
Pump Steam
Injection

S-106
MIX-101
37%
HCI
— |
WPump2

S-107

P-902

Figure B.3 : Waste Treatment Aspen HYSY'S Simulation

116

_q
Nothing

I V-903

S-108



S-94 Y XXX
E-100 E-103 E-102 E-101
S-101
TEE-100
XX F100 %
WPump
Figure B.4 : Steam Generation in WFI Unit Aspen HYSYS Simulation
o
o 4n'>@—’_
S E——
e L
| 94 S e
|
.
P-1 7 0101 P20z s o
Hing Storage =5 pascram P51 CHB04
Carbon Adsorpion Coimn Cation Exchange Column e
106
5100
13
]
111110 108
6 118
D Py Fo06 P-8/F-B07 Po/ 01
nion Exdang & Colum Ultrafiter Reverse Osmosiz System Storage
s 117
e

Figure B.5 : WFI generation from Potable water SuperPro Simulation

117

K-100

WCompressor

119(aspen inkt)



ZFs

uwno]) AydesGoewond 3
80512/ 81 §a

12559, daig 1ang Z 1sep XA

Lo =

e M 0]) 95
=
€ =4 puz-peRq
A W

) =5

(wegsds im0l 785 @

(01p-4) | weysds vonegueq
60Fd/20F1LS Shd

s

s T 2054 /8d
s 4 |BlBYNS WY g7-g .

_ [9553, UOHEARDBY [BIIA

L0FAd Fld

(emes o] 25

wun|o) AydesSojeuoiy) wuiepld

(amsem o)) &2-5 S0r107 £1-d GO

Z B4 puz-peag

S5 Td
o
p
J
M
¥U-S
|9ss3A dad Jaung uabay Al
P05 Bhd
«
[ +
SH-5 i
P
z-s
ens s, daid Jang 013 3al
£0SA 12
o
H +
b 0u-s 4
& +
= _ s
s |assan daid Jaung | useM Al
H 5
a Lol 2057 19d
rb3-g soi-c
[assan,
105N /5d
lessay, dag Japng uebay YuRig M
POFAS Id
= 2015
o M
> .
us s =y,
Lc 75 15 usbay v uispg
[t [ess3/, daid JBUNEINg vu2ld
£0FA 18
=5 1z WS 2N wulepld
[BEsa), dald ;BLIng Use)\| v uisiold
0¥ A ITd

S UsEM YWR0ld
|9853/, daid JBHNg |Nb3 v Ui20.d
WA b

M

% WS Inb3 wuiepld

Figure B.6 : Protein A and IEX Buffer Solution Preparation SuperPro Simulation
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