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Abstract

Purpose There is a growing interest in continuous biopharmaceutical processing due to the advantages of small footprint,
increased productivity, consistent product quality, high process flexibility and robustness, facility cost-effectiveness, and reduced
capital and operating cost. To support the decision making of biopharmaceutical manufacturing, comparisons between conven-
tional batch and continuous processing are provided.

Methods Various process unit operations in different operating modes are summarized. Software implementation as well as
computational methods used are analyzed pointing to the advantages and disadvantages that have been highlighted in the
literature. Economic analysis methods and their applications in different parts of the processes are also discussed with examples
from publications in the last decade.

Results The results of the comparison between batch and continuous process operation alternatives are discussed. Possible
improvements in process design and analysis are recommended. The methods used here do not reflect Lilly’s cost structures
or economic evaluation methods.

Conclusion This paper provides a review of the work that has been published in the literature on computational process design
and economic analysis methods on continuous biopharmaceutical antibody production and its comparison with a conventional
batch process.

Keywords Economic analysis - Batch and continuous biopharmaceutical manufacturing - Antibody production - Simulation
software

Introduction

In recent years, the monoclonal antibody market has been
greatly growing [1-4]. Until 2014, 47 monoclonal antibodies
(mAbs) had already been approved in the USA and Europe [5]
and the approval rate is expected to be maintained or increased
in coming years [6]. From the year 2008 to 2013, global sales
of mAbs products rapidly grew from ~$39 billion to ~$75
billion, which was significantly larger than that of other re-
combinant protein therapeutics. Under this growth rate, the
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global sales of the mAbs are likely to reach $125 billion by
2020 [6] and $138.6 billion by 2024 [7].

Continuous production of mAbs becomes an increasingly
promising alternative due to the increasing demand [8].
Continuous processing has multiple benefits including re-
duced capital cost, increased profitability, productivity, and
equipment, buffer, and resin utilization, improved product
quality, and flexibility [9—11]. Economic analysis can provide
the industry with preliminary cost information that can be
used at the production design stage [12]. Thus, to evaluate
the cost-effectiveness of continuous processing, economic
analysis methods that evaluate innovative processes and com-
pare continuous and batch processes are needed.

Methods of cost analysis including both capital investment
and prediction of Cost Of Goods (COG) have been introduced
in the review paper [13] published in 2007. This work also
compared software and risk analysis methods that can be used
in economic evaluation of batch processes. Future trends and
challenges were also highlighted in the paper. Seven years
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later, a book chapter [14] reviewed the prototype decision tool
(based on discrete event simulations) developed at University
College London, and explained its application through the
economic analysis of both batch, continuous, and integrated
biopharmaceutical processes. In order to improve the produc-
tivity and reduce the production cost, innovated techniques,
such as aqueous two-phase systems (ATPS) for protein puri-
fications, are designed. Torres-Acosta et al. [15] reviewed
process economics of this new technology with case studies
and showed its economic benefits compared to conventional
purification process. It also mentioned that the ATPS had po-
tential application in continuous biopharmaceutical process-
ing. With increasing popularity of the topic, innovative pro-
cesses and simulation software packages have been developed
and updated. Economic analysis methods and simulation
methods need to be further evaluated in combination with case
studies of recent years. This review discusses economic anal-
ysis methods that specifically focus on biopharmaceutical
manufacturing processes, highlights the important criteria in
model building and cost analysis, reviews the case studies of
economic assessment on continuous processing in recent
years, and provides recommendations for future studies.

The review lists a general description of the steps in bio-
logics manufacturing, and the assumptions introduced in var-
ious studies while presenting the software that can be applied
in biopharmaceutical modeling. The important costs and
methods necessary to be defined in economic analysis includ-
ing specific cost analysis, decision-making tools, and stochas-
tic analysis are summarized. This is then followed by a review
of previous economic analysis publications in biopharmaceu-
tical manufacturing, with the focus on continuous processing.
In the final section, recommendations for future studies that
can improve the understanding of the biopharmaceutical pro-
cess economic structure and the impact of changes to the cur-
rent process are presented.

Overview of Biologics Operations, Simulation
Software Packages, and Economic Analyses

Biologics Operations

Biopharmaceutical processing is typically divided into two
parts, upstream and downstream, and is mainly run in a batch
mode. The scale of production ranges from the experimental
bench scale [16] to the commercial manufacturing scale
[17-19]. Biopharmaceutical processing transitions through
three phases: preclinical, clinical, and commercial production.
In the early phases of development, small quantities are pro-
duced (grams), but as of the protein therapeutics development
progresses, kilograms of products are produced to support
different operations including clinical trials. As the program
becomes commercial, metric tons may be needed to cover the

demand, especially for blockbuster therapies. There are spe-
cialized biologics like enzymes or therapies for rare diseases
where commercial production is limited and the commercial
batches are significantly smaller in size [19-22].

Unlike batch processing, continuous processing is not
widely used and is not well defined, even in many research
studies on continuous biopharmaceutical manufacturing.
Table 1 presents the definitions of different operating modes
provided by the FDA [23].

In mAbs production, a host cell is used to express the pro-
tein of interest (mAbs), and the choice of the host cell used has
a great impact on process design. Host cells include microbials
such as yeast and Escherichia coli, mammalian cells such as
Chinese hamster ovary cells (CHO) and murine myeloma
NSO cells, or transgenic organisms such as plant cells [13,
24]. Protein expression in host cells can occur intracellularly,
which is normally the case for prokaryotic cells [22].
Intracellular expression typically requires disintegration of
the organism to release the protein, and in certain cases
refolding of the protein is required to maintain the proper
conformation [25]. On the other hand, in mammalian cells,
protein expression is typically designed to occur extracellular-
ly [26]. Different types of product-related and process-related
impurities exist in host and media, such as DNA, unwanted
proteins, and waste growth media. The impurities are removed
through the manufacturing process which varies from product
to product [27]. In transgenic organisms, solid and fat need to
be also removed. A general schematic of a biopharmaceutical
process using an intracellular and extracellular protein expres-
sion is shown in Fig. 1. In upstream operations, both microbial
and mammalian cells are cultured in bioreactors or fermenters.
In downstream, ion exchange methods need to be applied in
all the processes for protein purification. Over the years, mam-
malian cell culture became the most competitive among the
three hosts because the post-translational modification profile
of CHO generates proteins that resemble human proteins the
most, thus optimizing activity, reducing the occurrence of im-
munogenicity related adverse events, and leading to a favor-
able PK/PD profile. Both batch and continuous operations
have been developed for mAbs production in mammalian
cells, which are summarized in Fig. 2.

In upstream mammalian mAbs production, there are typi-
cally two steps: first, inoculation and cultivation, also called
seed expansion, which occurs in seed bioreactors, and second,
cell culture production which occurs in the production bioreac-
tors [28]. Four types of cell culture conditions have been used
in upstream mAbs production: batch, fed-batch, concentrated
fed-batch, and perfusion bioreactors. Biopharmaceutical com-
panies typically use batch or fed-batch bioreactors ranging in
size between 5000 and 25,000 L with a duration of 10—17 days.
The titer of the product proteins usually varies from 1 to 5 g/L,
but some have reported reaching 10—13 g/L [29]. Concentrated
batch and perfusion bioreactors are operated by continuously
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Table 1 Definition of different

operating modes [23] Operating mode

Definition

Batch
Continuous
Semi-batch

Semi-continuous

Materials are charged before the start and discharged at the end of process
Materials are simultaneously charged and discharged from the process
Materials are added during processing and discharged at the end

Materials are simultaneously charged and discharged from the process within
a discrete time period

adding fresh media and removing exhaust media to maintain
high cell concentration and long-term cultural process. In the
case of concentrated fed-batch bioreactors, only the waste me-
dia is removed from the bioreactor, while both the proteins and
cells are retained in the bioreactor. Thus, the titer of this process
can reach up to 25-30 g/L [30]. Unlike concentrated fed-batch
bioreactors, perfusion bioreactors only retain cells inside of
bioreactor and harvest the protein produced with waste media
in the filtrate. Thus, perfusion process can be applied in con-
tinuous protein production and can achieve long-term steady
state cell growth in small scales. However, many researchers
indicate that the titer of perfusion bioreactors is less than that of
fed-batch bioreactors. For example, Pollock et al. [21] used the
concentration of perfusion culture protein to be 20 and 45% of
fed-batch culture in their economic analysis. In order to main-
tain cells in the perfusion bioreactor, cell retention devices are
used. Cell retention can sometimes be referred to as the product
clarification step that can exist either inside or outside of a
perfusion bioreactor. Internal cell retention devices include spin
filtration (SPIN), submerged membrane filtration, and external
cell retention devices containing gravitation settlers, acoustic
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Fig. 1 General biopharmaceutical process of intracellular and
extracellular production [22, 28]
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settlers, tangential flow filtration (TFF), and alternating tangen-
tial flow filtration (ATF) [9, 28, 31]. Single-pass tangential flow
filtration which can be used in downstream formulation process
is also investigated for cell culture harvest [32]. In ATF perfu-
sion system, the cell density can reach as high as 130 million
cells/mL at the steady state [33, 34]. The concentrated fed-
batch reactors are mainly operated with filtration cell retention
devices with microfiltration. Perfusion bioreactor can be oper-
ated with all the cell retention methods above. Based on the
level of purity of perfusate, an extra filtration step may be
necessary for the following downstream processing. Seed bio-
reactors can be either batch, fed-batch, or perfusion bioreactor.
In this operation, the goal of a perfusion seed bioreactor is not
to achieve continuous production, but to provide higher cell
concentration for production bioreactor.

The downstream processing typically starts at the clarifica-
tion step, but some companies consider it to be part of up-
stream operations. Traditionally, centrifuges followed by fil-
tration setups are most widely used in batch processing. As for
the continuous operations, this clarification step is included in
the bioreactor as explained above. In addition, flocculation
and precipitation are two methods that can be applied in both
batch and continuous clarification steps to reduce impurities
[9, 35]. Following the clarification process is the primary cap-
ture step, where protein A chromatography is widely used in
traditional batch production to remove host cell protein DNA
and other impurities [9]. Non-chromatography processes have
also been developed, such as ATPS in batch mode [36]. The
process has been integrated with cell harvest and capture step
in batch manufacturing process for mAb production [37].
However, this process has not been used in large-scale
manufacturing of mAbs [38, 39]. In recent years, several con-
tinuous or semi-continuous methods have been developed for
primary capture including periodic counter-current chroma-
tography (PCC) [40], multi-column countercurrent solvent
gradient purification (MCSGP) [9, 28], continuous counter-
current tangential chromatography (CCTC) [9, 28, 41-44],
and continuous precipitation process [18]. ATPS can also be
modified for continuous operation with packed columns [45,
46]. The primary capture is typically followed by the viral
inactivation unit operation. During this step, the capture step
eluate is exposed to low pH conditions to inactivate viruses. In
batch process, this step can be performed using blending tanks
for incubation and then neutralization. As for continuous
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Fig. 2 A flowchart of
biopharmaceutical manufacturing
processes of MAbs production
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operation, the methods developed include using multi-virus
inactivation tanks in parallel or in series pattern [47], using
static mixer with staging tanks or incubation vessels [48], or
using straight tube reactor, plug flow reactor, or coiled flow
inverter to achieve continuous virus inactivation [49, 50].
Additional purification, also called polishing, of the product
is achieved through ion exchange chromatography, hydropho-
bic interaction chromatography, or a combination of both. The
polishing steps are typically performed in bind and elute or
flow through modes in batch processing. Those methods can
be achieved continuously by using multi-column methods [9].
In addition, other methods like simulated moving bed (SMB)
chromatography, six-, three-, and two-column MCSGP pro-
cesses [51], annular chromatography, radial flow chromatog-
raphy, protein crystallization, and tangential flow filtration can
also be used in continuous purification steps [28]. For contin-
uous viral filtration, two viral filters running alternatively can
be used [9]. The last step in the drug substance (API) biophar-
maceutical manufacturing is the formulation step, which in-
cludes buffer exchange and protein concentration. Instead of
traditional ultrafiltration and diafiltration processes, single-
pass tangential flow filtration (SPTFF) [52], cascade
diafiltration, countercurrent staged diafiltration [53], and crys-
tallization can also be used to achieve continuous protein pro-
duction [9, 28]. Rucker-Pezzini et al. [52] integrated SPTFF
with other continuous upstream and downstream unit opera-
tions and built an end to end continuous process operation. A
non-protein A purification platform for continuous processing
is developed by using precipitation in novel coiled flow
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Chromatography
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’ Multi-column methods, SMB

Single-pass tangential flow
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inverter reactor (CFIR). Integrated with cation exchange chro-
matography, multimodal chromatography, and salt-tolerant
anion exchange adsorber, the proposed platform is tested to
purify three types of mAbs successfully [54]. Somasundaram
etal. [55] reviewed the key factors, benefits, and challenges in
the development of each continuous downstream unit opera-
tions in detail. The paper showed a current trend for imple-
mentation of continuous downstream processing in
manufacturing scale and most of methods listed above are
explained in the paper. In order to build an integrated contin-
uous manufacturing system, three approaches: modular, adap-
tation, and merger, are proposed. Real-time monitoring and
control methods such as measurement of product quality, im-
purity, and concentration are also available [56].

For microbial expression, batch and fed-batch cultures can
both be used for upstream production. Microbial-based up-
stream operations are typically significantly shorter in dura-
tion than mammalian-based operation. In order to achieve
continuous processing in microbial operations, the product
in perfusate is continuously harvested. Both the perfusion cul-
ture and the bleed stream are the production alternatives [57]
[58]. Downstream processing for intracellular products is
more complicated than that for extracellular products because
of more impurities contained in the production stream. Instead
of progressing directly into purification after clarification, the
cells need to go through lysis and removal of the debris [59].
The purification steps can also be different from that of
mammalian/extracellular products as extra refolding or extrac-
tion steps might be applied [28]. Continuous disc stack
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centrifuge can be used for continuous cell harvesting. To op-
erate homogenization continuously, two homogenizers can be
installed in series to achieve continuous cell lysis. Continuous
chemical lysis with hollow fiber filters has been shown as an
alternative process. The downstream refolding process can
also be converted to continuous by using paddle reactor,
CSTR, annular and simulated moving bed chromatography,
or expanded bed in continuous mode. Review papers from
Jungbauer [28] and Jozala et al. [60] provide a detailed dis-
cussion of the advantages of different methods of continuous
intracellular/microbial production and their applications in
different cases.

Simulation Software

This section focuses on the different simulation software that
can be used for economic analysis in continuous biopharma-
ceutical processing. The three simulation software packages
that have been commonly used for cost analysis are BioSolve
(Biopharm Services, UK), SuperPro Designer (Intelligen,
Scotch Plains, NJ), and Aspen Batch Process Developer
(Aspen Technology, Burlington, MA).

Table 2 presents the software used in selected recent pub-
lished papers on economic analysis of biopharmaceutical
manufacturing, with focus on continuous processing. It can
be noted that BioSolve software is more commonly used in
the recent years especially for continuous biopharmaceutical
manufacturing whereas SuperPro Designer and Aspen have
not yet been applied for published continuous processing
simulation.

BioSolve is an Excel-based process and cost modeling soft-
ware (Biopharm Services, UK). It can be used to calculate
COG with a breakdown of cost drivers in both batch and
continuous process operations based on a scalable process
model, as the scale can be varied from lab scale to manufactur-
ing scale. It can also be used for cash flow analysis, sensitivity
analysis, and Monte Carlo analysis. The software can perform
multiple process comparisons and can be used to identify the
most cost-effective technologies [70]. The software contains
yearly updated built-in cost data library, including equipment,
consumables, and solution components. The software allows
users to customize cost data based on models [18, 35].
However, this software is not able to capture the dynamic
nature of the process. The latest BioSolve software shows
ability to map batch, continuous, and perfusion process into
a Gantt chart [70].

SuperPro Designer (Intelligen, Scotch Plains, NJ) is a
flowsheet-driven simulator and can be used to integrate both
process and business modeling. With this software, material
and energy balances can be automatically calculated based on
the mathematical model built by the user [63]. Thus, equip-
ment sizing, debottlenecking, cost, and economic evaluation
can be performed both in batch and continuous process
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operations. Combined with SchedulePro, scheduling in batch
and semi-continuous processes can be achieved in both
SuperPro and SchedulePro Designer. However, the simulation
model can only be specified with fixed resource, time delay,
and failure events in bioprocess. In the continuous mode, there
is limited continuous equipment that exists in the current li-
brary and they do not have scheduling option. Cost analysis
and project economic evaluation can be done by SuperPro
Designer. The software can show the basic cost analysis in-
cluding direct and indirect costs, and also do the profitability
and cash flow analysis. Sensitivity analysis and Monte Carlo
analysis can also be done with SuperPro model but the data
need be transferred to Excel and distribution of parameters
should be provided in Excel spreadsheet. On the Excel spread-
sheet, the add-ons packages need to be used, for example
Crystal Ball (Oracle).

Similar to SuperPro Designer, Aspen Batch Process
Developer (Aspen Technology, Burlington, MA) is a recipe-
driven simulator that can also be used to simulate biopharma-
ceutical processes with economic analysis. The software can
be used to obtain material balances, cycle-times calculation,
perform scale-up, alternative process evaluation, and process
debottlenecking. The software can also simulate single or
multi-product campaigns and track the in-plant emission such
as CO, emission for environmental purpose [71]. However,
for Aspen Batch Process Developer, the simulation is limited
to building batch processes. In addition to Aspen Batch,
Aspen Technology also developed Aspen Chromatography
that is used to simulate batch and continuous chromatographic
separation processes that are applied in pharmaceutical and
biotechnology [72]. One of the advantages of Aspen Process
is Aspen Chromatography and Aspen Batch process develop-
er can be combined with Aspen Plus Dynamic so that the
process can not only be analyzed under steady state but also
evaluated under dynamic process for both batch and continu-
ous process operations built in the software.

To understand the dynamic behavior of the process includ-
ing process failure, delay, and rescheduling, a simulator such
as ExtendSim should be used [17, 21]. By using ExtendSim,
discrete event simulation can be applied to both discrete and
continuous biopharmaceutical simulation. ExtendSim is a
simulator that can be used for resource management, a mass
balance analysis, in-process testing and costing analysis. A
detailed discussion and its application can be found in Paige
Ashouri’s thesis [73]. The thesis also provides the discussion
of previous research that applied the software to biopharma-
ceutical manufacturing [73, 74].

Instead of using simulation packages, some publications
performed economic analysis and optimization of biopharma-
ceutical production by using programming software such as
GAMS. Liu et al. [62] applied mixed integer nonlinear pro-
gramming (MINLP) to provide sizing strategies, process
debottlenecking and decision making of facility configuration
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Table 2  Simulation packages used in recent publications in cost analysis of biopharmaceutical production 2013-2018

Paper About author Content Software

[21] Pollock et al. 2013 UCL, Pfizer R&D global biologics ~ Fed-batch vs perfusion, CIP DES

[61] Pollock et al. 2013 UCL, Pfizer R&D global biologics ~ Design semi-continuous (PCC) affinity for clinical and com- DES

mercial manufacture

[62] Liu et al. 2013 UCL Cost-effective design (batch) MINLP

[18] Hammerschmidt et al. 2014 UNRLSYV, ACIB, Novartis Batch vs continuous vs hybrid process (precipitation) CIP, SIP BioSolve
Pharma AG

[35] Xenopoulos 2015 Biopharm Process Solutions R&D  Integrated batch vs continuous (multi-column chromatography) — BioSolve

[19] Walther et al. 2015 BioRealization, Sanofi, R&D, Integrated batch vs continuous (multi-column chromatography)  BioSolve

[63] Li and Venkatasubramanian 2016
[64] Klutz et al. 2016

[20] Bunnak et al. 2016
[65] Torres-Acosta et al. 2016
[16] Xu et al. 2016

[66] Liu et al. 2016
[17] Pollock et al. 2017

[67] Amold et al. 2018
[68] Hummel et al. 2018

[69] Grilo et al. 2017

Biopharm Services
Columbia University
Invite GmbH, TU Dortmund
University
UCL, University of Manchester
UCL, Tecnologico De Monterrey
Merck

UCL

UCL, Pfizer Biotherapeutic
Pharmaceutical Science

MedImmune

Pall Life Sciences, Bioprocess
Technology Consultants

Imperial College London,
Universidade de Lisboa

Integrated batch process, focus on downstream
Batch vs continuous (PCC) vs hybrid integrated process

SuperPro Designer
No simulation packages

Fed-batch and perfusion BioSolve

Batch vs batch with ATPE downstream BioSolve

Fed-batch vs perfusion vs concentrated fed-batch (media cost) BioSolve
CIP

Integrated batch cost-effective optimization MILP

Batch vs semi-continuous vs hybrid integrated process DES

Batch vs continuous integrated process (multi-column
chromatography) CIP, STP

SS batch vs SU batch and SU continuous downstream process,
CIP

Batch process: non-protein-A chromatographic platform vs
protein A chromatographic platform

BioSolve & experiment
BioSolve

SuperPro Designer

UCL University College London, CIP clean in place, SIP steam in place or sterilization in place, DES discrete event simulation engine, extend with
MySQL database, MINLP mixed integer nonlinear programming, constrained programming, UNRLSV University of Natural Resources and Life
Sciences Vienna, ACIB Austria Centre for Industrial Biotechnology, MILP mixed integer linear programming, BioSolve BioSolve (Biopharm

Services Ltd), SS stainless steel, SU single-use

in order to build cost-effective chromatography. In 2016, Liu
et al. [66] applied stochastic mixed integer linear program-
ming (MILP) model to optimize both upstream and down-
stream equipment sizing, and their working cycle determina-
tions. Combined with chance-constrained programming
(CCP) techniques, the most cost-effective decision was made
with the consideration of upstream titer and chromatography
resin yield. However, these methods have been only applied
on mAbs production in batch mode.

Economic Analysis Methods

The economic analysis method includes deterministic cost
calculation, sensitivity cost analysis, and stochastic analysis.
Since many of the cost calculations of biopharmaceutical
manufacturing are the same as those of chemical plants [75]
including labor cost, maintenance cost, and even profitability
cost, their cost calculations are not going to be covered in
detail in this review. This section only presents the calculation
of biopharmaceutical manufacturing cost.

For capital cost calculation, there are three main items:
working capital, start-up and validation cost, and direct
fixed capital (DFC). In biopharmaceutical plants, working
capital is 10-20% of the DFC, while start-up and valida-
tion are typically 20-30% of DFC. For single-use system,

the processing flexibility increases and validation, start-
up, and commercialization times become shorter [22].
The calculation of capital cost is similar to the calculation
done for chemical plants using available scaling relations
[22] as in Eq. (1).

. a
size;
G=C 1‘( . ) (1)
sizey
Where C, is the target cost of the equipment; C; is the
reference cost; size; and size, are sizes of reference equipment
and target equipment; a is a scale-up factor and ranges be-

tween 0.5 and 1. In biopharmaceutical calculation, two equip-
ment have been used [62]:

) SUFbr
Cbior _ Cbiur_ war (2)
— ref Vbior
ref
SUFCel
DCol
Col __ ~Col,
C = S (3)
ref

Vis the bioreactor volume; D is chromatography diameter;
SUF is a scale-up factor.

Cost of goods per gram (COG/g) combines direct and
indirect costs of the process and is widely used in analyzing
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the impact of investment and operating decisions. The COG/
g analysis can be applied in both single steps comparison
and integrated manufacturing process.

annual direct cost + annual indirect cost

COG = 4
annual product output )

In Eq. (4), labor cost, material cost, and consumables cost
belong to direct cost. In economic analysis, labor cost is usu-
ally assumed independent of facility scales [67]. In biophar-
maceutical process, material cost includes media, buffer, and
cleaning cost (for example, waste for injection cost) [22]. Liu
et al. [62] built cost calculation model for batch biopharma-
ceutical facilities and provided the equations to calculate me-
dia cost:

Cmedia _ Q,Nbutch .Pcmedia -ar Vbior (5)

9 is media over-fill allowance, and N**" is number of
batches of bioreactor, while Pc”¥ is the price of media,
is bioreactor working volume ratio, and V*™" represents the
volume of the bioreactor.

Consumables are the items that need to be replaced
during processing, for example, filters and membranes
in filtration, diafiltration, and resins in chromatography.
In some studies, the resin cost is also considered as a
material cost. In most of the cases, it is considered as a
consumable cost. When calculating the cost of consum-
ables, lifetime and reusable cycles need to be consid-
ered. For example, in Liu et al. [62] study, the resin
cost in chromatography column was calculated as:

) n A-P resin.Nbatch,Ncyc_T tvcol
cresin — z Cs 7 s oLV (6)

s=1

A is an over-packing factor for resin, and Pc/*™ is the resin
price.Nb“’Ch is number of batches, while N¢° is number of
cycles per batch. T otVﬁ"’ is total column volume, and L is
the resin lifetime, while # represents the number of chroma-
tography steps.

Profit analysis, such as global cash flow analysis with
the calculation of net present value (NPV), internal rate of
return (IRR), return on investment (ROI) and add and
payback time, can help to understand the overall picture
of the manufacturing process from economic aspect, by
considering both capital cost, operating cost with product
launch scenarios. NPV is the sum of the present values of
the future cash flow and it is a strong function of interest
rate. Compared to ROI and payback time, it is a better
economic measurement because it represents time value
of money and annual variation in expenses and revenues
[75]. Tt is an important tool for capital investment predic-
tion and process decision making. To calculate NPV and
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other economic profits of mAbs production, the mAbs
selling price need to be defined. Figure 3 shows the
mAbs market prices from 1997 to 2016. The average is
around at $20 mg [76].

Sensitivity and Monte Carlo analysis can also be applied in
economic evaluation. Sensitivity analysis can help with deci-
sion making regarding testing solutions, identifying variables,
finding the optimal solutions, and evaluating the risk [77]. In
economic analysis, it can observe the most sensitive parame-
ters relative to the cost and help to design the most cost-
effective process under the existing conditions.

Monte Carlo analysis can help predict the system response
to certain events with specific probabilities. By defining the
parameters’ minimum, maximum, and probabilistic distribu-
tions, this analysis helps to understand the real manufacturing
behavior with two or more key parameters’ variation. It can
also help to analyze uncertainty, such as product failure, pro-
cess contaminations, and technology transfer delay existing in
real manufacturing process [19].

Since the output of analysis is the cost, the sensitiv-
ity and Monte Carlo analysis from economic aspect of
biopharmaceutical production can be calculated by
RiskAMP (structured Data LLC, NY), Visual Basic
Analysis or Crystal Ball (Oracle). In sensitivity analysis,
the variation of parameters can be determined from lit-
erature resources or experimental data and define best,
base, and worst case scenarios [78]. As for Monte Carlo
analysis, random values need to be generated based on
the distribution defined by user: uniform, normal, and
triangular distribution are usually used. In bioprocess
with known best, worst, and base case scenarios, trian-
gular distribution is normally used [21, 78]. In terms of
process failure (filter clogging) or process contamina-
tion, a failure rate needs to be defined and their corre-
lated consequence, for example batch loss, a percentage
yield loss, also needs to be considered in the simulation.
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figure is plotted based on literature data) [76]
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Overview of Integrated Continuous Process
Operation Model Building and Economic
Analysis

Figure 4 shows the general steps and methods that are used in
the literature to compare batch and continuous processing by
economic analysis.

Model Building

Table 3 lists different publications regarding the compari-
son between batch and continuous biopharmaceutical pro-
duction based on economic analysis in the last decade.
The table shows that the analysis on upstream, down-
stream, and integrated processing is all built in a fully
integrated process. In upstream or downstream analysis,
models are built in a hybrid mode, meaning that there is
a combination of batch and continuous operations. For the
integrated line, the whole system is fully continuous.
Equipment sizing and number were calculated based on
annual production rate of the final product.

The upstream analysis mainly focuses on choosing a cost-
effective operating mode between batch and continuous and
selection of cell retention devices when continuous perfusion
bioreactors are applied. The process model contains three
parts: seed bioreactor, production bioreactor, and batch
downstream operations. Seed bioreactors are operated in
batch mode and need to be built for the completeness of
the process [20, 21]. The cells are transferred from seed
bioreactor when they are in exponential growth phase.
Perfusion bioreactors need to be initiated by batch culture

Model building

Single unit operation J

A 4

Cost analysis -- deterministic analysis

Integrated operations

Direct cost, Indirect Cost J Capital cost, operating cost

Sensitivity analysis -- important variables determinations

|¢

Parameter effects on different

Titer, yield, manufacturing scale |
operations

A 4

Stochastic Analysis

Monte Carlo Analysis ‘ Risk Analysis

Decision Making

I¢

Fig. 4 General method to evaluate economic analysis of
biopharmaceutical process [13]

at the beginning of continuous processing. Repligen, a
bioprocessing company that produces XCELL™ ATF perfu-
sion bioreactor, recommends to start perfusion with
XCELL™ ATF system 2 to 3 days after inoculation [80];
then adjust perfusion and cell bleeding rate to maintain the
system in a steady state. Vermasvuori and Hurme [79] also
stated that during the first 8—10 days, the perfusion bioreac-
tor operates in batch mode for cells to grow to production
concentration. To compare different upstream processing op-
tions, a downstream model is also needed and usually is
considered in batch mode. Equipment choice and size de-
pend on the types of upstream operations. When comparing
different perfusion bioreactors, the downstream model
should consider the same equipment. When the analysis
compares batch to continuous operations, downstream equip-
ment is operated differently. For batch mode, downstream
includes clarification and purification steps, whereas for con-
tinuous processing, a centrifuge is not required but pooling
tanks are needed to collect perfusate from bioreactor [21].

To compare different downstream processes properly, the
upstream process has to stay constant and should equally
contribute to the different downstream process scenarios,
while maintaining productivity and economic cost [35, 63,
65]. Li and Venkatasubramanian [63] applied statistical
methods such as design of experiments and principal com-
ponent analysis to find the most cost-effective parameters in
different batch downstream operations. From their determin-
istic analysis, parameters of protein A chromatography load-
ing and the second ion exchange yield were the major
influencers on downstream cost. Another way to analyze
downstream processing is to compare integrated processes
with batch and continuous downstream processing.
Xenopoulos [35] compared cost and operation advantages
of each of the main operations in batch and continuous
downstream process. The work evaluated operations includ-
ing (1) clarification unit operation: hybrid, depth filtration,
flocculation; (2) primary capture unit operation: protein A,
CEX, precipitation; and (3) polishing step: flow through
polishing and traditional polishing. The paper also compared
fully integrated batch process and continuous process oper-
ations by deterministic cost analysis.

For the integrated process, three operating modes are
usually compared: batch mode, continuous mode, and hy-
brid mode. The batch mode contains all the conventional
operations in the system and is usually set as a base case.
As for building integrated continuous process operation,
both upstream and downstream are running continuously.
Seed bioreactors still need to be included in the process;
however, the centrifuge and pooling tanks are not neces-
sary to be applied [17-19, 64]. From the batch and con-
tinuous processing comparison, the researchers also created
hybrid operating mode in order to take full advantage of
both batch and continuous operations within the system.
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Deterministic Cost Analysis

Deterministic cost analysis mainly includes calculation of in-
vestment capital cost, COG/g, and cost in contributions in
different categories, including material, depreciation, and util-
ities cost. By comparison of categories, the cost bottleneck of
each operation can be found [16, 20, 21, 79].

In both upstream and downstream processing, capital cost,
material cost, consumable and labor cost are important cate-
gories of the overall cost and thus have the highest weight
compared to other cost categories. Continuous processing re-
sults in smaller footprint by using smaller perfusion bioreac-
tors with high cell concentration, smaller size of chromatog-
raphy columns, and elimination of hold tanks between opera-
tions [81]. In upstream, understanding and optimizing labor
cost and material cost are very important since labor cost con-
stitutes a large portion of the overall perfusion COG.
Vermasvuori and Hurme [79] showed that among different
cost categories, approximately 30% of the cost is from labor
cost for stirred tank perfusion and hollow fiber perfusion bio-
reactors in small production scale. Regarding the material
cost, there are great differences between batch and continuous
processing. In the continuous perfusion process, media is con-
tinuously fed into and collected out of the bioreactor, and in
batch or fed-batch process, media is maintained in the biore-
actor. Pollock et al. [21] showed that material costs take 38%
of total cost in continuous processing and only take 24% in
batch processing. The material cost including media, buffer,
and consumable cost of SPIN bioreactor is 1.8-fold higher
than that of batch with annual production rate 500 kg/year
whereas ATF bioreactor is 1.2-fold higher than that of batch
bioreactor. The specific cell line used and the media compo-
sition greatly affect product titer and productivity. Under the
assumption of keeping the same production rate, selecting a
cost-effective media is an important consideration [81]. Xu
et al. [16] compared the productivity, media cost among fed-
batch, concentrated fed-batch, and perfusion bioreactor under
same cell line and similar media conditions. The result showed
that media cost for perfusion process (2.29+£0.28 g/L/day)
was similar or lower than that in fed-batch (on day 14, titer
6.8+0.2 g/L) and concentrated fed-batch process (on day 18,
titer 27.5 g/L). This comparison was based on an initial as-
sessment, and media optimization can also be explored in a
future study [16]. Klutz et al. [64] discussed the comparison
between fed-batch operation in fully integrated batch process
and perfusion operation in fully integrated continuous process
operation at 200 kg/year manufacturing scale. The result
showed the COG/g from perfusion upstream process is 1.2—
3.2 higher than fed-batch process due to higher media cost.

In commonly used batch biopharmaceutical manufactur-
ing, up to 80% of total manufacturing cost is due to down-
stream processes [82]. More than 70% of this downstream
cost is dominated by chromatography and the material cost

[83]. In addition, the decision of resin and filter reuse plays
important role in downstream material or consumables cost.
Especially in protein A chromatography, the resin cost is
higher than other chromatography options and accounts for a
large portion of the overall raw material cost [84]. From pre-
vious literatures, the cost of protein A resin is 8000—14,000
$/L [61, 85] and AEX resin cost is 1500 $/L [61]. Thus, many
researches focus on the study of protein A chromatography in
order to reduce the resin use in the process or find another
substitute equipment. Torres-Acosta et al. [65] compared the
economic cost between chromatographic purification and
aqueous two-phase extraction (ATPS) of uricase, an intracel-
lular product enzyme, purification in batch mode. The deter-
ministic analysis shows that the chromatographic option has
higher capital cost, consumables cost (where resin cost takes a
high percentage of consumables cost), and lower raw material
cost compared to the ATPS method. The ATPS process can
also be applied in continuous mode [86]; however, no eco-
nomic analysis has been performed yet. Many continuous
operations are also developed, such as periodic countercurrent
chromatography. Pollock et al. [61] evaluated the periodic
counter-current (PCC) semi-continuous chromatography in-
cluding column design, operation, and economic analysis.
They applied economic analysis to compare PCC chromatog-
raphy and conventional batch process. The results showed that
at the stage of PoC (proof-of-concept) 4 kg/batch scale model,
the PCC method reduced resin use by 50% leading to reduc-
tion of batch manufacturing direct costs by 31%. The three
columns system resulted in buffer usage reduction by 39% in
protein A chromatography operation and reduced overall buff-
er usage by 12%. However, the investigators pointed out that
these benefits become less significant as the production scale
increases. In addition to PCC, SMB is another primary capture
method for mAbs purification. Angarita et al. [87] compared
CaptureSMB with protein A column for protein primary cap-
ture. CaptureSMB showed a higher productivity, capacity uti-
lization and had higher loading capability and product con-
centration (24, 44%). It can also be integrated with continuous
upstream process. Economic analysis showed the
CaptureSMB process can save up to 28% of the resin cost
compared to batch process at PoC, Phase III, and commercial
scales. With only two columns, the CaptureSMB operation is
also less complex and decreases the downtime risk compared
to PCC operation. Hummel et al. [68] built integrated contin-
uous bioprocessing (ICB) for mAbs production with Pall’s
existing and planned disposable and continuous technology,
which includes Cadence acoustic separator continuous clarifi-
cation, Cadence BioSMB primary capture and continuous
polishing, and Cadence final formulations. The author com-
pared the ICB platform to SS batch and SU batch platforms
under both clinical scale (0.1-19 kg/year) and commercial
scale (17-1600 kg/year). Stainless steel batch had the highest
COG compared to other operation modes among all the design
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space. Single-use batch system had the lowest COG at the
lowest throughput in clinical scale. ICB platform is least sen-
sitive to different production scales which has the lowest COG
at the high throughput in clinical scale and lowest COG
among all the design space at commercial scale. As a result,
continuous process operations took 78% of lowest COG
among all the design spaces which are mainly due to capital
cost saving from acoustic separator and the reduced resin and
buffer utilization from BioSMB primary capture. Different
from upstream and downstream processing, the analysis of
integrated processing not only focuses on overall cost but also
analyzes different cost categories in order to evaluate the con-
tribution of each unit operations to the whole process. Cash
flow and net present value are also analyzed for future deci-
sion making. Walther et al. [19] compared integrated fully
continuous biomanufacturing (ICB) with conventional batch
process in mAbs and non-mAbs production. The publication
showed integrated continuous process operations reduced op-
eration cost by 21% and capital cost by 47% in mAbs produc-
tion and 80 and 72% cost for non-mAb production, respec-
tively. The breakdown cost analysis showed the ICB process
has higher upstream filters and media cost but less upstream
labors and downstream resins cost. In every unit operation, the
capital cost is lower compared to conventional process. This is
mainly due to the reduced facility footprint, less frequent pro-
cess turnaround, and single-use system used. In the NPV anal-
ysis, the paper assumed the production began 5 years after
investment in stainless steel process and 3.5 years after invest-
ment in single-use facilities. The results provided information
that the ICB platform can obtain benefits immediately after the
manufacturing start and showed the advantage (ANPV) of
$371 M ($64 M for mAbs and $306 M for non-mAbs) during
a 15 years’ investment. Arnold et al. [67] compared integrated
continuous antibody production with batch processing using
experimental and computational results. By keeping the same
annual production rate, the continuous processing has 15%
lower operating cost in COG/g and the capital cost in contin-
uous processing reduces 50% comparing to that in batch.
Instead of converting the traditional batch downstream pro-
cess operations to continuous process operations, some other
researches invest their research on alternative batch opera-
tions. For example, Grilo et al. [69] suggested a novel down-
stream purification processing that used phenylboronate mul-
timodal chromatography followed by monolithic AEX chro-
matography and packed bed HIC. The researchers built two
integrated mAb production line with the same perfusion up-
stream and two different downstream processes by using
SuperPro Designer software. Under annual production rate
2000 kg/year and upstream titer 25 g/L. mAb, results showed
the new technology maintained similar capital cost and re-
duced 20% operating cost. From profit analysis, the new pro-
cess had higher NPV (~$500 M), shorter payback time
(0.02 year), and higher IRR (1%) which also indicated the

@ Springer

new process was more advisable compared to the convention-
al one. Varadaraju et al. [88] used SuperPro Designer and
designed a downstream mAbs process with membrane-based
purification operations. Instead of using protein A, IEX, and
HIC chromatography columns, the authors used nanofibrous
adsorption membranes, which reduced labor working hours,
medium consumptions, and thus the overall downstream
COG/g expenses by 23%.

Economic analysis can also be used to process optimization
and unit operations screening to aid technology selections. Liu
et al. [66] integrated upstream and downstream batch process
and optimized bioreactor sizes, downstream column sizes, and
upstream downstream ratios. The authors used MILP model
and aimed to minimize COG/g considering the operating un-
certainty. To extend this work, Liu, S. and Papageorgiou, L.
[89] considered uncertainty in the biopharmaceutical
manufacturing such as upstream titer, chromatography down-
stream yield, and level of impurity reduction and addressed
multi-objective optimization problem to determine chroma-
tography sequencing and column strategy. Popva, D. et al.
[90] applied multi-attribute decision making method
(MADM) and economic analysis to select among alternative
primary recovery options (three types of centrifugation, depth
filtrations, and two tangential flow filtrations). MADM anal-
ysis evaluated the selected criteria such as yield and purity and
economic analysis helped to select cost-effective operations.

Sensitivity and Stochastic Cost Analysis

Sensitivity analysis can be applied to analyze the effects of
process parameters in order to determine the most important
parameters in terms of cost. Bunnak et al. [20] compared fed-
batch and perfusion operation for mAbs production using sen-
sitivity analysis to identify the most sensitive parameters in
each system. The results indicated that titer, bioreactor work-
ing volume, and perfusion rate are three crucial process pa-
rameters to overall COG. It also indicated that increasing the
pooling duration in the process can decrease the overall COG.
Longer pooling duration brings lower frequency of both up-
stream and downstream processes, but larger downstream
equipment needs to be applied as a trade-off. Another high-
light of this work is that the paper applied life-cycle assess-
ment and used sensitivity analysis to investigate water con-
sumption, solid waste generation, and energy requirement of
the process. Table 4 summarizes the main variables of perfu-
sion bioreactor, multi-column chromatography, and integrated
process that have been used in sensitivity analysis.

Most commonly, sensitivity analysis is applied using deter-
ministic methods, which involves the evaluation of cost at a
few points of independent variables in a certain range. The
method is used to analyze protein titer and production capacity
effects on upstream, downstream, and integrated processing
cost in order to compare the flexibility of various operating
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Table 4 Variables for sensitivity

analysis Operation

Variables

Perfusion bioreactor

Perfusion runtime, pooling duration, perfusion rate, bioreactor working volume,

protein titer, contamination, failure rate [20]

Multi-column
chromatography

Integrated process

Binding capacity, chromatography yield, number of cycles, protein titer, A column
lifespan, resin, filter capacity, material prices, number of facility staff [61, 63]

Protein titer, failure rate, company sizes, manufacturing scales (preclinical scale,

proof-of-concept scale (phase I, phase II), phase III, commercial scale) [17, 19, 64]

modes. Bunnak et al. [20] found as the annual production rate
increases from 28 to 1000 kg/year, the capital cost contribu-
tion to overall COG decreases in both batch and perfusion
process but consumables and materials cost increase.
Pollock et al. [21] analyzed production scales and product
titers effects on overall cost with the use of fed-batch and
perfusion bioreactors with different cell retention devices
(ATF with single-use perfusion bioreactor and SPIN filter with
stainless steel perfusion bioreactor). The production scales
increased from 100 to 1000 kg/year and titers increased from
2 to 10 g/L. The results showed that SPIN strategy only had
COG benefit over fed-batch system at low production scale
(100 kg/year). ATF strategy showed similar COG savings
(20%) across all the titers and production scales. The paper
also analyzed the working conditions of bioreactor such as
viable cell density. It shows that as long as the viable cell
density in perfusion bioreactor can be maintained 3-folds of
that in fed-batch bioreactor, the ATF perfusion process will
save cost in all the scales.

Hammerschmidt et al. [18] compared the integrated hybrid
and fully continuous precipitation process with traditional
batch chromatography process. Three operation modes were
tested under different scales, including development and fully
commercial production scales. The result showed that as the
scale increases, the highest cost of batch process shifted from
consumable cost to capital cost. For continuous and hybrid
process (batch process upstream with continuous precipitate
downstream), the highest cost shifted from labor cost to ma-
terial costs. In all scales, hybrid process has the lowest cost
comparing to other operation modes. The study showed that
with an increase in titer capacity from 2 to 10 g/L, the cost of
downstream cost contributions increases from 48 to 73% of
the overall cost. A similar analysis is also applied to integrated
analysis with multi-column chromatography downstream pro-
cess. Pollock et al. [17] showed the comparison among batch,
hybrid, and continuous integrated process shown in Table 3.
The work showed the trend of media and buffer costs, single-
use component cost, chromatography resin, and QC/QA cost
as the operation increase from Phase I development scale to
commercial scale. In addition to compare break down cost of
continuous and batch process, the author also analyzed the
impact of manufacturing scales with company sizes in COG
of different operation modes. The work provided the analysis

of operational feasibility and evaluated the process environ-
mental effect. It also applied sensitivity analysis on decision
making by calculating an overall aggregated score that is a
multi-attribute decision-making methodology to represent en-
vironmental economical and operational robustness of the sys-
tem changed by the importance of economic benefits.

Stochastic cost analysis such as Monte Carlo simulation
can be used to evaluate variability and robustness of the pro-
cess. Pollock et al. [21] took the possibility of culture contam-
inations, filter failure, and filtration failure in the real
manufacturing process into the consideration and showed that
under 500 kg/year annual production rate, and 5 g/L titer con-
dition, the amount of annual output of ATF perfusion process
was higher comparing to batch process; however, it had lower
robustness with high standard deviations. This results mainly
due to ATF system has higher probability of failure rate and
fewer number of batches per year. However, ATF perfusion
process still shows lower COG/g than fed-batch, even at the
worst-case situation. Walther et al. [19] applied Monte Carlo
analysis to estimate the overall, mAbs, and non-mAbs ANPV
of continuous facility with the possibility of product or tech-
nology transfer success with varying product demand. Sub-
distributions with different product types and cost types were
also calculated in order to understand the economical drivers.
In mAbs production, distribution of ANPV had mean $64M
with standard deviations $6M which is dominated by capital
investment reduction.

Instead of using sensitivity and Monte Carlo analysis in
comparison between batch and continuous process operations,
those methods can be applied to evaluate the effect of param-
eter optimization. Examples are found in batch process with
ATPS systems. Torres-Acosta et al. [78] applied economic
modeling tool to evaluate royalactin production with aqueous
two-phase systems. Through sensitivity analysis, the upstream
titer was found as one of the key parameters affecting the cost
of production. By evaluating the optimized process, Monte
Carlo analysis showed the distribution of COG/g and decided
the most feasible option to investigate. These two analyses
also played an important role in process selection and decision
making. Torres-Acosta et al. [91] designed four types of ATPS
processes for tetracycline purification and then optimized the
process by sensitivity analysis. For process decision making,
Monte Carlo analysis presented that downstream process yield
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and upstream titers’ effected on COG/g distribution in all the
scenarios. As the result, ATPS formed by cholinium chloride/
K;3PO, were selected. These two examples show the applica-
tion of uncertainty analysis in batch biopharmaceutical pro-
cess for process evaluation which has a potential application
in continuous operations.

Single-Use System

Single-use systems reduce capital costs, labor cost, the risk of
cross-contaminations, and validations. The single-use system
has smaller footprint, simplified classified area, reduced pro-
ject timescale and facility construction times [92]. It is also
easy for process transfer and faster product turn-over [93].
They can be used in both batch and continuous process oper-
ations, including media preparation, bioreactor, and filtration
[94]. In continuous process operations, the application of the
single-use technology mainly focuses on upstream processing
[95]. Whitford, W. [10] introduced single-use (SU) systems in
application of continuous perfusion cultures including SU bio-
reactors and clarification methods. Different SU bioreactors
with their production companies are listed, and their advan-
tages and operating conditions are detailed explained. Single-
use systems can also be utilized in downstream processing, for
example, single-use prepacked countercurrent multi-column
chromatography [96], and single-use tangential flow filtration
[97].

In recent years, biopharmaceutical companies have been
slowly adapting single-use technology for production.
Langer and Rader [95] showed that in 2013, 44% of the in-
dustry anticipated to apply basic single-use devices and 34%
had a desire to apply single-use bioreactors, however, con-
cerns also associated with the single-use development.
Jacquemart et al. [98] reviewed the impact of single-use strat-
egy on manufacturing operating cost and showed the single-
use facility reduced operating cost by 22%. The paper pointed
out the advantages and limitations of the single-use system.
The single-use system is majorly built by plastic materials
which would affect the quality of the final product and pro-
duce large number of disposables that would cause environ-
mental problems. Lopes, A. [92] also pointed out that single-
use system had challenges such as limited material strength,
low capacities, and lack of automation. However, the benefits
of the single-use system such as reducing consumptions of
energy and water, improving the productivities compensate
those drawbacks and the cost-effectiveness is still obvious
comparing to stainless steel process [98].

Shirahata et al. [99] provided a decision-support method to
evaluate single-use and multi-use systems in drug manufactur-
ing both from economic and environmental points of view.
The study evaluated the application of single-use technology
and multi-use technology in single type of drug production
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with different batch sizes, and highlighted a case study with
multi-products with the same production volume. It showed
that the single-use system had significant cost savings in pro-
ducing small batches and multiple small-scale products.
However, the evaluation has been limited to batch processing
mode. Walther et al. [19] first compared batch and continuous
integrated processes with either single-use batch or single-use
perfusion bioreactor. The results showed in both cases that the
continuous system had less capital cost and operating cost.
However, the single-use system evaluation in this study is
only limited to upstream processing. Klutz et al. [64] com-
pared a batch and a continuous integrated process. For the
batch process, only upstream applied single-use technology.
As for the continuous operations, some unit operations like
viral inactivation (single-use CSTRs) and final storage of bulk
drug substance were single-use. Xenopoulos, A. [35] built a
novel integrated semi-continuous process with single-use bio-
reactor, regular PCC column, and membrane-based polishing
and final formulation steps. The novel process cost was 19 to
33% lower compared to conventional batch process and fur-
thermore reduced buffer volume. As mentioned in
Section 3.2, Hummel et al. [68] compared stainless steel
batch, single-use batch, and single-use ICB downstream plat-
forms under different production scales. Results showed con-
tinuous process operations reduced the consumable cost, labor
cost in the single-use system especially in downstream purifi-
cation processes which were the most promising method in
building cost-effective biopharmaceutical manufacturing.
However, this evaluation is mainly focused on downstream
processing. Hammerschmidt et al. [18] compared three oper-
ation modes with stainless steel (SS) batch process, single-use
hybrid and continuous precipitation process including all the
upstream and downstream operations. The results showed that
the batch process has the highest cost because more cleaning
procedures are required with stainless steel equipment. An
abstract from ECI Symposium proposed that Bayer’s technol-
ogy services GmbH is going to build fully integrated contin-
uous single-use pilot plant to produce monoclonal antibodies,
with a yearly production of 150 kg [100]. Due to the capacity
limitation of the single-use system, applying single-use sys-
tem to continuous process operation is more feasible and eco-
nomic effective than batch and single-use batch processes.
However, limitations such as the lack of automation still exist.
The failure rate of single-use system due to contaminations
and material strength also need to be taken into the
consideration.

Discussion

Economic analysis has been applied for process evaluation,
optimization, and decision making in biologics manufacturing
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facilities. However, limitations still exist due to model build-
ing and software choice for continuous processing design.

In traditional biopharmaceutical manufacturing, the batch
seed bioreactor is commonly used for inoculation and expan-
sion prior to the production bioreactor. Seed bioreactors can be
batch, fed-batch, or perfusion bioreactors. It is technically
challenging to sustain high cell density in batch and fed-
batch bioreactors which could affect the product quality and
operation time in the production bioreactor. Since perfusion
bioreactors maintain higher cell density, they demonstrate a
potential advantage in the production stage. Yang et al. [101]
showed that a perfusion seed expansion bioreactor with ATF
cell retention prior to the production bioreactor can shorten the
protein production period from 17 to 12 days in CHO up-
stream batch processes. However, this method has not been
applied in continuous upstream process and has not been eco-
nomically evaluated and compared with batch protein produc-
tion. For the development of continuous production bioreac-
tor, most of the existing publications focus on mammalian cell
culture as the most widely used method in antibody produc-
tions [102], with the simplest downstream processing ap-
proach. However, continuous prokaryotic protein production
does exist in biopharmaceutical processing [28, 103]. In addi-
tion, the upstream processing requires strict cell culture con-
ditions in order to maintain desired product quality. It has been
shown that robust mAbs production with consistent glycan
distribution can be achieved in the batch bioreactor.
Glycosylation profile and product titer can also be controlled
by adjusting the time of adding media supplementation [104,
105]. To maintain long-term cell culture in continuous opera-
tions, dynamic control of perfusion bioreactor is an important
consideration both in plant design and economic analysis.

However, the traditional live cell process has limitations
including the following: (1) long cell line development and
validation time; (2) product substance sensitive to process con-
ditions; (3) batch-to-batch variation [106]; (4) production cost-
intensive [107]. Cell-free protein synthesis can also be used in
antibody and antibody fragments production from eukaryotic
or prokaryotic cell extracts and has the capability to achieve
translational machinery, protein synthesis reaction, protein
folding, and post-translational modification without using the
living cells. Stech and Kubick [107] provided an overview of
the cell-free synthesis system and disulfide bond formation
using in vitro protein production. The review also summarized
the advances and development of antibody production in both
eukaryotic and prokaryotic based cell-free systems. The pro-
duction condition can also be optimized to increase the anti-
body production yield, titers and minimize protein aggregation.
Martin et al. [108] used a cell-free protein synthesis system to
synthesize soluble and active mAbs by using CHO cells lysate.
In addition to optimize the protein synthesis conditions, the
authors also provided the analysis of rapid screening of mAbs
to reduce the screening bottleneck for producing new mAbs

therapeutics. Instead of time-consuming cell cultural process
(usually 2 days to 2 weeks), cell-free protein synthesis system
provides short reaction times (4—12 h) with low product vari-
ability [106]. Production efficiency and product yield also in-
crease along with high throughput screening and process cost-
effectiveness. Due to the process simplification, the cell-free
system suited for automation which allows for reaction envi-
ronment manipulation, direct monitoring, and rapid sampling
during the protein synthesis [106, 108]. In addition, semi-
continuous or continuous exchange bioreactors are also avail-
able to the cell-free system to further improve productivity and
scalability [106]. As early as in 1988, Spirin et al. introduced
continuous cell-free translation method that performs the addi-
tion of reaction substrates such as amino acid and energy fac-
tors with continuous removal of reaction products which
reached high yield of polypeptides production. Shirokov et al.
[109] reviewed continuous cell-free methodologies in protein
production and compared continuous-flow cell-free systems
and continuous-exchanged cell-free systems in protein produc-
tion. In recent years, Stech et al. [110] developed the synthesis
of complex antibody formats in antibody production from
CHO cell lysate and demonstrated antibody production in
batch and continuous-exchange cell-free reactions system.
The result shows that by changing from batch to continuous,
the IgG protein yield increased 9-fold and scFv-Fc yield in-
creased 11-fold without changing the product quality. Thus,
from the discussion above, the cell-free system has a great
potential in continuous antibody production. However, detailed
economic analysis need to be performed for such systems.
With the development of downstream processing, many al-
ternative methods for each of the unit operations have been
developed as reviewed in the previous section of this review
paper. However, the analysis and comparison among those dif-
ferent methods have not received enough attention in the liter-
ature. Periodic countercurrent chromatography system can
reach a high production yield in contrast to continuous precip-
itation. However, this process is under semi-continuous opera-
tion mode and it is hard to achieve steady state because con-
centration in elution changes with time. It is worth mentioning
though that this approach seems to be the most commonly used
in downstream continuous operations. The optimized continu-
ous countercurrent tangential chromatography method in-
creases yield and productivity compared to traditional batch
protein A chromatography and also reduces the protein aggre-
gation with the same amount of contamination removal in the
outlet product [41, 111]. There are plans to scale up to a com-
mercial scale system [112], but the larger static mixer and fil-
tration membranes [41] have to be further developed to main-
tain the consumable costs competitively. For non-
chromatography methods, ATPS can also achieve continuous
protein primary capture with up to 80% global recovery yield
and can achieve protein purity more than 99% [113]. Rosa et al.
[114] stated that continuous ATPS system reduces annual
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operating cost by at least 39% and the economic benefits be-
come more obvious as titer increases comparing to traditional
protein A chromatography. However, the capability, flexibility,
contamination potential, and economical sustainability of the
continuous ATPS [115] still need to be evaluated in comparison
to other continuous primary capture systems. In addition, more
advanced process analytical technology (PAT), quality by de-
sign (QbD), multivariate data analysis (MVDA) need to be
develped and utilized to achieve direct and real-time drug mea-
surement and bioproducts production [116]. Viral safety and
formulation buffers can also be considered in the downstream
processing in order to achieve a robust continuous manufactur-
ing process [11, 117].

The economic feasibility of integrated continuous process
operation, especially comparing different operating modes in
terms of their economic feasibility has not received enough
attention in the literature. The comparison between batch and
continuous processing mostly focuses on main operations.
Buffer preparation, process automation and control, inline pro-
cessing that have significant differences between the two pro-
duction modes also need to be considered. Cost evaluation of
buffer preparation methods for continuous processing, the cost
of automation, and system complexity in batch and continuous
process operations are also important to the total cost of the
process. The number of tanks that used in buffer preparation
will affect the facility cost and labor cost. CIP, clean in place,
contains CIP buffers and non-processing water that will affect
the material cost and environmental impact. SIP, sterilization in
place, affects the energy consumption and water usage in the
process system. The number of SIP and CIP skids used account
for equipment cost. In continuous process operation, the CIP
and SIP operations are reduced due to a smaller number of
batches applied. However, when comparing the hybrid process
(with perfusion operation in upstream and batch operations in
downstream) to integrated batch process, the water consump-
tions in hybrid process is 85% higher than that of batch [20]. It
is mainly due to the perfusion activity increases twice of the
downstream activities than batch. Thus, even though the CIP
and SIP activities are reduced in upstream, the total activities
are still increased. In addition, the single-use system eliminated
the usage of CIP and SIP skids which also reduces the overall
costs. In upstream process, the amount of CIP water that ap-
plied to the stirred tank bioreactor is considered as four times of
reactor volumes [79]. However, in the hollow fiber bioreactor,
CIP and SIP are not considered due to the consumables used in
this operations, such as roller bottles and HF cartridges. Single-
use system also reduced the failure rate that is caused by CIP/
SIP operation, installation, and maintenance [67]. During the
process design, the number of CIP and SIP skids usage will
affect the scheduling of the process since different unit opera-
tions share the same CIP or SIP skids. With adding more details
such as auxiliary systems, the facility designed will be closer to
the reality, thus the economic analysis will be more accurate.

@ Springer

Considering existing software to perform economic analy-
sis, those include simulation software and programming
methods. Simulation software such as BioSolve, SuperPro,
and Aspen are user-friendly and can be easily adapted by
industry. However, except Aspen Dynamic, the available soft-
ware packages are only limited to steady-state simulation, and
have low flexibility comparing to programming models.
Using Aspen simulation software only downstream separation
processes can be modeled for continuous process systems. In
order to model biopharmaceutical processes, GAMS,
MATLAB, and other modeling software can be used to model
continuous manufacturing, especially to enable process opti-
mization. Raftery et al. [118] use GAMS to optimize the pro-
cess operation of multi-feed bioreactor by increasing the pro-
ductivity and decreasing operating costs for beta-carotene pro-
duction process. Using these software platforms, users have
more flexibility on building process models, but modeling is
more complicated and difficult to adapt to different processes.

Summary

This paper focuses on the economic analysis of mAbs bio-
pharmaceutical manufacturing production, especially in con-
tinuous process operations. The paper reviews the biopharma-
ceutical processes including upstream batch and perfusion
processes, as well as downstream batch and continuous chro-
matography, in addition to non-chromatography methods. A
review of the existing simulation packages and the methods
that can be applied to economic analysis is also provided. The
paper also summarizes the common assumptions in model
building and reviews case studies that appear in the literature
in the last decade. Finally, the paper highlights the limitations
that exist based on the previous work.
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