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Optimizing cGMP Facility Design Space
with a Hybrid Approach

Combining on- and off-site construction approaches
reduces project risk while offering benefits fo
schedule, flexibility, and cost of ownership for new
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some capital projects may benefit from a single approach, the optimal solution

for most new facility construction projects is an integrated combination of off-

site and on-site construction methods that enables project requirements o be
achieved on schedule, while also providing the best value across the facility’s
lifecycle. This hybrid approach is increasingly being adopted by biopharmaceutical
manufacturers and CDMOs for new construction of cGMP facilities. In this paper,
we review industry drivers and risks for capital construction, with a focus on
cleanroom infrastructure, and discuss the goals of using a hybrid approach while
demonstrating its application and benefits using real-world examples.

DRIVERS OF COMPLEXITY AND RISK IN CAPITAL PROJECTS

Capital infrastructure projects in the biopharmaceutical manufacturing space are
highly technical and incredibly complex. Regulations for cGMP biopharmaceutical
product manufacturing [reviewed in (1)] require manufacturers to create control
strategies for confainment and segregation, to prevent confamination of the
product, operators, and outside environment. Many of these strategies involve
engineering and facility controls that create appropriate personnel and material
flows, and ensure segregation by batch and/or modality. This includes facility
designs with proper adjacency and directionality, as well as well-designed HVAC
systems that consistently provide specified environmental conditions, airflows and
pressure cascades (/). In facilities used for sterile manufacturing, the processes
often require an extensive network of clean utilities which penetrate the cleanroom
boundary. These penetrations and other architectural features within the cGMP
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footprint must be carefully considered when designing the
cleanroom envelope. The cleanliness and robustness of the
cleanroom is fundamental fo meeting regulatory requirements
and is dependent on architectural finishes; for example,

some construction materials are less durable over time under
cleaning regimens required in critical environments.

These complexities must be considered in the design of any
facility along with the business case and mission-critical
drivers, which form the project foundation. Schedule is
typically a primary requirement for most capital projects, and
can be driven by target time fo clinic, first fo market, response
to listed drug shortages or a pandemic. Execution timeline and
speed inform the engineering economics and can offen serve
as a go/no-go for certain construction methodologies. The
geographical market is a driver that is dependent on location,
which heavily influences the design, project execution, and
regulatory strategy. Utilization of a proposed facility for
multiple modalities has cascading impacts on containment
and segregation, and greatly increases project complexity
compared to single-modality manufacture. Throughput and
scale are also very important drivers; however, a project team
must consider not only short-term requirements, but also
future capacity increases in response fo market changes. Al
process, business, and regulatory considerations need fo be
considered by the end user, consultants, solution providers,
and other project team stakeholders, in order to navigate the
preceding drivers, which together impact the driver with the
most influence on capital project approval - budget. A risk-
sensitive approach to budgeting, which considers the level of
certainty as appropriate for the design stage, is key.

With this in mind, project teams should evaluate the risks

in parallel with the drivers during the early stages of project
planning, since understanding these risks and their impacts
willimprove decision making and guide execution pathway
selection. Important risks that should be considered during
pre-project planning include delays and changes. Delays are
inevitable in most capital projects and should be considered
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against the level of tolerance the project and business
objectives have for delays. For example, if project schedule
slippage impacts the timing of operational readiness, this can
result in delays fo market or clinic, and the financial losses
could be significant. Client-side changes should be considered
as well. A greenfield construction project may take 3-5 years
from planning o operational readiness. As projects evolve
over this time period, additional clinical or marketing data
may change the scope of the project or cause major process
changes in throughput and scale. Understanding these risks
and their probabilities is important in order to select a project
execution approach that will mitigate these risks and provide
the appropriate level of schedule and cost certainty.

TRENDS IN PROJECT EXECUTION

Once critical project drivers are assessed and risk folerances
established, the project team can evaluate and select the
best project execution approach. While some projects may
benefit from a single construction approach, often the
optimal solution is a combination of methodologies or a
hybrid approach. The design space should therefore be seen
not as competing construction methodologies, but rather

as competing hybrid alternatives with varying combinations
of off-site, prefabricated, and on-site methodologies.
Hybridization generally allows projects to be executed faster,
with a higher degree of certainty and cost. While ensuring
the highest levels of quality, a hybrid approach can maintain
flexibility during front end planning and identify solutions that
allow facility scaling without interrupting on-site operations.
Inclusion of modular and/or prefabricated construction

can also alleviate strain on local resources, since suppliers
often have dedicated installation feams that mobilize to

the project location. This can be particularly importantin
emerging markets, where local resourcing of skilled labor with
experience in critical environment construction may become
an unforeseen bottleneck during project execution.

It is therefore important for a project team to understand the
strengths of each of the three construction methodologies in
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order to leverage their benefits in appropriate areas of a new
facility. FIGURE 1 provides a high-level qualitative assessment
of the various factors that should be considered for each
methodology. It is readily apparent that each approach

has clear advantages. For example, fraditional stick-built
construction, which takes place at the project location using
standard materials such as gypsum board and epoxy paint,
has the most history, experience, and flexibility; however, it
rates lower in areas which confer risk, such as project length
and schedule predictability (FIGURE 1, left). Conversely,
prefabricated modules, where most of the infrastructure is
constructed and tested at an off-site factory before being
installed at the project site, rates highly for project duration,
depreciation, and cost and schedule certainty, but has less
history and requires the highest capital investment (FIGURE
1, right). Not surprisingly, modular construction, where
architectural and envelope components are manufactured
off-site and then assembled in the field, tends to rate between
stick-built and prefabricated methods (FIGURE 1, center).

The impacts of these factors need to be weighted according to
a project’s specific drivers and risks. However, even the above
comparisons of stick-built vs. modular vs. prefabricated can
be too rigid when evaluating new biopharmaceutical facility
projects. Prefabricated modules may not be flexible enough
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for the entire space, modular panels may not be structurally
supportable in a refrofit of an existing building, and stick-built
may be neither fast nor robust enough to meet the project
requirements. However, when these projects are viewed as

a combination of various areas that each have different
requirements, a hybrid solution can be tailored to meet
specific project needs and mitigate risk.

AREA-BY-AREA ANALYSIS AS A KEY

TO HYBRIDIZATION

It is important to identify the risk and criticality of each area
within a facility fo ensure the proper quality and containment
controls are put in place. Quality tools such as Failure Mode
and Effects Analysis (FMEA) enable quantitative scoring

for each area of the manufacturing facility to determine its
best construction approach. Generally, the core processing
suites score as the most critical, and areas such as storage
and corridors score as the least critical. For example, an
inoculation suite is a highly classified area which provides the
necessary environment for aseptic manipulations, requiring
a higher degree of performance which would benefit from

a modular or prefabricated approach, while an active
pharmaceutical ingredient (API) release storage suite does not
contain critical process equipment and would allow modular
or even stick-built construction.

FIGURE 1: Comparative analysis of various factors that should be considered for each methodology.

Consideration Stick- Built Modular Prefab
Characterization & History Longest

Dimensional Flexibility Highest

Knowledge Base Highest Moderate

Turnkey Performance Moderate Highest
Project Length Shortest
Depreciation Rate 5-7 Years
Transportability/Relocation Limited Mobile
Existing Facility Adaptability m High

Durability Most

On site Interruptions Lowest
Upfront Capital Cost High

Cost Certainty High Highest
Schedule Predictability Highest
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FIGURE 2: Exploration of the Design Space.
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¢ Identify best candidates for project delivery by criticality
e Alternative analysis - Design Space Evaluation

To further illustrate this approach, a generic cell therapy
layout might contain process suites, cell therapy (CT)
suites, entry locker space, quality control (QC) laboratories,
and material handling areas (FIGURE 2). Traditionally,

an individual cost estimate would be generated for

each single-solution approach based on the project
requirements; however, a hybrid approach applies the best
methodology fo the specific needs of different areas. One
potential approach might therefore ufilize prefabricated
cleanrooms for the most critical areas, such as the CT and
material handling suites, and use stick-built construction
for areas such as the locker rooms and QC laboratories,
where there are no processing operations. An alternative
hybrid approach might maintain the core CT suites as
prefabricated cleanrooms but use modular cleanrooms for
all logistics and QC areas, and use stick-built construction
for the locker area, as shown in FIGURE 2. These represent
only two of the possible hybrid approaches that could be
used for this type of project; the optimal solution is the one
that best addresses the project-specific drivers while also
mitigating the business risks.

HYBRID APPROACHES AND PROJECT SCHEDULE

Project schedule is a critical element for every cleanroom project.
For on-site stick-built or modular construction, project execution
is sequential, requiring the shell building fo be completed prior to
cleanroom construction. Inclusion of prefabricated elements in a
hybrid project approach enables projects to be completed faster
through a parallel execution pathway (FIGURE 3, fop), which
allows prefabrication of cleanrooms off-site concurrent with
construction of the shell building. This enables manufacturers

fo complete capital projects faster and more efficiently, with
reduced risk; thus, products reach the market faster, resulting in
a higher rate of return on their investment.

Increased speed and efficiency using a hybrid approach also
offers the potential for delayed time to investment (FIGURE 3,
bottom). The goal in this approach is to reduce the business
risk by allowing more time to collect additional critical data,
such as clinical trial results, further process characterization,
or market condition data, before the start of construction. This
facilitates a more efficient use of capital and resources with
overlapping tasks, while also reducing risk.
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FIGURE 3: Project schedule is a critical element for every cleanroom project.
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EVALUATING THE COST OF HYBRID APPROACHES
Historically, differing approaches to new cleanroom
construction have been evaluated solely on upfront, direct
capital cost, which provides incentive for bidders fo exclude
scope or diminish value in order to win the project contract.
While cost per square foot can be a helpful benchmark, these
numbers can be deceiving. It is more important to consider
total cost of ownership, which not only includes direct cost,
but also accounts for indirect and operational expenses over
the life of the asset. This requires fransparency, collaboration,
and knowledge transfer between end users, designers, and
system providers fo generate accurate estimations of net
present value (NPV), internal return, and payback period. With
hybrid approaches, certain indirect costs can be reduced or
even eliminated, leading to a reduced fotal cost of ownership
relative to a traditional approach.

For example, we compared the fotal cost of ownership
between a hybridized cleanroom project and a traditional

Execution
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on-site design for a recent 40,000 sq ft manufacturing
facility project (FIGURE 4). Although the initial capital
investment for the hybrid facility was slightly higher, we
found that under identical project conditions at the same
location, the hybrid project provided a more favorable
economic outcome, with a higher NPV and a shorter
payback period (FIGURE 4). There are two primary
explanations for this finding. First, a hybrid solution enables
faster time fo operational readiness than traditional stick-
built construction, which means both faster realization of
revenue and an incremental increase in revenue generation.
Additionally, prefabricated cleanroom modules, which

can be considered equipment based on transportability,
may be depreciable over 7 years rather than the 39-year
depreciation used for stick-built constructed facilities. Taken
together, the data indicate that for this facility, a hybrid
solution requires a slightly higher inifial capital investment
than a traditional stick-built approach, but would provide a
better return on investment (ROI) (FIGURE 4).
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FIGURE 4: Comparison of the total cost of ownership between a hybridized cleanroom project and a traditional
on-site design for a recent 40,000 sq ft manufacturing facility project.

Evaluation based on Total Cost of Ownership
and Profitability Measures

e CAPEX and lifecycle costs

* Opportunity costs

* Unexpected or hidden costs

* Commissioning, Qualification, and Validation

* Depreciation and salvage value

e Time value of money

To illustrate how the hybrid approach works in practice, we
present three real-world case studies, each with unique goals
and project drivers for which a hybrid approach was the
optimal, successfully implemented solution.

Case studies 1-2: Expandability and Flexibility

The key driver for the first biological drug manufacturing
project was schedule, with an operational readiness target of
18 months from project start. On-site skilled labor needed fo be
minimized due to local labor scarcities, and flexibility needed
to be incorporated into the design fo allow future scale-out. A
hybrid solution was designed where intensified core processes
for production of monoclonal antibodies and other biologics
at commercial scale (cGMP grades B and C) took place

within prefabricated cleanrooms that were installed within a
larger modular ballroom to facilitate movement of personnel
and materials (cGMP grade D) between core process areas
(FIGURE 5). This design allowed buffer and media totes to
remain in the larger ballroom space, since all solution transfer
was performed using through wall transfer ports. This design
also allowed space for rapid scale-out and capacity increases
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through future installation of additional prefabricated
cleanroom pods (FIGURE 5, lower right).

A second drug manufacturing project ook a slightly different
approach. The key driver for this facility was flexibility that
would allow multimodal production as well as rapid changes
in manufacturing capabilities with minimal downtime.

This hybrid approach used prefabricated cleanroom pods
connected directly to a modular, central ballroom (not shown).
These pods contained preprogrammed unit operations

that allowed rapid reconfiguration of the cleanroom

suites in a bolt-on, “plug and play” fashion as needed

for the manufacturing campaigns of different products.

This arrangement also enabled future expansion through
connection of additional prefabricated cleanroom pods to

the ballroom while maintaining critical area containment.

In addition fo these benefits, this case study highlights the
potential for prefabricated modules to be relocated and/or
repurposed at the end of an initial project life cycle rather than
decommissioned, which can extend the useful life and retain
value of these assets.
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FIGURE 5: Example I: A hybrid solution was designed where infensified core processes for production of
monoclonal antibodies and other biologics at commercial scale (cGMP grades B and C) took place within
prefabricated cleanrooms that were installed within a larger modular ballroom to facilitate movement of personne

[ Grade D (modular)
[ Grade C (prefab)
[ Grade B (prefab)

7 1SO 8 (modular)
1 1SO 7(prefab)
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Case study 3: Phased Construction for

Planned Scale-Out

In this final case study involving construction of cell therapy
manufacturing, the key driver was flexibility and planned
scale-out, in this case by installing cleanrooms in multiple
phases. This hybrid approach utilized prefabricated
cleanroom pods for core critical process areas (FIGURE 6,
blue) with modular cleanroom construction for connecting
corridors and support areas (FIGURE 6, green). A single
process suite composed of a bank of prefabricated pods was
installed in phase one, while additional prefabricated clones
of that suite were able to be installed in the building footprint
in phases two and three to increase manufacturing scale and
capacity without impacting current production.

CONCLUSION
Design and construction of biopharmaceutical manufacturing
facilities are complex, requiring project design tfeams to clearly
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establish key drivers and risks early in the project planning stage.
Optimization of cGMP design space requires assessment of
mulfiple construction methodologies on a project-specific and
area-by-area basis. A hybrid approach combines the strengths
of stick-built, modular, and/or prefabricated construction
methodologies and reduces risks in project execution,

while meeting project quality, schedule, and performance
requirements and maximizing refurn on investment.
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