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Bioreactor design and
optimisation — a future perspective

By Dr Krist V.

Gernaey

Bioreactor design and optimisation are essential in frr:msfc:fing the expenence goined from lab or p[|01

scale experiments to efficient production processes in industrial scale bioreactors. This arfide gives a future

perspective on bioreacior design and oplimisation, where it is foreseen that technologies including mechanistic

models, process simulation and advanced model analysis will play an increasingly important role.

One of the cornerstones in the
establishment of a more sustainable
future industrial production is the
development of new and innovative
bio-based manufacturing processes.
Fermentation and biocatalysis are
indeed finding increasing applica-
tion for the manufacture of bulk
chemicals, biofuels, fine chemicals,
pharmaceuticals and agrochemicals,
In practice, development of such
bio-based manufacturing processes

is often expensive and requires a tre-
mendous experimental effort. First,
during screening for new processes or
applications, a large number of small-
scale experiments is required to select
the most suitable candidates. Second,
when scaling up a process from lab to
pilot to production scale, many time-
consuming and expensive experi-
ments are necessary to characterise
those process conditions that vield
the best performance.

Bioreactor design and optimisation are
essential in translating the experience
gained from lab or pilot scale experi-
ments to efficient production proc-
esses in industrial scale bioreactors.

It is foreseen that mechanistic mod-
els, process simulation and advanced
model analysis, to name a few exam-
ples, will play an increasingly
important role.

chanistic models for
£ g 1 r'}l.'pf)!—;ff!-}
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Mechanistic process models are devel-
oped based on mass, heat and momen-
tum balances, supplemented with
appropriate mathematical formulations
of mechanisms (e.g. Kinetic expres-
sions to reflect process dynamics).

The resulting model typically consists
of a number of ordinary differential
equations (ODEs), and incorporates
process stoichiometry and kinetics

in a structured way. An important
feature of mechanistic models is that
they allow extrapolation of the data to
understand the effects under untested
conditions. Therefore, when available,
those models can be used within proc-
ess design and optimisation to exploit
np}'}nrtunitics f()r pmccss ].I'I'I})r(]'\"l.‘]'“f_‘l'lt
which have not been tested
experimentally [1].

When establishing (part of ) a new
factory, it is obvious that availability
of a process model could be helpful.
The required size of the reactor will,
for example, depend strongly on the
achievahle conversion rates - rates that
can be predicted with the mechanistic
model. However, taking industrial fer-
mentation as an example, the majority
of the new products typically do not
involve the design of a new plant dedi-
cated to a single production process,

http://www.biotech-online.com/fileadmin/templates/media/swf/emag/print.php?img=...

but rather fitting the new reaction or
strain and/or separation scheme into
existing equipment. In this case, avail-
ability of a reliable process model, for
example one developed on the basis
of data generated during pilot-scale
experimentation [2], enables in silico
investigations of the process perform-
ance under different operation condi-
tions before moving to full-scale pro-
duction. In this way, introducing new
products/strains in an existing factory
is more efficient, since it can rely

on the mechanistic model to evalu-
ate the necessary trade-offs that will
ultimately be needed in order to allow
establishment of an efficient new pro-
duction process within the constraints
of the existing equipment.

Last but not least, a mechanistic model
can be used in simulation studies
aiming at the development of suitable
process control strategies. Specifically
for such applications, mechanistic
models enable a realistic understand-
ing of the effect of operating variables
on product quality attributes.

Which forces drive

d :3u'[:-|opn'.[3r1.lﬁ

In recent years, the pharmaceutical
industry has focused on establishing
more efficient production processes in
order to cut production costs.
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The pharmaceutical industry was
traditionally considered to be rather
conservative, with fixed production
processes, relying on extensive off-line

lab analysis to guarantee product qual-

ity. However, the publication of the
Process Analytical Technology (PAT)
guidance [3] has been an important
milestone, since this document made it
clear that regulators were in favour of
the establishment of more efficient pro-
duction processes. A central statement
there is “quality should not be tested
into products, it should be built in by
design”. Focus in the PAT guidance is
thus on acquiring process knowledge -
including identification of the effect of
critical process parameters (CPPs) on
critical quality attributes (CQAs) of the
final product - which is subsequently

used to improve the process design and
operation such that product quality can
be increasingly guaranteed on the basis
of a series of on-line measurements
combined with suitable process control
strategies (real time release’), as illus-
trated in Figure 1.

Originally intended for the pharma-
ceutical industry, the PAT ideas have
also spread to other industries, for
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example the food industry. In this
respect, mechanistic models were sug-
gested as a useful representation of
available process knowledge, since the

differential equations representing one
or several unit operations in a produc-

tion process inherently represent the

input-output dynamics. This is pre-
cisely the type of information needed
to pinpoint the causes of excessive
variation of product quality or to select
suitable actuators to counteract unde-
sired variations in product quality. The
model can be supplemented by a mod-
eling toolbox including uncertainty
and sensitivity analysis to assess the
statistical quality (read as reliability} of
the simulated scenarios [4].

INCredsing mi

increasingly com-
plex models are developed as a con-

One trend is that

sequence of availability of increased
computational power. Model complex-
ity is increased by including additional
detail in a model, which will typically
lead to improved accuracy and thereby
also predictive power. Practically,
including more detail can be achieved
by replacing an unstructured with a
structured model, or by transforming

o
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a non-segregated model into a segre-
gated model, Also, computational fluid
dynamies (CFD) can be used to model
spatial distribution of reactants and
hydrodynamics in large tanks, which
is relevant to improving our under-
standing of the operation of large
bioreactors. Such application of CFD
modeling to fermentation and biocata-
Iytic processes is expected to become
increasingly common in the future.
Industry is currently indeed focus-

ing on optimising the exploitation of
existing production capacity, and CFD
could help achieve that goal. CFD can
be taken a step further as well, and can
be combined with models describing
cellular metabolism [5].

Model complexity is also increased
when combining models of several

unit operations in a single plant-wide
maodel, as for example illustrated by
Dassau et al. [6]. The first advantage of
a plant-wide model is that the interac-
tions between the different unit opera-
tions can be considered, which is essen-
tial when comparing control strategies
for a system in silico. Secondly, the most
efficient bioprocess operation can only
be achieved by focusing on the whole
process rather than individual units. In
this regard, the development of plant-
wide models is usually carried out in

Traditional process:
Fixed

o =)

a modular form, by connecting model

Process blacks that represent individual unit

Input Qutput

operations. Notably, the development
of a plant-wide model does not neces-
sarily mean that all details in a pro-
duction process need to be described
with a mechanistic model. Indeed, a

(s

Input

Output

PAT-based process:

Robust and adjustable through
on-line measurement and
control

hybrid approach is often used, combin-
ing mechanistic models (i.e. mass and
energy balances) with empirical models
that describe parts of the process for

which a detailed mechanistic model is
not available [7].

Experimental methods for characteri-

sation of distributed properties in a
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population of cells, for example flow
cylometry, are more and more acces-
sible in research labs and industry.
When such measured cellular het-
crogeneities within a single popula-
tion (i.e. a ‘pure’ culture) of cells

are to be included in a mechanistic
model, model complexity increases
as well. Population balance models
(PBMs) form a modeling framework
for describing such heterogeneities,
and have for example been used to
describe the age distribution ina
population of veast cells [8]. Future
developments will involve the com-
bination of spatial and population
heterogeneity modeling by combin-
ing CFD with PBM or cell ensemble
modeling. CFD has already been used
to track individual cells in a yeast
fermentation [5]. Such combined
CFD-PBM models are considerably
more complex to solve than a stand-
ard CFD model, thus leading to large
calculation times. Nevertheless, the
insight gained by implementing such
detailed models is, in the long term,
expected to translate into improved
bioreactor design and operation.

Te

: \ misation
There has recently been considerable

ology opt
interest in the development of micro-
bioreactors (volume below 1 mL) that
allow experimentation with micro-
organisms under well-controlled
conditions [9]. When performing fer-
mentation C.‘Cpt‘.‘[’il“elns at microscale,
the increased design flexibility offered
by the microfluidic systems enables a
wide range of reactor configurations.
In topology optimisation - a method
originating from the structural
mechanics field - a computer code

is exploited to optimise the perform-
ance of a reactor on the basis of a
suitable objective function. Topol-
ogy optimisation has recently been
applied to a theoretical microbioreac-
tor example, where the spatial distri-
bution of immobilised yeast cells in a
microbioreactor was adjusted in order

x 107" Immaobilized Biomass
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to optimise for maximal product flow
out of the reactor [10], [Figure 2].
The topology optimisation methad
still needs experimental validation.
However, if that could be achieved,
the topology optimisation approach
is potentially a powerful technique

to support bioreactor design and
optimisation,
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