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Abstract
Much research has been done on bioreactor hydrodynamics and their interactions with various microbial cell 

mechanisms and several methodologies have been proposed in order to resolve scale-up problems. Among them is 
the approach of scale-down and regime analysis. Regime analysis at production scale has to define the rate-limiting 
mechanisms of the process and identify the ruling regime. Such an analysis, based on characteristic times, can give 
valuable information for scale translation and optimization of bioprocesses. An efficient scale-down bioreactor has 
to create conditions that will be representative for the conditions occurring at large scale. Miniaturised bioreactor 
(MBR) systems may serve as scale-down tools especially in early-stage process operations. In later stages, e.g. 
optimization of process conditions and operations, only scaleable apparatus can be applied successfully. The choice 
of the scale-down method, and therefore the kind of the applied scale-down bioreactor, should be based on the 
characteristics of the process. The constructed models and the rules used to scale-down the process will be used in 
scaling-up the optimized conditions at production scale. The paper reviews the systematic approach of scale-down 
methodologies. 
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Introduction
Laboratory-scale bioreactors typically have a working volume that 

varies from about 0.2 L to 20 L. Such bioreactors can be used with a 
high power input, resulting in rapid mixing of the fermentation broth 
and high mass-transfer rates. Only systems of increased viscosity, like 
filamentous mycelial broths, or shear-sensitive systems, like plant 
cells, will give mass, heat and momentum transfer problems on such 
a small scale. On a production-scale, the power input is restricted for 
economical and mechanical reasons, causing mass and heat-transfer 
problems. Large-scale industrial bioprocesses with cultivation volumes 
ranging from 10,000 to 500,000 L are generally inhomogeneous and 
concentration profiles of nutrients, cells and products are characterized 
by large gradients. Cells in large-scale bioreactors are forced to 
travel through different zones inside the reactor and to experience 
a variety of conditions, e.g. oxygen limitations, increased substrate 
concentrations, pH shifts, shear forces, in which they respond [1-3]. 
Under such conditions, their physiology will differ from that of cells 
growing in homogeneous, well-mixed cultures. Obviously, scale-up of 
bioprocesses introduces these problems. 

In their important review on regime analysis and scale-down, 
Sweere and co-workers [4] suggested two ways to solve the problems 
arising during scale-up: 

a. By acquiring more knowledge on the hydrodynamics of large-
scale bioreactors and their interactions with other mechanisms,
in order to get a complete description of the system;

b. By developing scale-up procedures that give an adequate
estimation of the performance of production-scale bioreactors
based on small-scale investigations.

Much research has been done on bioreactor hydrodynamics 
and various models have been proposed in order to resolve scale-up 
problems. Various scale translation approaches are based on constant 
impeller tip speed (NDi), constant power per unit volume (Pg/V) 
and constant mixing time (tm) [5]. For years scale-up was based on 
experience, trial and error, and rules of thumb. Later it developed to 
a more systematic procedure and a number of methods have been 
discussed in the literature. These include the following:

1. Fundamental method;

2. Semi-fundamental method;

3. Dimensional analysis / regime analysis;

4. Rules of thumb;

5. Scale-down / regime analysis;

6. Trial and error;

7. Multiplication of elements.

Generally, a large number of rules of thumb and scale-up 
parameters have been described and have been used with varying 
degrees of success. Often combinations of different methods can yield 
good results [4]. The semi-fundamental method in combination with 
rules of thumb has been the most widespread method. Scale-down 
of rate-limiting mechanisms based on the results of regime analysis 
is a powerful tool to solve scale-up problems. However, only a few 
methodologies have been suggested for scaling-down processes to the 
laboratory scale to investigate the performance of bioreactors and the 
parameters that significantly affect the culture. These methodologies, 
and the new approaches, will be reviewed in this work.

The scale-down approach

Oosterhuis [6] described the four-step scale-down procedure 
(Figure 1) as follows:

1. Regime analysis of the process at production scale;
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2.	 Simulation of the rate-limiting mechanisms at laboratory scale;

3.	 Optimization and modelling of the process at laboratory scale;

4.	 Implementation of the process at production scale by 
transformation of the optimized laboratory conditions.

The first step in the scale-down approach involves a regime 
analysis of the process at production scale. A consistent methodology 
is needed in order to analyse all the sub-processes involved in the 
system. Detailed description of the sub-processes results to large sets 
of mathematical expressions that describe the time-dependence of 
a large number of variables [7]. The complex reality should then be 
incorporated into a model that is able to describe accurately the various 
mechanisms involved. Regime analysis has to define the rate-limiting 
mechanisms of the process and identify the ruling regime which could 
be pure regime (regime ruled by one mechanism) or mixed regime 
(more mechanisms) [4].

The most important requirement for experiments at laboratory 
scale is the fact that they have to be representative for the conditions 
prevailing at the large scale. This determines the limits of laboratory-
scale experiments. The next step of optimization has again its limitations 
since not all possible optimization results can be used because the 
optimized situation will be translated back to the production scale. At 
this step, data obtained from growth and product formation analyses as 
well as of hydrodynamic analysis will be used to construct models.  These 
models should ideally be capable to contribute to the understanding of 
microbial dynamics and predict growth and product formation under 
the transient conditions of large-scale situations. In the last step, the 
optimized laboratory conditions are implemented at production scale. 
Models constructed in the previous step can be applied and rules used 
to scale-down the process conditions can be used in scaling-up these 
conditions again. 

Regime analysis: The “regime” concept was introduced by 
Johnstone and Thring [8] as a necessary ingredient for the solution 
of engineering problems by means of dimensional analysis based 
on the similarity principle. Although the concept was not initially 
demonstrated for scale-up purposes, it has been extensively treated in 
the relative literature and is one of the fundamental methods of scale-
up.

Regime analysis must provide information about the performance 
of the process. This can be achieved through a four-step procedure 
[9,10] that involves:

1.	 Decision-definition of the significant process variables;

2.	 Quantification of the process variables by adequate 
measurements;

3.	 Derivation of rate constants, e.g. Characteristic values of rates 
or time constants;

4.	 Comparisons of these values with the result that the slowest 
rate (largest time) governs the overall process rate (= rate 
determining step).

Therefore, the information about the process performance through 
regime analysis is based on a comparison of the rate of the mechanisms 
which may play a role in the process. The comparison can be made 
experimentally or theoretically and quantitatively or qualitatively.

Examples of experimental regime analysis can be found in the 
works of Kossen and Oosterhuis [11], Moes et al. [12], Levespiel [13] 
and Amanullah et al. [14]. However, not all the problems that have 
to be solved can be met only by experimental regime analysis. The 
question whether change of regime will occur during scale-up can only 
be answered through theoretical regime analysis. 

Theoretical regime analysis includes regime analysis based on 
characteristic parameters (e.g. characteristic times) and parameter 
sensitivity analysis. The first is based on a comparison of the rates of 
different mechanisms, expressed in characteristic parameters that can 
often be obtained accurately by the use of rules of thumb. A comparison 
of these characteristic parameters will yield the rate-limiting 
mechanisms, or regime of the process. Parameter sensitivity analysis 
can be performed using a number of tools and methods, e.g. global or 
local sensitivity analysis. Sensitivity analysis techniques quantify how 
the output from a model depends upon each of its input variables. 
Global sensitivity, in particular, attempts to determine the relative 
effect of variables on the model outputs (all variables are analyzed 
simultaneously) in contrast with local sensitivity analysis, which 
typically determines the rate of change of model output with respect 
to individual model variables. Global sensitivity analysis therefore 
determines sensitivities of a multidimensional system whereas local 
sensitivity analysis determines a gradient at the operating point with 
respect to a single variable. In addition, global sensitivity techniques 
may be used to determine the strength of interactions between 
variables. The selection of appropriate operating conditions for a given 
bioprocess is complicated by the large number of interacting processing 
stages and variables. Once key variables have been determined, the 
most significant subset can be identified. Examples of application of 
parameter sensitivity analysis can be found in the works of Clarkson 
et al. [15], King et al. [16] and Chhatre et al. [17]. Here, only regime 
analysis based on characteristic times will be further discussed.

Characteristic times: In regime analysis based on “characteristic 
times” these are used to characterize the sub-processes of a system. 
Characteristic time is a measure of the rate of a mechanism and it can 
be considered as the time needed by that mechanism to smooth out 
a change to a certain fraction [4]. A low value of a characteristic time 
refers to a fast mechanism, while conversely, a high value to a slow 
mechanism.  Figure 1: The four-step scale-down procedure.
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Characteristic times are also called “relaxation times” and “time 
constants”. However, the term time constant is rather used for first 
order linear processes and it can be composed from the time constants 
of several mechanisms. If the process is not a first order linear one, the 
time constant cannot strictly defined in this way. Instead, characteristic 
times, introduced to characterize the rate of mechanisms, can be used 
to characterize non-linear and processes of a higher order with a single 
characteristic time, e.g. characterization of mixing in bioreactors by 
means of the mixing time. Characteristic times of a process can be 
determined by a number of methods, experimentally or theoretically. 
Analysis of the mathematical solution of a process model is a method 
which can be fairly simple for liner, first order differential equations. 
However, in the case of problems with no available solution to the 
differential equations or in the case of a problem for which a general 
differential equation cannot be defined, the procedure becomes 
complicated. The characteristic times of differential equations are 
generally regarded as more accurate but require solution of the 
equations and have the drawback that they are based on the estimation 
of various parameters. Parameters like mass transfer coefficients or 
dispersion, diffusion coefficients and others, can be estimated by 
correlations from the literature or from small-scale experiments. In the 
case the parameters are not known from the literature, reaction kinetics 
have to be estimated from experimental work. 

Examples of experimental determination of the characteristic times 
mixing time (tm) and circulation time (tc) in mechanically agitated 
bioreactors can be found in the works of Einsele [18], Oosterhuis [6], 
Papagianni [19] and Papagianni et al. [20,21].

Theoretical determination of characteristic times of physical 
mechanisms in bioreactors can be done by correlations from the 
literature and rules of thumb. In the case of mixing for example:

tm = 4 tc                                                                                                   (1)

and 

tc = 2 22
V

HN Dπ
                                                                                    (2)

Apart from the characteristic times referring to the physical 
processes in a bioreactor, characteristic times that refer to the 
microorganisms and the physiological mechanisms of the system have 
to be estimated. A characteristic time can be chosen for any metabolic 
variable of the system. However, because of the dynamic nature of the 
conditions and the growing complexity with time, the description of 
the system should be limited to a few sub-processes. 

For a batch system and balanced growth, Michaelis-Menten 
kinetics can be used for the estimation of the characteristic times of 
substrate consumption and product formation:
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                                                                         (3)
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Under dynamic conditions kinetics deviate from the above 
equations since mechanisms inside the cells may change the 
performance of the cultures resulting in non-balanced growth. In this 
case, characteristic times of microorganisms should be compared with 
characteristic times of environmental changes. Microorganisms have 

large capacities to react to environmental changes and therefore a wide 
range of characteristic times can be obtained in a way that is analogous 
to the order of magnitude of the environmental changes to which they 
are exposed [4].

There are several examples of the use of characteristic times in the 
literature. Among the most successful and extensively treated, is the 
example of regime analysis based on characteristic times for gluconic 
acid production by Gluconobacter oxydans in aerobic batch process 
as presented by Oosterhuis [6] and Kossen and Oosterhuis [11]. The 
process was carried out at the scale of about 25 m3. The rate limiting 
steps of the process were identified by regime analysis. Substrate 
consumption (5.5 x 104 s) and growth (1.2 x 104 s) were found to 
have no influence on process performance, while the characteristic 
times for oxygen consumption and oxygen transfer to the liquid 
phase were of the same order of magnitude (zero order). As the broth 
circulation time was also of the same order of magnitude, it was 
concluded that oxygen limitation and gradients were likely to occur. 
The oxygen gradients and local oxygen limitation were confirmed by 
measurements during fermentation in the 25 m3 reactor. Prediction 
of circulation time was checked also by measurements during flow-
follower experiments. Other estimated characteristic times included: 
gas residence time, transfer of oxygen from a gas bubble, heat transfer 
and heat production. The regime analysis carried out for the particular 
system formed the basis of small-scale investigations on the influence 
of fluctuating oxygen concentrations on acid production and also in 
mass transfer studies. Scale-down was based on characteristic times for 
broth circulation and oxygen consumption.

Another example of regime analysis based on characteristic times 
is the one presented by Sweere [22] for the baker’s yeast process in a 
bubble column bioreactor of 150 m3 with a working volume of 120 
m3, in a study of the influence of transient environmental conditions 
on growth and metabolite production. Characteristic times in that 
case were calculated as a function of the gas flow rate. The particular 
process is sensitive to changes in oxygen and glucose concentrations 
(Pasteur and Grabtree effects, respectively) and it is important to know 
whether limitations or gradients of oxygen and glucose will occur. A 
distinction was made between mechanisms that have a clear effect on 
the process and those with a much smaller or larger characteristic time. 
The first included: mixing, liquid circulation, gas flow, oxygen transfer, 
substrate consumption, oxygen consumption and substrate addition. 
Parameters which were not relevant to the final performance of the 
bioreactor were the following: fed-batch process, growth of biomass, 
heat transfer, heat production and micro-mixing. This approach 
yielded valuable information about changing regimes during process 
optimization, scale-up or as the process proceeds.

Regime analysis based on characteristic times is a valuable tool 
in process optimization as it identifies and gives information about 
the rate-limiting mechanisms and the limitations and concentration 
gradients. From the retrieved information, it can be decided what 
further knowledge should be acquired and what experiments are 
needed to optimize the process.

Experimental simulation of large-scale conditions: The scale-
down bioreactor

Data obtained from hydrodynamic analyses and modelling of large-
scale bioreactors has been used in many cases to elaborate scale-down 
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bioreactors that have the capacity to reproduce the hydrodynamics 
encountered at the industrial scale. Scale-down reactors of various 
configurations have been described in the literature. Examples 
include the following: a stirred tank bioreactor with separated internal 
compartments [23-25], a stirred tank bioreactor with randomly 
fluctuating substrate addition [26,27], a stirred tank bioreactor 
connected to a plug-flow section [2,14,28], two or more bioreactors in 
series [29-31], and tubular loop bioreactors [19,23]. 

From the regime analysis of the gluconic acid production process 
(see previous section), Oosterhuis [6] concluded that the culture is 
exposed to a continually changing oxygen concentration and scale-
down was based on characteristic times for broth circulation and 
oxygen consumption. Two segment models were used for experimental 
simulation: the first consisted of a batch bioreactor with periodically 
changing inlet gas concentration (from air to nitrogen gas); the second 
consisted of two reactors one sparged with air, the other with nitrogen, 
with an exchange flow between them. In the first model, a reduction in 
productivity occurred due to anaerobic periods and a negative effect 
on the potential capacity of the cells to produce gluconic acid was 
observed. In the second model of two bioreactors and circulation from 
the aerobic to anaerobic environment, no effect was observed on the 
potential capacity of the cells to produce gluconic acid. The reduction 
of the overall process productivity was attributed to the anaerobic 
volume fraction of the process.

More recently, a methodology for the design of scale-down 
bioreactors was presented by Delvigne and co-workers [32] who 
applied mixing and circulation stochastic models that permitted an 
insight on the internal dynamics of the process. Stochastic analysis of 
large-scale bioreactors permitted to propose a translating methodology 
into scale-down context. Stirred vessels of three different volumes were 
used for mixing time experiments: a 30 L vessel, a 500 L bioreactor and 
a 2000 L bioreactor. The standard scale-down device was a 30 L vessel, 
assumed to be perfectly mixed, which was connected to a plug-flow 
section (Figure 2). Circulation of the liquid between the mixed and the 
plug-flow sections was ensured by the use of a peristaltic pump. Four 
different kinds of scale-down apparatus which differed in the design of 
the plug-flow section were studied: a silicone tubing of 8 mm internal 
diameter and 7.5 mm length, a glass bulb of 85 mm internal diameter 
and 0.25 m length, two glass bulbs in series and two glass bulbs in 

parallel. By using stochastic models, the authors proposed a simple 
procedure to translate the hydrodynamic characteristics of a large-scale 
bioreactor at the level of a scale-down reactor comprising a perfectly 
mixed and a plug-flow part. The procedure involved two steps: the 
first step led to the determination of a concentration field at a given 
homogeneity degree, while the second involved the use of structured 
parameters derived from stochastic simulations. Both steps led to the 
calculus of structured criteria which represented efficiently the mixing 
and circulation capacities of the system. By superimposing the two 
structured criteria the authors obtained the profile of concentrations 
into which a microorganism was subjected during its cultivation in the 
bioreactor.

The profile of carbon source concentrations was the subject for 
simulations in the work of Dodge and co-workers [33]. The authors 
described a method to simulate substrate gradients in production-scale 
fed-batch bioreactors by pulse feeding of the substrate in laboratory 
bioreactors. Three different methods of reducing mixing time in the 
manufacturing (large-scale) equipment were applied: a) increasing the 
agitation rate, b) replacing radial flow with axial flow impellers, and c) 
adding feed at additional points within the reactor. Implementation of 
the suggested solutions at large scale resulted in process improvements 
and a performance which was closer to that of laboratory-scale.

Dissolved carbon dioxide gradients (dCO2), which van occur 
in large-scale reactors, were simulated for the first time by Baez and 
co-workers [34] and their effects were evaluated on Escherichia coli 
expressing recombinant green fluorescent protein. dCO2 gradients 
were simulated by continuously circulating the medium between two 
vessels of a scale-down system to mimic mean circulation times of 50, 
170, and 375 s. The authors showed that while exposure to elevated 
dCO2 can affect culture performance, E. coli can rescue its metabolism 
in short times when cells are intermittently returned to low dCO2 
conditions after being exposed to high dCO2.

In order to analyze and optimize the performance of a microbial 
process, an integrated model of bioreactor hydrodynamics and 
microbial kinetics is needed. Having constructed such a model, 
performance could be calculated with bioreactors of different geometries 
and cultivation technologies. The basis of the model however, has to 
be measurements of the actual process. These measurements have to 
give the dynamic response of the cells to the micro-environment of the 
chosen bioreactor. Very often, the behaviour of the microbial culture 
becomes the bottleneck of the process and the cause of engineering 
problems, especially when filamentous microorganisms with transient 
morphologies, and subsequently physiological states, are employed. 
Under such conditions, it is difficult for an analysis of engineering 
problems to be based on dimensionless numbers only, or on any other 
method, neglecting the morphology of the producer organism. In an 
effort to study the response of a filamentous system to the changing 
conditions inside large stirred tank bioreactors, Papagianni [19] and 
Papagianni et al. [20,35] used a tubular loop bioreactor which was 
tested using batch cultivations of the citric acid producing filamentous 
fungus Aspergillus niger, as a test system. 

The loop reactor is a well known reactor type in the chemical 
process technology. Its characteristics, e.g. simple design, defined 
flow paths, large mass transfer rates for substrates and oxygen at 
low energy inputs, attracted research for its suitability as bioreactor 
[36-38]. Moreover, reports have shown that loop configurations 
simulated successfully stirred tanks [39-41]. In these works however, 
comparisons were based on growth kinetics and production levels. 

Figure 2: Plug-flow reactor.
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When filamentous microorganisms were used, morphology was 
assessed only qualitatively or was not given any consideration at all. 
In this direction, the work of Papagianni et al. [21] reported the design 
and construction of a loop bioreactor (Figure 3) for studies on scale-
up of non-Newtonian mycelial suspensions. Broth circulation around 
the loop was done by peristaltic pumps and the circulation time (tc, s) 
was used as a measure of simulated reactor size. The reactor carried 
a number of ports and probes along its length for the determination 
of concentration gradients within. The system was evaluated using the 
citric acid fermentation by A. niger as test process, while investigations 
were focused on relationships between circulation time, morphological 
parameters, and citric acid production, using the latter as a measure 
of reactor performance. Table 1 shows the characteristic times for 
circulation and mixing times of the particular loop reactor and the citric 
acid fermentation process by A. niger. From comparative experiments 
carried out in 10 and 200 L stirred tank bioreactors, it appeared that 
the loop reactor simulated the corresponding stirred tanks (Figure 4)  representing a valuable tool in scaling-up and -down of the particular 

fermentation process. 

Current trends: Miniature bioreactors as a scale-down tool

The progress in molecular biology and genetic engineering and the 
need to carry out a large number of development cultivations especially 
in the pharmaceutical / healthcare research and development, has 
resulted in the advance of ultra small volume bioreactors, the miniature 
bioreactors (MBRs), with working volumes in the range of tens of µl to 
100 ml, that appear to have increasingly widespread applications. The 
subject has been extensively discussed by Betts and Baganz [42] and 
Neubauer and Junne [43]. 

MBRs are currently based on existing bioreactor configurations 
e.g. shake flasks, stirred tank and bubble column reactors. They may 
have a high degree of automation although, they are currently less 
instrumented than conventional laboratory-scale bioreactors. Also, 
the small working volumes limit sampling opportunities. MBRs aim 
to accelerate research, reduce costs and labour intensity and apart 
from the therapeutic drugs development, there have been several other 
applications e.g. in growth media development, strain improvement, 
metabolic engineering studies and others. From the view of process 
development, these applications are early-stage operations. In later 
stages, e.g. optimization of process conditions and operations, only 
scaleable MBRs can be applied successfully. The choice of the scale-
down method, and therefore the kind of the applied MBR, should be 
based on the characteristics of the process. 

In bioprocesses carried out by fast-growing microorganisms like 
E. coli, oxygen transfer is usually the limiting factor and therefore the 
specific power input or the kLa can be used as scale-down criteria. 
Studies carried out by Betts et al. [44] on cultivations of a plasmid DNA 
producing E. coli strain in a miniature 10 ml stirred tank bioreactor 
showed scale-down equivalence with a conventional 7 L stirred tank 
bioreactor. The scale-down criterion in that work was the specific 
power input. The results also revealed a high degree of equivalence in 
the kLa values obtained in both scales. Another example can be found 
in the work of Doig et al. [45]. Using a correlation for kLa predictions 
in microtitre plate systems (MTPs) they were able to scale-up the 
cultivation of E. coli that over-expressed a transketolase enzyme, from 
a 1 ml MTP system to a 1.4 L stirred tank reactor using the criterion 
of constant kLa. Other examples of successful applications of MBRs as 
scale-down tools using the kLa criterion can be found in the works of 
Gill et al. [46-48].  

Figure 3: The tubular loop bioreactor (Papagianni et al. 2003).

Apparent viscosity (cP) Pump setting Circulation time (s) Mixing time (s)

1 99 15 72

10 99 15 77

15 99 15 61

22 99 15 67

40 99 15 69

40 75 17 72

40 50 30 100

40 25 59 120

Table 1: : Characteristic times (tc, tm, s) of the loop bioreactor presented in the 
work of Papagianni et al. [21] in the citric acid fermentation process by A. niger.
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The field of miniature bioreactors is expanding rapidly. As 
automation of MBRs is the key to expanding capabilities, recently 
appeared devices are equipped with sophisticated in-built robotics 
and offer a great deal of promise for delivering fully integrated, high-
throughput solutions. It is impossible however at the moment, by 
using MBRs only to solve the multidimensional problem of scale-up 
of bioprocesses. The agitation systems employed in MBRs (usually 
magnetic stirrers) result in flow regimes that are different from those 
found in traditional laboratory-scale bioreactors and this is translated 
into large differences in mixing and mass transfer and therefore to 
difficulties in reproducibility. Also, in processes in which further 
steps are required for product recovery, the use of MBRs along with 
miniaturized downstream processing devices as scale-down tools may 
be insufficient because of the very small volumes employed. Therefore, 
there is no single MBR that offers a solution to all problems.

Conclusions
•	 Scale-down of rate limiting mechanisms based on regime 

analysis of large-scale microbial bioprocesses represents an 
alternative method and a powerful tool to solve scale-up 
problems. 

•	 From the knowledge gained from regime analysis it can be 
decided which mechanisms and features need to be investigated 
and optimized on a laboratory scale. 

•	 Various experimental set-ups can be used to simulate 
industrial-scale fermentation processes on laboratory scale. 
A successful scale-down bioreactor must have the capacity to 
reproduce the hydrodynamics encountered at the industrial 
scale, as well as the behaviour of the culture, especially in the 
case of filamentous fermentations.

List of symbols 
Cs concentration of substrate kg m-3

Cx concentration  of biomass kg m-3

D diameter m
Di Impeller diameter m
H height m
Ks Michaelis-Menten constant kg m-3

kLa oxygen transfer coefficient h-1

N stirrer speed s-1

P power input W
V volume m3

rs substrate consumption rate kg m-3 s-1

t time s
tc circulation time s
tm mixing time s
Ysx yield of biomass on substrate kg dry wt kg-1

µmax maximum specific growth rate h-1
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