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Process integration

⚫ Once a process has been defined, either a new process or an existing one, the 

next step is to define how to integrate each part of the process to make the 

most efficient and cost effective production process.

⚫ Ideally process integration should not be something done after each part of 

the process has been optimized and defined but should start from the outset 

of any new process



Integration of USP and DSP

⚫ USP involves all stages upto and including the cell culture and production 

phase

⚫ DSP involves all stages from the product harvesting from the bioreactor, 

through cell separation and chromatographic steps to final product 

formulation

⚫ The aim of any production process should be to facilitate the integration of 

the USP and DSP



Process integration

⚫ Medium supply

⚫ Medium preparation and feeding (continuous sterilization)

⚫ USP- CIP and SIP

⚫ Batch, fed- batch, continuous culture

⚫ Single stage or multiple stage culture

⚫ Cell separation

⚫ Product concentration (capture)

⚫ Intermediate purification

⚫ Polishing

⚫ Formulation

⚫ Analytics- QA and QC



Process integration
When a cell line/organism is initially chosen it should be with respect to:

⚫ FDA approval (retroviruses etc.)

⚫ stability

⚫ glycosylation profile (??)

⚫ high productivity

⚫ whether it is suspension (or anchorage dependent)

⚫ whether it can be grown to high density or requires immobilization

⚫ whether batch, fed- batch or continuous process will be supported

⚫ shear sensitivity and growth on defined medium



USP

⚫ Choose system based on concentration and product stability

⚫ Avoid high perfusion rates- productivity high but concentration low-
large volumes

⚫ Define system which is scalable

⚫ Define system with lowest labour costs- roller bottles to be avoided

⚫ Define seed train



USP

⚫ Define kinetics

⚫ If production continuous will DSP be continuous or as series of 
batches (stability dependent)?

⚫ If continuous how long can one run be operated with consistency 
of product?

⚫ Risk of contamination or mutation higher with continuous



DSP

⚫ All processes require the prior removal of cells from the product- containing 
medium

⚫ Cells should be removed rapidly (even from continuous processes) to avoid 
cell lysis and product contamination by host cell proteins and proteases

⚫ Viability within USP should be maintained high to avoid cell lysis

⚫ Medium should be chosen to have the minimum of protein contaminants, 
while maintaining high cell viability



Introduction:  Scale-up 

• A knowledge-based scale-up and scale-down methodology is 
vital, regardless of the microorganism or target product, for the 
transfer of a bioprocess from the laboratory to the industrial 
production scale

• Such process knowledge must consider fluid dynamic aspects 
with regards to the specific type of bioreactor applied and the 
responses of the biological system to changes in physical and 
chemical process parameters

• One major issue in the scale-up of fed-batch processes is the 
formation of concentration gradients at high cell densities



• A robust scale-up should include the change of the type, size, or other 
construction parameters of the bioreactor

• Engineering parameters affected: power input, stirrer tip speed, 
dissolved oxygen concentration or oxygen transfer coefficient

• Other considerations: physiological conditions inside the cell and the 
space–time dynamics of the environmental parameters that determine 
the specific responses and response time constants (kinetics) in the 
biological system

• Case-specific, i.e. needs specific studies of the fluid phase and the 
complex responses of cells to fast environmental perturbations at 
heterogeneous cultivation conditions.



The ideal scale-up criterion is that parameter which has the same 

numerical value as the volumes of the geometrically similar bioreactors 

increase in size



Scale-up

Scale-up: More an art than a science



Geometrical Scale-up of Bioreactors / Fermenters

First scale-up criterion is the 

→ Preservation of Geometrical Similarity







• In reality, scale-up of laboratory and pilot plant to the 
commercial size industrial bioreactors is very difficult and 
complicated

• Scale-up is often facing problems due to the restrictions in the 
maintenance of key process parameters, which cannot be held 
constant for mechanical and economic reasons

• A consideration of the rate of change of these parameters from 
the lab to the industrial scale allows an estimation of the change 
of the degree of homogeneity, to which the cells are exposed to
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Scale-up Introduction 

Scale-up ist the study of the problems associated with transferring data obtained in laboratory

and pilot plant equipment to production level.

See video: bioreactor scale-up

14 bioreactor scale-up.mp4
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Basics for scaling-up

• from chemistry

•  Based on similarity theory

Assumptions:

 geometric similarity remains

  Nutrient composition and also cultivation parameters keep 

  constant during scale-up (T, pH, …..)

  Homogeneity over the whole reactor 



In general, scale-up criteria are a function of

independent variables:

i. Rotational speed, n or N

ii. Diameter of impeller, Di

iii. Diameter of tank, DT

iv. Height of liquid, HL

v. Gas flow rate, Qg

vi. Liquid viscosity, μ

vii. Liquid density, 

Scale-up criteria for small

bioreactor is the same for the large scale

bioreactor



The choice of scale-up criteria depends on two considerations:

a) Nature of the fermentation and morphology of the microorganism:

➢ Aerobic or anaerobic condition

➢ Single cell microorganisms

➢ Fungi

➢ Mammalian or plant cells

➢ Exothermic fermentation

➢ Thermophilic microorganisms

➢ Viscous or non-viscous fermentation broth

➢ Newtonian or non-Newtonian broth

b) During scale-up, what is the objective parameter of fermentation to be optimized or

maximized?

➢ Yield of product or biomass

➢ Cell concentration

➢ Product concentration

➢ Product activity

➢ Volumetric bioreactor activity



Basics for scaling-up

Based on this assumptions:

 P0 ~ N3 D5

 V ~ D3

 F ~ N D3

P0 : Stirring power

F:  pump capacity 

of stirrer 

Scale-up criteria:

a)  P0/V ~ N3 D2

b)  F/V ~ N

c)  v ~ N D  (velocity of stirrer: tip speed)

d) Re ~ N D2

e) kLa ~ (N3 D2)0.4-0.7~ (N3D2)0.5

f) tm ~ 1/N





Basics for scaling-up

Comparison of different strategies for up-scaling with factor 125

Linear factor is 5

Strategy P P/V kLa N tm N D N D2

P/V =const

N = const

v = const

Re = const

125

3125

25

0,2

1

25

0,2

0,002

1

5

0,4

0,04

0,34

1

0,2

0,04

2.9

1

5

25

1,7

5

1

25

8,5

25

5

1

Increase of volume: factor 125 (at constant geometric ratio)



Interdependence of scale-up parameters

As the Table indicates, if the
impeller speed is maintained constant, 
the energy input of the impeller(s) 
will be 3,125 times higher in the large-scale
fermenter. 

It is safe to presume that such a significant
increase can change markedly the 
performance of the larger fermenter,
 e.g., with oxygen
transfer rates, temperature gradient,

Standard geometry vessel was used 
and geometric similarity was applied. 
• Volumetric scale-up ratio = V2/V1 = 10,000/80 = 125 
• Impeller diameter scale-up ratio = Di2/Di1 = 5 





Scale-up

Generally bioreactors maintain height to diameter (H/D) of 2:1 or 3:1 (note for STR ideal is 1:1 

with respect to liquid height)

If H/D maintained constant during scale-up- surface to volume ratio decreases dramatically (i.e. 

m2/m3)

Result: less important effect of surface aeration, lower heat transfer surface etc.

Wall growth: becomes very important, since at small scale, cells with altered metabolism are 

common, whereas at larger scale smaller surface area means less important effect, but 

productivity lower.

If geometrical similarity is maintained then physical conditions must change since N and Di 

define all quantities (cf.Table slide 34)



Scale-up

Different scale-up rules can give different results:

Constant P0/V provides constant OTR

Constant Re provides similar flow patterns

Constant N gives constant mixing times

Constant tip speed gives constant shear

All scale- up problems are linked to transport processes

Different scale-up criteria have been used depending on the type of fermentation and the 

objective of optimization



reactor). Cells therefore pass through regions of low

oxygen concentration, and essentially anaerobic,

resulting in changed cell metabolism.

If consumption is same order of magnitude as oxygen

supply (1/kLa ~ tO2) the pO2 will be very low (see this

case in results from 20 m3 r eactor and diagram of

Therefore scale- up is empirical; or scale- down and 

study factors having major effects, then maintain these 

constant





▪ The Reynolds number based on impeller diameter, Di

is given by:

▪ Therefore, for a given fermentation broth of given constant 

physical properties µ und 

Impeller Reynolds Number 



Constant Power Consumption per unit volume of liquid, P/V

▪ For power consumption in an agitated vessel, there is a fixed 

relation between impeller speed (N) and impeller diameter (Di):

▪ The power per unit volume is constant

▪ The relations for the impeller size and agitation rate in small and 

large bioreactors/ fermenters:



Constant impeller tip velocity, NDi

▪ Scale-up calculation is based on constant shear forces, where 

shear is directly related to impeller tip velocity

▪ Maximum shear rate is allowed to prevent possible irreversibel 

shear damage to the cells growing inside the bioreactor

▪ In some cases where the cells have a tendency to form flocs, it is 

necessary to provide at least the minimum shear rate required to 

break-up these flocs



▪ The impeller is a device where shear forces are transmitted to 

the fermentation broth

▪ Since the process is sensitive to high agitation rate, it is 

necessary that the bioreactor be scaled up, based on shear 

forces for maximizing product yield 

▪ This is the main reason for keep impeller tip speed constant; in 

practice , it is recommended that this is in the range of 

0.25 – 0.5 m/s



Scale- up of DSP

Rule:

Maintain column height constant, vary diameter to 

maintain constant linear flow rate

e.g. 10 cm/h



Example 1: Scale - up

After a batch fermentation, the system is dismantled and approx. 75% of the cell mass is suspended in the liquid 

phase (2 l), while  25% is attached to the reactor walls and internals in a thick film (ca. 0.3 cm). Work with 

radioactive tracers shows that 50% of the target product (intracellular) is associated with each cell fraction.  The 

productivity of this reactor is 2 g product / L at the 2 L  scale.

What would be the productivity at 20000 L scale if both reactors had a heigh-to-diameter ratio of 2 to 1?



Class - Example 2: Scale - up

Consider the scale-up of a fermentation from 10 L to 10000 L vessel. The small fermenter has a height-to-

diameter ratio of 3. The impeller diameter is 30% of the tank diameter. Agitator speed is 500 rpm and three 

Rusthon impellers are used. 

Determine the dimensions of the large fermenter and agitator speed for:

a) Constant P/V

b) Constant impeller tip speed

c) Constant Reynold number

Assume geometric similarity

Help:  V = ( ) Dt2 H



Example 2: The scale-up factor is the 

cube root of the ratio of tank volumes 



Example 3: Scale-down

A stirred-tank bioreactor is to be scaled down from 10m3 to 0.1m3. The dimensions 

of the large tank are:

  Dt = 2 m; Di = 0.5 m; N = 100 rpm

a) Determine the dimensions of the small tank (Dt, Di and H by using geometric 

similarity

b) What would be the required rotational speek of the impeller in the small 

tank if the following criteria were used?

 i. Constant impeller speed

 ii. Constant impeller Reynolds number



Outlook

❖ Economics :BioprocessEconomicsEPFL2024 not part of exam.ppt
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