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ON-LINE ANALYSIS AND CONTROL OF FERMENTATION PROCESSES
 

L.K. NYIRI, G.M. TOTH, C.S. KRISHNASWAMI and D.V. PARMENTER

FERMENTATION DESIGN, INC.

Division of New Brunswick Scientific Co., Inc.

Bethlehem, PA 18015 USA

ABSTRACT

This paper gives a brief account on the results using mini-computer for on-line,
real-time followup and control of fermentation processes.

Data indicate that the status of a microbiol culture can be characterized if the available
direct sensor signals are further analyzed. Such an analysis gives insight into the
physico-chemical, physiological and biochemical conditions of the culture. In par-
ticular, the gas exchange conditions (oxygen uptake, CO? release rates and
especially respiratory quotient (RQ)) were found sensitive indicators of the
culture's status.

Using the process status analysis capability of the computer optimum environmental
conditions were searched by meansof perturbation testing of the culture. For
example, a C/N ratio was found in C. utilis culture which resulted in near perfect
oxidation (RQ close to 1.0) which coincided with enhanced cell growth rate and
suppressed ethyl alcohol formation. During these tests interactions between the
environmental factors and the cellular metabolism were also detected. Analysis
of these interactions is a prerequisite to develop control techniques for microbio-
logical processes.

Information on the interactions between the cells and environment as well as on
the process status madeit possible to establish a culture milieu in which the
C. utilis cells metabolism was shifted in the direction of protein synthesis with

a

simultaneous decrease in ETOH production. This operation was implemented
using a double control loop strategy in which the setpoints of the individual
controlled variables (composite of which creates the environment) were adjusted
according to the physiological state of the culture.
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INTRODUCTION

Dating back to Fuld's proposal (1), the application of digital computers in the
fermentation industry has primarily involved using the computer to replace

traditional analog control loops (e.g. T, pH) (2,3). The computer has less
frequently been used for the more difficult tasks of process identification and
dynamic optimization and process control (4,5,6,7). These are the typesof

application of more interest andit is likely that the full power of the modern
computerwill be utilized in these directions in order to advance our knowledge
of fermentation processes.

The objective of this paper is to give an account of results achieved to date
using a mini-computer on line with a classical fermentation process to perform
process identification, perturbation testing and interactive control.

PROCESS IDENTIFICATION

The condition of a (micro) -biological system can be. characterized by two types
of data: 1) those which describe the environmental conditions (e.g. T, DO, pH,
ORP, etc.,) and 2) those whichreflect the cell (culture) metabolic conditions

(termed process indicators). While many direct reading sensors are available
for the measurement of environmental variables, the identification of metabolic
status is seriously handicapped by the lack of such sensors. However, it is
often possible to combine and manipulate the direct sensor data to yield the other-
wise inaccessible process indicators (5, 8, 9, 10, 11). Figure 1 shows a block
flowchart of this approach. Here direct sensor signals (upper row) are used to

compute process indicators reflecting the physico-chemical, physiological and

biochemical conditions of a culture (middle section) which are in turn used for
perturbation testing, dynamic optimization and process control (lower section).

Figure 2 presents an actual implementation of this concept. The example demon-
strates how the RQ wasusedto identify the transition from the lag to the logarith-
mic phaseof growth of a C. utilis culture. The RQ data obtained here via the
Data Analysis Program (DAN) are in good agreement with those obtained by
postexperimental calculations on yeast gas exchange conditions as published
elsewhere (12).

By correlating wet chemical analysis data with the process indicators generated

by the Data Analysis Program, it was found possible to identify transitions from
one physiological state to another (10). Figure 2 shows a minimum in RQ (in
the 3-4 hour region) which coincided with the start of intensive protein synthesis
thus indicating the transition between the lag and logarithmic phases. Further

exploration of this technique may possibly allow real time process-trend prediction
and useful feedforward control strategies.

The sudden shift in RQ in the region of 9:45 elapsed fermentation hours (marked X
on the graph) was traced to a malfunction in the paramagnetic 0, gas analyzer.
This sort of anomaly only re-emphasizes the need to be able to distinguish between
apparent changes in sensor readings caused by instrument-related errors and
those caused by real metabolic changes. Programming the computer to make
this distinction automatically would appear to be a very worthwhile project.
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FIGURE 2

ON-LINE, REAL-TIME FOLLOWUP OF FERMENTATION PROCESS INDICATORS
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PERTURBATION TESTING OF MICROBIOLOGICAL SYSTEMS

Although some excellent experimental work has been donein this area (13, 14),
the tedium of laborious data acquisition and process status analysis generally
discourages perturbation testing of microbial cultures. The computer's ability
to perform these tasks in real time, has, however, made thejob relatively
straightforward.

Basically, perturbation testing (15) involves suddenly changing one variable
(usually an environmental variable) and observing the culture's response via
analysis of changes in the computed process indicators.

Ourfirst experimental trials revealed that the alteration of an environmental variable
triggered a sequenceof events in the metabolic activity of the cells starting with
changesin the oxidative processes (traced by computed gas exchange rates and
by RQ), followed by changes in protein synthesis (observed in changes in growth
rate) and finally in the rate of de novo synthesis of nucleic acids (presently

detectable only by wet chemicalanalytical techniques).

When the system was exposed to further pulses during the developmentof the
response(s), deviations from a theoretical model were observed. Figure 3

illustrates a case where aC. utilis culture was pulsed by random increase and
decrease of DO level whilecarbohydrate and nitrogen sources werefed ina
ratio of C/N=2:1. Specific oxygen uptake data (SOXUP) shown in boxes A, B
and C indicate that the respiratory responses lagged behind the DO pulses by
10-15 minutes (each dot in the figure represents 5 minutes interval in the measure-

ment). In case C, despite the decrease in DO, the SOXUP continued to increase
(as a lagging response to the increased DO level) indicating that the effects of
the previous pulsing are superimposed and carried over during the development
of the responses to a new pulse input. This phenomenon which expresseditself
predominantly in hysteresis curves (16) needs careful consideration during
design of interactive control strategies.

 

Pulse testing of aC. utilis continuous culture by altering the carbon to nitrogen
(C/N) ratio resulted in the definition of an optium EN value where the RQ was
close to 1.0, to yield a growth rate of 5.6G.L“1 HR-1 and an ethyl alcohol formation
rate of 0.05mM.L-! (Figure 4) (8).

INTERACTIVE CONTROL OF FERMENTATION PROCESS VARIABLES
 

Two major objectives can be defined in the control of environmental conditions
during fermentation. These are:

1. Control the environment to make it suitable to the genetically
altered metabolic conditions, and

2. Control the environment in order to shift the metabolism
toward a desired direction.

Accordingly, the ability to perform corrective actions on the environmental conditions
assumes extensive knowledge on the process status and on the system's response to

inputs. This knowledge, as it was demonstrated previously, can be substantially
improved using computer aided analysis of the processstatus.
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In addition to the cell-environmentinteractions (17), there are interactions among
individual control loops on the environmental conditions. The effect of agitation
(tip) speed and airflow rate, as well as temperature and gas pressureonthe dis-
solved oxygen concentration is among the most convincing examples (8) .

Figure 5 presents two different control concepts. In the first case, environmental
variables V,, V> and V3 are maintained at their target values according to the PID
control law or oneof its variants. In this case, the control actions are independent

of each other. This technique (borrowed from the chemical industry) has been used
for more than a quarter century in antibiotic fermentations.

In the second case (B), the target values of the Vy. V2, V3 environmental variables

are still maintained via separate control loops (as in the first case), but the setpoints

are changed according to the (formerly detected) interactions between V1, Vy and
V3 variables as well as according to the interactions between A, B and C biological
variables as influenced by environmental variables Vy Vo, V3-

This control operation may take place on several levels (in several loops) (Figure6) .

In this case, for instance, the target values of environmental variables (T, N, Q,
P, DO, S, pH, etc.) are maintained by otherwise known techniques (e.g. with
control elements using supervisory control procedure, or DDC) and the setpoint

for each environmental variable is altered according to the biological status of the
culture, taking into consideration the formerly defined interactive effects of the
system elements.

The first such interactive control by computer was implemented using the computed

ka value to alter agitation speed and airflow rate in order to maintain the DO
concentration (8). The control was performed by a DDC loop using a PDP 11/20
computer.

CONTROL OF NUTRIENT FEED ON THE BASIS OF CELL PHYSIOLOGY
 

In subsequent experiments, a typical cascaded metabolic control loop was imple-
mented as illustrated in Figure 6: the previously defined optimum C/N ratio
(condition for RQ=1) was maintained by the computer during the logarithmic phase
of growth (9).

In this case, maintaining other environmental variables (T, P, pH) constant at
their predefined optima and altering others (e.g. DO on the basis of K,a), the
computer used the RQ value to control the feed rate of carbohydrate and nitrogen
sources in order to maintain RQ around 1.0. According to the scheme, the control-
loop was closed via a computed process indicator (RQ) which reflected the pivotal
physiological condition of C. utilis. Figure 7 illustrates the conditions. At 9.99 EFT
(which is the starting time of the experiment in the fed-batch culture where
molasses wasfed at a rate of 24G.L~!.HR™!) the growth rate was 5.0 G.L-!.HR-1
and RQ was below the SP (RQSP = 0.5-1.2). Asa consequence, feed of (NHy) 5
HPOstarted in order to reach a proportion of 2:1, previously defined as optimum
for RQ=1 by the pulse-response experiments. As a result, RQ started to increase
and reached the region of RQ=0.8-0.9. At 4:20 EFT, RQ started to decrease and
reached 0.5 which triggered the pumpto feed (NH,) HPO, again. A subsequent
increase in RQ coincided with increases in oxygen uptake and CO) release rates
indicating the enhanced metabolic activity and growth. Here RQSP was narrowed
to 0.9-1.2. On reaching RQ=1.2, the pump was turned OFF resulting in decrease
in RQ to below 1.0 but not below 0.9. Here the SP was adjusted to RQSP=1.0, +0.05.

 

 



 

L.K.Nyiri, G.M. Toth, C.S.Krishnaswami, D.V.Parmenter 43

 

   

R B

vy

C
WO a

Vp i

&® |
(oxo) +|-—-CH]+

de Beta
®
OO

FIGURE 5

CONTROL CONCEPTS APPLIED TO MICROBIOLOGICAL PROCESSES

    

 

DISTURBANCES

ENVIRONMENTAL

   
 

   
  

 

MANIPULATED

VARIABLES

MEASURED VARIABLES

FOR

METABOLIC ACTIVITY

| |

MEASURED VARIABLES DATA
|

REDUCTION

ENVIRONMENTAL ENVIRONMENTAL FACTORS (ESTIMATION)      CONTROLLED
VARIABLES N,0,F,00,5, pH

ENVIRONMENTAL SETPOINTS
 

 
    
 

   METABOLIC Q02,QC02,RQ,X,X,P, u,NADH «> NADH+H*,ATP
CONTROL
ACTIONS 16

FIGURE 6

SCHEMATICS OF CASCADED METABOLIC CONTROL



 

 

 

44 L.K.Nyiri, G.M. Toth, C.S. Krishnaswami, D.V.Parmenter

N feed pump was turned ON and OFFto keep RQ in this domain. During this oper-
ation samples were taken and OD was determined. mens Br a gradual increase
in growth rate from 5:99 EFT peaking ata7.5G. L-!.HR= value at 19: 29 EFT.
This growth rate isDe by a. oxygen eG lg of the culture which

which peaked at 3.9 mMO7.L™ .Min7! (==234mMO7.L .HR=1).

Although this experiment is considered to be extremely crude, to our best know-
ledge, this is the first one where automatic control of an environmental condition

has been implemented on the basis of a pivotal physiological variable (RQ). With
further development of computer coupled fermentation systems, similar process
control techniques will be developed and applied.

CONCLUSIONS

Experiments done so far have proved that the computer, interfaced with highly

instrumented fermentor (s) can be a useful tool in the following areas:

1. Enhancementof pool of information on the culture's condition,
especially with respect to cell physiology.

2. Better understanding of the interactions between the cells and
the environment.

New control strategies have been developed and successfully implemented. Out

of these earliest experiences twofacts of importance emerged, namely:

1. Changing even one environmental factor in a living system may
require interactive adjustment of several other environmental

variables. The interactive adjustment must take place according
to the needsof cell physiology.

2. The complexity of the control procedure requires further detailed

studies on microbiol physiology. This may lead to new control
strategies, but, the underlying philosophy ofthe interactive
control of process variables can hardly be overlooked.

Although the primary task of the computer is detailed analysis of available data
revealing state variables which really characterize the biological process, its

final performance, the interactive control based on metabolic conditions, is the

result of a synthetic activity. Such an approach incorporates a trial to alter tech-

niques based on the Cartesian world view which is predicated on the idea that we

can comprehend and manipulate whole systems by analyzing their parts. We assume
that parts of systems can be analyzed and understood only within the context of

their macrosystems. Data originated from system analysis only helpsusif it
broadens our view and contributes in the vital task of filling the information gaps

between the demands and conditions of the cells and the performance of controlled

variables. We believe that the application of computers for synthetic activities will

significantly ease further process development work and will ultimately lead to
control strategies which can provide genuinely optimal environmentfor cellular
metabolic activity.
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NOMENCLATURE

Carbonto nitrogen ratio

Data Analysis Computer Program

Direct Digital Control

Dissolved Oxygen Concentration

(ppm, p02, mM)

Elapsed Fermentation Time (1/10 hours)

Oxygen mass-transfercoefficient (1/hour)

Agitation (tip) speed (ft/min)

Oxidation-reduction potential (mV)

Vessel head-pressure (Atm.)

Proportional-Integral-Derivative Control System

Air (gas) -flow rate (SLPM)

Respiratory Quotient (dimensionless)

Respiratory Quotient Setpoint
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SS Substrate Concentration, Substrate feed rate

(mM, mM/L/HR)

SOXUP Specific Oxygen Uptake Rate (mMO 2/G cells/HR)

Ts Culture Liquid Temperature (°C)

Mia Moe Mg Environmental variables (e.g. 'T')

aX Cell mass, cell mass formation rate (G/L, G/L/HR)

REFERENCES

G.J. FULD, in W.W. UMBREIT (ed.): Advances in Applied Microbiology,
Vol. 2, p. 351. Academic Press, New York. London. (1960)

P. GRAYSON, Process Biochemistry 4, 43 (1969).

S. YAMASHITA, H. HOSHI, T. INAGAKI, in D. PERLMAN (ed.): Fermentation
Advances, p. 441. Academic Press, New York. London (1969).

A.E. HUMPHREY, Proc. of Labex Symposium on Computer Control of Fermenta-
tion Processes. London (1971).

L.K. NYIRI, Proc. of Labex Symposium on Computer Control of Fermentation
Processes. London (1971).

L.K. NYIRI, in T.K. GHOSE, A FIECHTER and N. BLAKEBROUGH, (eds.):
Advances in Biochemical Engineering, Vol. 2, p. 48 (1972).

R.P. JEFFERIS, Ill, Process Biochemistry, 10 (4), 15 (April 1975).

L.K. NYIRI, R.P. JEFFERIS, Ill, and A.E. HUMPHREY, Biotechnol.
Bioeng., Symposium No. 4, p. 613 (1974).

L.K. NYIRI, and C.S. KRISHNASWAMI, 75th National Meeting of ASM.
Chicago, Ill. (1974).

L.K. NYIRI, G.M. TOTH and M. CHARLES, Biotechnol. Bioeng. 17, 1663
(1975). A

L.K. NYIRI, and R.P. JEFFERIS, Ill, inS.R. TANNENBAUM and D.1.C.
WANG(eds.): Single Cell Protein Il, p. 105. The MIT Press, Cambridge,
Mass. (1973).

A. FIECHTER and K. VonMEYENBURG, Biotechnol. Bioeng. 107935; (1968) .

M.J.B. PAYNTER and H.R. BUNGAY, III, Biotechnol. Bioeng. 12, 347 (1970).

A.F. GAUDY, Jr., Biotechnol. Bioeng. 17, OST (1,975) 3

P.W. MURRIL, R.W. PIKE and C.L. SMITH, Chemical Engineering, p. 177
(October 7, 1968).

L.K. NYIRI, and G.M. TOTH, Biotechnol. Bioeng. 13, 698 (1971).

L.K. NYIRI, R.P. JEFFERIS Ill and A.E. HUMPHREY. 166th Meeting of
American Chemical Society. Chicago, Ill. (1973).


