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Abstract

On-line estimation is applied to fermentation processes to provide on-line knowledge of variables for
which no reliable sensor is available. These variables usually include the concentrations of the biomass.
substrate, and product in the fermentation broth — the variables that are most important for process
monitoring and control. As a result of limitations in process understanding, estimator sophistication, and
the quality of available measurements, on-line estimation is not always reliable. Measurements of these
important variables are, however, usually available from laboratory analyses of samples removed from the
fermenter. These are ofI-line measurements which have the following characteristics: they are irregular
and infrequent compared to on-line measurements; there is a delay between sampling the fermenter and
the results of the analyses becoming available; and, because these analyses usually involve manual
operations, occurrences of inconsistent results are likely. These characteristics often preclude the use of
information from off-line measurements in on-line estimation of fermentation processes.

In this work the inclusion of information from off-line measurements in the on-line estimation of
fermentation processes was investigated. The experimental fermentation system used in the investigation
was a small scale, fed-batch fermentation of Penicillium chrysogenum P2. The investigation was
performed using two model based, on-line estimators. These represented examples of the simpler and
more complex on-line estimators that are commonly applied to fermentation processes. The complex
estimator was an implementation of the extended Kalman filter (EKF). Both estimators produced
estimates of the biomass concentration which was the variable of greatest interest in this work.

Preliminary work was carried out on characterising the measurements important to estimation. Methods
for the evaluation of the uncertainties associated with the measurements of the biomass concentration,
substrate concentration, the carbon dioxide evolution rate (CER), and the broth volume were devised and
their uncertainties evaluated. The identification of inconsistent measurements was also investigated and a
consistency test developed.

Three methods of including the off-line measurements in both estimators were determined: firstly,
reinitialisation of the estimation with the off-line measured values, secondly, the use of off-line
measurements in the identification and subsequent adaptation of an influential estimator parameter; and
thirdly, a combination of reinitialisation and parameter adaptation. The parameter relating the carbon
dioxide evolved as the result of the culture's maintenance activities (/n.) was adapted in this work. It
required off-line measurements of the biomass concentration in its identification. The identification of m.
was limited to the production phase of the fermentation. After an investigation of the three methods it
was found that the combination of reinitialisation and parameter adaptation resulted in the best
estimation.

The use of off-line measurements was found to improve the performance of both estimators compared to
their performance without the use of off-line measurements. However, improvement was only possible for
conditions of the off-line measurement characteristics that were somewhat idealised compared to those
typical of practical fermentation processes: short analysis delays; high off-line measurement frequency;
and the elimination of inconsistent off-line measurements. The performance of the estimators
deteriorated as the off-line measurement characteristics became less ideal and more typical of practical
fermentation processes: long analysis delays; low off-line measurement frequency; and the use of
information from inconsistent off-line measurements. The EKF was found to be an unreliable estimator,
although it was capable of accurate estimation, it became unstable for no apparent or consistent reason —
both with and without the use of off-line measurements.
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Chapter 1

1 Introduction

1.1 Motivation for the work

For the purposes of good process monitoring and control of a system it is necessary to have an
adequate on-line knowledge of that system. Normally this is simply a matter of using a set of
sensors to make the necessary measurements. Fermentation processes, however, are complex
systems for which the available on-line measurements are limited to physical quantities for
example, pH, dissolved oxygen tension (DOT), and temperature and indirect measurements of a
culture's metabolism, from fermenter inlet and exhaust gas analysis. The set of on-line
measurements is usually deficient in those measurements that are most useful for process
monitoring and control, such as the concentrations of biomass, substrate, and product. These
measurements are, however, routinely made off-line, usually bv manual analysis, on samples
removed from the fermenter. Off-line measurements have the following characteristics which are
considered to make them unsuitable for use in on-line applications. Off-line measurements are
subject to analysis delay: there is delay between the sample time and the time at which the analysis
is complete. Thus there is delay between the time at which the information is available and the
time at which the information was pertinent to the process. The sampling frequencies and thus the
frequencies with which off-line measurements are available are low in comparison to measurement

frequencies compatible with on-line activities.

The development of sensors capable of making on-line measurements of the concentrations of
biomass, glucose, and product has been, and continues to be, a major area of research
(Clarke et al., 1985; Wang and Stephanopoulos, 1986; Kennedy et al., 1992). However the
exacting requirements of a sensor that has to work in the harsh fermentation environment, in
particular an ability to withstand sterilisation and avoid microbial fouling during use has been a
problem for their development. Indeed the slow rate of their development is evidenced by the past
and continuing reports of a lack of on-line sensors for key process variables (¢.g. Arminger and
Humphrey, 1979; Johnson, 1987; Buckland, 1990).

There have also been developments in automating the sampling and analysis of fermentations in an
effort to improve the characteristics of the off-line measurements, i.e. produce more frequent
analysis results with shorter analysis delays. However, it has been observed that these methods are
expensive, suffer from problems of reliability, and can increase the risk of contamination
(Halme, 1987).
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The lack of on-line measurements and the slow rate of progress in the development of both on-line
sensors and automated sampling and analysis has prompted the development of on-line estimation
techniques. On-line estimation is possible if a relationship (model) can be derived between the
unmeasurable variables and the available on-line measurements. This is usually possible in
fermentation as quantities derived from the on-line measurements of fermenter inlet and exhaust
gas, which are routinely made, can often be related to the culture's metabolism. On-line estimation
requires a computer to be linked to the fermenter. The development of on-line estimation has, and
continues, to be been promoted by the widespread application of powerful and inexpensive
computers to the routine monitoring of fermentations. The main problem with the application of
on-line estimation to fermentation processes is the model of the relationship between the on-line
measurements and the estimated variables. Because of the complexity and, in general, limited
understanding of fermentation processes these models provide a grossly simplified description of

reality, which can result in unreliable estimation.

A number of possible methods of improving the reliability of on-line estimation have been
investigated. These usually involve more efficient use of the available process information, which
can mean both the use of more on-line measurement information or the development and use of
more sophisticated models of the process. In some cases it means the use of a sophisticated class
of estimators that take into account the statistical uncertainties associated with the on-line
measurements and the modelled relationships when making an estimate, such as the extended
Kalman filter (EKF). However the information from off-line measurements, which are routinely
made, and which are the direct measurements of the estimated quantities, are not usually
considered for use with on-line estimation. This is because off-line measurements have
characteristics associated with them that are usually considered to be unsuitable for use with on-
line estimation. Two of these characteristics have already been mentioned, i.e. the analysis delay
and the low frequency of off-line measurements. Off-line measurements have two further
characteristics associated with them which may complicate their use with on-line estimators:
off-line measurements are available at irregular intervals; and off-line measurements involve both
broth sampling and manual steps which can result in a measurement error and thus inconsistent

information.

The motivation for this work is that it is thought that the routinely made off-line measurements
may contain information that could improve the on-line estimation of fermentation processes. Any
improvement in the reliability of the estimation improves the on-line knowledge of the fermentation

and increases the possibility of applying process control.
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1.2 Objectives of the work

The three principle objectives of the work were: firstly, to devise methods of including the
information from off-line measurements in the on-line estimation of a fermentation process;
secondly, to investigate the effect of the inclusion of their information on the estimation; and

thirdly, to investigate the effect of the off-line measurement characteristics on the estimation.

Throughout this work it is the estimation of the biomass concentration that is of greatest
importance. This is because biomass concentration is usually the central variable in the simplified
descriptions of fermentations that are used as process models. The other variables, such as the
substrate and product concentrations are usually described by the model in terms of their

relationship to the biomass concentration.

Preliminary work was necessary to achieve the principle objectives. Much of this preliminary
work was in producing and characterising the fermentation data that were to be used in the
estimation experiments. The investigation and development of estimators require fermentation
process data. For useful results it was necessary that the quality and quantity of this data were
similar to those which can reasonably be expected to be available from a practical fermentation
process. It is important for application of estimators and the assessment of the estimator
performance that the data used are well characterised. The characterisation included an evaluation
of the measurement uncertainties associated with the on- and off-line measurements that were used
in the estimation. It also included an assessment of measurement consistency that was necessary
for the investigation of the use of inconsistent off-line measurements on the estimation. The other
preliminary work done was the selection of the basic estimators; their application to the
fermentation data; and an assessment of their performance. It was these estimators that were

subsequently used in the investigation of the effects of information from off-line measurements.

1.3 Selection of the experimental system

It was decided that the estimation experiments of this work were to be performed using actual
fermentation data. This implicitly included the limitations of the available fermentation data, both
in terms of quality and quantity, on the experiments. This was important as it was thought that the

data would be a major limitation on any estimation technique developed.
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The possible alternative to the use of actual fermentation data — process simulation was not used.
The reason for this was that simulation requires a model of the process, and to be of any value this
model has to be more sophisticated than that used by the estimator. It is difficult to construct a
model that has the capability of simulating the behaviour of a fermentation in terms of the
unexpected process disturbances, measurement uncertainties, and the incidence of inconsistent
measurements. Therefore, any results from a simulation must be further tested on real data.
However, process simulation can provide an 'unlimited' source of fermentations and can usually
simulate a range of process behaviour, both of which are considerable advantages when developing

an estimator.

A method was developed that simulated the real-time appearance of the on- and off-line
measurements made on a real fermentation and necessary to the estimation. This method provided
an ‘unlimited' source of fermentations on which to investigate estimation using data from real
fermentations. It required that the every on- and off-line record made during a fermentation and
required by an estimator was stored in time indexed data files. This method essentially allowed a
single fermentation to be estimated an unlimited number of times. In this work a repertoire of
fermentations which exhibited slightly different behaviour was available for the investigation of

estimation.

1.3.1 Selection of the fermentation process

It was necessary to perform fermentations to obtain the repertoire of data for use in the estimation
experiments. The fermentation process selected to provide this data was the fed-batch
fermentation of Penicillium chrysogenum P2. This fermentation was selected for the following
three reasons. First, and most importantly, it is a well established and reported process:
information concerning its culture, measurement, and behaviour are readily available in the
literature. Second, it is a sufficiently complex process to challenge the estimators. It involves
several different growth stages and secondary metabolite production. Thirdly, the fact that it is a
fed-batch process gives it the potential for process control.
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1.4 Description of the thesis

The work carried out and presented in this thesis comprised several distinct stages which
progressed towards the inclusion of off-line measurements in on-line estimation. These stages are
reflected in the order and content of the following chapters of the thesis which are briefly described

below.

Chapter 2 This chapter describes the materials, equipment, and methods that were used to
produce the repertoire of fed-batch penicillin fermentations that were used in the estimation
experiments. This includes the materials, equipment and methods used in both running the

fermentations and making the measurements.

Chapter 3 This chapter describes both the qualitative and quantitative analysis of the
fermentation data produced for, and used in, the estimation experiments. The behaviour of each
fermentation is described and compared with the expected behaviour. The disturbances and

anomalies that occurred during the fermentations are identified and explained.

Chapter 4 This chapter describes the investigations to characterise the uncertainties
associated with the measurements important to estimation. The measurement uncertainties are
evaluated under the practical limitations of the fermentation system. This is important as values of

these uncertainties were required for a number of functions in this work.

Chapter 5 This chapter deals with the question of measurement consistency. It reviews the
reported methods and shows them to be inappropriate for the quality and quantity of the available
fermentation data. It develops a consistency test for the fermentation measurements that are used

in the estimation, and describes the application of the test to the available fermentation data.

Chapter 6 This chapter deals with the basic on-line estimation of the fermentations. It
reviews the reports of the application of on-line estimation to fermentation process. It describes
the selection of two basic on-line estimators suitable for use with the available fermentation data.
It describes the application of both basic estimators to the available fermentation data. It includes
a description of the method of simulating real-time for the repertoire of fermentations. It shows the
problems involved in applying the estimators to practical fermentations. It gives the results of
applying both of the selected estimators to each fermentation in the repertoire. These results are
used as the benchmark performances against which the effects of using information from off-line

measurements can be assessed.



Chapter 1

Chapter 7 This chapter deals with the principle objectives of this work — it presents the
investigation of the use of information from off-line measurements with on-line estimators. It
reviews the reports of the use of off-line measurements in the on-line estimation of fermentation
processes. The derivation of information from off-line measurements and its inclusion in on-line
estimators are described. The effects of using information from off-line measurements, for a range
of practical conditions of analysis delay, off-line measurement frequency, and incidence of

inconsistent measurements on the performance of both estimators are presented and discussed.

Chapter 8 This chapter presents the conclusions about the use of information derived from

off-line measurements with on-line estimation.

Throughout this thesis all figures that are referred to in the text of a particular chapter can be
found at the end of that chapter.
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2 Materials, equipment, and methods

2.1 Introduction to materials, equipment and methods

As has been explained, it was decided to perform the estimation experiments using data from a
repertoire of actual fermentation processes (Section 1.3). To obtain this repertoire it was
necessary to perform a number of fermentations. This chapter describes the materials, equipment,
and methods that were used both to perform these fermentations and to make the measurements on

the fermentations that were necessary for the estimation experiments.

2.2 Materials

2.2.1 Microorganism

A single microbial strain, Penicillium chrysogenum P2, was used for all fermentations; it
produces mainly penicillin G (benzyl penicillin) in the presence of the precursor, phenyl acetic acid
(PAA). The original spore stock was kindly supplied by Dr. T. Keshavarz (University College
London (UCL)).

2.2.2 Chemicals

All chemicals used in performing and analysing the fermentations, and subsequently referenced in
this report, are listed in Table 2.1. The supplier and, where applicable, the chemical grade are
included.
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Table 2.1. The list of all chemicals used in performing and analysing the fermentations

Chemical Grade Supplier

NH,OH (as a 30% solution) standard Aldrich Chemical Company Ltd.,

KH,PO, (used as a media component) analytical Gillingham, Dorset, UK

K,HPO, analytical

CaSO,.2H,0 analytical

KOH pellets standard

cylinders of the following gases: BOC, Ltd., Twickenham, UK

1% Ar, 3% CO,, 20% O,, and 78% N,; | BOC a-grade

1% Ar, 5% CO,, 20% O,, and 76% N,; | BOC B-grade

compressed air,

nitrogen (oxygen free)

Molasses food Community foods, London, UK

(NH,),SO, analytical FSA Lab. Supplies, Loughborough, UK

MgSO, (anhydrous) analytical

glycerol analytical

MnSO,.4H,0 analytical

ZnSO,.7TH,0 analytical

NaCl analytical

H,SO, (98.8% wiv) analytical

acetonitrile (CH,CN) HPLC

KH,PO, (used in HPLC analysis) HPLC

FeSO,7H,0 analytical

CuS0,.5H,0 analytical

PAA analytical

nopco antifoam a gift from SmithKline Beecham,
Worthing, UK

peptone (bacteriological) Oxiod Ltd., Basingstoke, UK

No.3 agar

nutrient agar

yeast extract powder

spray dried corn steep liquor (CSL) Roquette Fréres, Lestrom, France (a gift
from Dr. J. Smith, Glaxo Group
Research, Greenford, UK)

Na,SO, analytical Sigma Chemical Company, Poole, UK

glucose (anhydrous)

Tween 80

penicillin G (potassium salt) HPLC

6-APA HPLC

m-hydroxy PAA HPLC

o-hydroxy PAA HPLC

p-hydroxy PAA HPLC

Glu-cinet®, glucose assay reagent

Technicon International Division,
Geneva, Switzerland
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2.3 Equipment

2.3.1 Fermentation equipment

2.3.1.1 Fermenter vessel

All fermentations were performed in an LH 7 L glass vessel fermenter (6 L maximum working
volume), with 13000 instrumentation, (LH Fermentation, Stoke Poges, UK). The eight standard
ports available on the vessel head-plate were insufficient to provide access to the interior of the
vessel necessary for the required probes and feeds. To overcome this a device was designed and

built 'in-house' to expand a single port to three independent ports.

The impeller shaft was fitted with three Rushton turbines, spaced so that they provided adequate
mixing without causing excessive splashing at the broth volumes and impeller rotation rates used

in this work. Broth mixing was aided by four internally mounted baffles.

An internal heat exchanger was used to circulate steam through the medium during sterilisation, or -

cooling water during the fermentation for temperature control.

After sterilisation, aseptic access to the interior of the vessel, for feed additions and sample

removal, was through sterile septa in the ports.

2.3.1.2 Fermenter aeration

The flow of air into the fermenter from a compressed air source was controlled by a TCS unit and
thermal mass flow controller (Section 2.3.1.3). Air was filter sterilised by passage through a
steam sterilisable, 0.2 um air filter (Pall Process Filtration Ltd., Havant, UK). Air entered the
cu[ture below the lowest turbine on the impeller shaft and left the fermenter vessel passing through
condenser, which was constantly cooled by mains water to minimise evaporation; and a steam
sterilisable (as an integral part of the fermenter vessel), 0.2 pum air filter (Pall Process
Filtration Ltd.). A proportion of the exit gas was constantly pumped, at 200 mL.min", to the mass
spectrometer for exit gas analysis (Section 2.3.2), the remainder was vented to the atmosphere.

The vessel head pressure was measured on a pressure gauge mounted on the condenser outlet.
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2.3.1.3 Fermenter instrumentation

Local monitoring and control of the fermenter were performed by an LH 13000 instrumentation
unit which includes a TCS 6358, eight loop PID controller (Turnbull Control Systems Ltd.,
Worthing, UK). Seven of the control loops were configured for signal conditioning and set point
control of: broth pH; dissolved oxygen tension (DOT); temperature; air mass flow rate; impeller
speed; glucose and PAA feed pumps. All monitored signals were transmitted to the Bio-i data
logging system (Section 2.3.3).

The broth temperature was measured using a double resistance thermometer assembly that was
mounted in the base of the fermenter. The pH of the broth was measured by an Ingold 765, steam
sterilisable pH probe with pressure housing (Ingold, Urdorf, Switzerland), and compensated for
temperature variation automatically. The DOT of the broth was measured using an Ingold, steam
sterilisable, poloragraphic DOT probe. Air flow to the fermenter was measured and controlled by
a HI-TEC F100, thermal mass flow meter/controller (Bronkhorst High Tech B.V., Ruurlo,

Netherlands), which was calibrated for use with air.

2.3.2 Mass spectrometer

Analysis of the fermenter inlet and exhaust gas streams was performed by a VG MMS8-80,
magnetic sector mass spectrometer (VG Gas Analysis Ltd., Middlewhich, UK), which was housed
in a constant temperature room maintained at 20°C. The mass spectrometer was configured to
analyse gas streams for their composition of the species: N,, O,, CO,, and Ar. A calibration gas
(BOC o-grade, with the composition: 1% Ar, 3% CO,, 20% O,, and 76% N,), and He gas, were

used to calibrate the mass spectrometer automatically, every 24 hours.

The mass spectrometer was multiplexed to all fermenters in the UCL suite, therefore, the
frequency at which analysis was available for a particular fermenter varied, and was dependent on
how many users were on the system. Analysis was usually available at a rate of about 1 complete

analysis every 3 minutes, but could drop to about 1 complete analysis every 6 minutes during
periods of high demand.

The mass spectrometer was controlled and the results collected and analysed on an IBM PC-AT

computer (software from VG Gas Analysis Ltd.). Data were stored on hard disk, and, if required,
transmitted to the Bio-i data logging system through an RS-232 serial link.

10
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2.3.3 Fermentation monitoring and logging

On-line fermentation data were available from two separate sources: the continuous measurements
of the fermenter instrumentation by the LH 13000 unit; and the variable frequency discrete results
of the fermenter inlet and exhaust gas analysis, from the mass spectrometer. The data from both
sources were logged by the Bio-i system (BCS Ltd., Maidenhead, UK) running on a DEC micro
PDP-11/73 mini-computer. All fermenters in the UCL suite were logged in this way and data
were stored on hard disk at the rate of one record every 3 minutes. The form of the record is
configured by the user and may contain any combination of the measured variables. The data are
transmitted from the LH i3000 unit through an RS-422, multidrop serial link; and from the mass
spectrometer control computer through an RS-232 serial link. The data from both sources were
synchronised and stored it in time indexed data files which were available for subsequent retrieval
and manipulation. Remote on-line monitoring of a fermentation in either graphical or numerical
forms was available as was an option to compare the progress of a current fermentation with

historical batches stored on the system.

2.3.4 High performance liquid chromatography (HPLC)

The broth concentrations of penicillin G and PAA were measured using HPLC. A Perkin Elmer,
System 10, constant flow pump (Perkin Elmer Ltd., Beaconsfield, UK) was used to maintain the
mobile phase stream at a constant flow rate of 1.5 mL.min'. A Perkin Elmer ISS-100
auto-sampling unit removed a preset volume (10 pL) from a sealed sample vial positioned in a
water cooled sample tray, and injected it into the mobile phase stream. Separation was on a
Spherisorb S5C8 HPLC column (Hichrom Ltd., Theale, UK), maintained at a pressure below
20 Mpa. The resolved sample then passed through the detector cell of a Milton Roy
Spectromonitor 3, UV spectrophotometer, adjusted to a wavelength of 220 nm. The output signal
was transmitted to a Perkin Elmer LCI-100 computing integrator which determined the areas of
detected absorbance peaks and produced results in both numerical and graphical form for
subsequent analysis. The system was capable of running automatically with the auto-sampler

communicating the start and end of a sample analysis time to the integrator.

2.3.5 Glucose and PAA feed system

The feed system for both glucose and PAA were of similar design. The reservoirs for the sterile
feeds were Pyrex™ measuring cylinders, each modified to have a side-arm near its base; a 2 L

capacity cylinder was used for the glucose feed and one of 1 L capacity used for the PAA feed.

11
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The feed lines were made using 0.3 mm inside diameter, silicone tubing (Watson-Marlow Ltd.,
Falmouth, UK). The pumps used were Watson-Marlow, WM101-U, peristaltic pumps. This
particular combination of pump and tubing allowed the low feed rates required for the
fermentations performed in this work. To avoid interrupting the feeds to the fermenter, the glucose
and PAA feed rates were measured using in-line burette assemblies that were fitted to the feed
lines of both feeds. The use of the in-line burette assembly to measure glucose/PAA feed rates is
explained with reference to Figure 2.1.

1. With gate clips 1 and 2 open, a hypodermic syringe was used to draw feed
solution from the feed reservoir into the burette, to level 1. The burette was
separated from the syringe by a sterile air filter that prevented the feed becoming
contaminated during the measurement procedure. The air filter remained in place

for the duration of the fermentation.

2. The syringe was removed from the air filter and gate clip 1 closed. The pump
then drew feed from the burette at the feed rate.

3. The time taken for the pump to reduce the level of the feed in the burette from
level 1 to level 2 (the difference in these two levels corresponding to a known
volume) was measured with a stop watch. The feed rate was then calculated as

by dividing the known volume by the measured time.
4. Gate clip 1 was the opened and gate clip 2 closed.

5. The above sequence was repeated several times such that a mean feed could be
calculated.

The mean feed rates were used in the calculation of the fermentation broth volume
(Section 2.4.10). The measured feed rates of glucose and PAA are given for individual

fermentations in Sections 3.2.3.1 and 3.2.3.2 respectively.

All tubing, cylinders, and burette assemblies were steam sterilised in an autoclave (Section 2.4.1).
The pumps were connected to the TCS unit, where two of the available loops were configured to
control them, this allowed the pump settings, which were calibrated against feed, rate to be
constantly logged by Bio-i.

12
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2.4 Methods

2.4.1 Sterilisation

Sterilisation, of all components except the fermenter and its contents, which is explained later
(Section 2.4.3.3), was performed in a downward displacement autoclave; equipment and media
placed in the autoclave were heated to a temperature of 121°C by steam, and maintained at a
pressure of 1 atmosphere. Media and feeds were sterilised for exactly 20 minutes, equipment,

including feed vessels and lines, were sterilised empty for at least 20 minutes.

2.4.2 Contamination test

Sterilised fermentation medium and culture samples were routinely tested for the presence of
contaminating organisms. A sample of the substance to be tested for contamination was
aseptically streaked over the surface of two sterile, nutrient agar plates, using a flame sterilised
nichrome wire loop. The plates were incubated at 37°C. If growth was visible along the streak
lines of both plates after 12 to 24 hours of incubation it was likely that the tested substance was
contaminated. Discrimination of contaminants, usually bacteria or yeasts, from the Penicillium

culture, was done microscopically at x200 magnification.

2.4.3 Fermentation \

2.4.3.1 Spore production and storage

Spore producing cultures of Penicillium chrysogenum P2 were grown, and when sporulation was
complete, stored on agar slopes. The composition of the medium used for spore production

(personal communication, Dr. T. Keshavarz, UCL) is given in Table 2.2.

Sporulation vessels were 500 mL capacity, glass, medical flat bottles that allowed a slope volume
of 100 mL, with an approximate surface area of 120 cm?. Master cultures, for storage, were
produced in 25 mL capacity, glass universal bottles, which allowed a slope volume of 10 mL. All
medium components with the exception of the agar were thoroughly mixed in an appropriate
volume of deionised water. The agar was individually added to each vessel in which the

sporulation was to take place, to ensure an even distribution of the agar. The vessels containing

13
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the medium, including the agar were sealed with foam bungs capped with aluminium foil, and
sterilised for 20 minutes at 120°C in the autoclave. Immediately after sterilisation, whilst the
vessel contents were in liquid form, each vessel was carefully agitated to mix in the agar evenly.

The slopes were then left to solidify overnight.

Table 2.2. The composition of the medium used for spore preduction

Component Concentration
glycerol 75 gL
molasses 25 gLt
yeast extract powder 1.0 gL!
MgSO, (anhydrous) 0.05 gL
KH,PO, (anhydrous) 0.06 gL!
peptone (bacteriological) 50 gL
NaCl 100 gL
FeSO,.7TH,0 0.003 g.L”
CuSO,.5H,0 0.001 g.L!
No.3 agar 200 gL

Sporulation vessels were 500 mL capacity, glass, medical flat bottles that allowed a slope volume
of 100 mL, with an approximate surface area of 120 cm?. Master cultures, for storage, were
produced in 25 mL capacity, glass universal bottles, which allowed a slope volume of 10 mL. All
medium components with the exception of the agar were thoroughly mixed in an approprate
volume of deionised water. The agar was individually added to each vessel in which the
sporulation was to take place, to ensure an even distribution of the agar. The vessels containing
the medium, including the agar were sealed with foam bungs capped with aluminium foil, and
sterilised for 20 minutes at 120°C in the autoclave. Immediately after sterilisation, whilst the
vessel contents were in liquid form, each vessel was carefully agitated to mix in the agar evenly.

The slopes were then left to solidify overnight.

Slopes were inoculated from a spore suspension prepared from a sporulated culture on a master
slope. The spore suspension was produced by: aseptically introducing 10 mL of a 0.1% (v/v)
solution of Tween 80 containing 1 mL of 3 mm diameter, glass beads into the vessel containing the
master slope; gently washing the Tween and beads and spore suspension mixture over the slope
surface to remove the spores. When the spore suspension was judged sufficiently concentrated it
was aseptically decanted into a sterile universal bottle. Each spore slope was used only once. The
slopes in the medical flats were inoculated with approximately 0.8 mL of the spore suspension

(excluding any glass beads). It was found that this volume was adequate to cover the slope
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surface area without leaving excess liquid in the vessel which was detrimental to subsequent
culture growth. The spore suspension was then run over the slope surface such that culture would
grow on the maximum surface area. Some small areas of surface were always left uncovered as
they provided a convenient indication of slope contamination: any growth subsequently observed
on uncovered areas was unlikely to be due to the spore inoculum and was more probably due to a
contaminant in the slope itself, or a contaminant introduced during inoculation. Slopes in the
universal bottles were inoculated by streaking a loop full of spore suspension over its surface,
using a sterile nichrome wire loop. A contamination test was performed on the residual spore
suspension (Section 2.4.2), after inoculation was complete; if the test was positive all slopes

produced from that source were deemed contaminated and consequently were of no further use.

The vessels containing the inoculated slopes, sealed with foam bungs, were placed in an incubator
at 26°C. The growth of the culture and subsequent sporulation, which could be observed as a dark
green surface covering, took 8 to 9 days.

After sporulation was complete the vessels were made air-tight, by aseptically replacing the foam
bungs with sterile screw-on caps. The slopes were stored in a cold room at 4°C until required.

The stored slopes were considered usable for up to 3 months after production (Mou and
Cooney 1983 a).

2.4.3.2 Fermentation seed culture production

The composition of the medium for the seed culture was adapted from that of Mou and Cooney
(1983 a) and is given in Table 2.3.

Table 2.3. The composition of the seed culture medium adapted from Mou and Cooney (1983 a)

Component Concentration
CSL (spray dried) 12.8 gL!
MgSO, (anhydrous) 24 glL!
Na, SO, 30 glL!
glucose (anhydrous) 200 gL

All components except the glucose were thoroughly mixed in an appropriate volume of deionised
water. The resulting partial medium was adjusted to pH 6.0 using 4 M solutions of potassium

hydroxide and/or sulphuric acid. The partial medium was decanted in 200 mL volumes into
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separate 2.5 L glass shake flasks which were sealed with foam bungs. Glucose was made up as a
100 g.L' concentration solution with deionised water and divided into 50 mL volumes in sealed
medical flat bottles. Both the shake flasks containing the partial medium and the medical flats
containing the glucose solution were sterilised for 20 minutes at 121°C. Glucose was sterilised
separately from the other medium components to avoid it reacting with the proteins present in the
CSL (Maillard's reactions) which could result in products toxic to the microorganism. After
sterilisation and cooling, the medium is completed by adding 50 mL of the glucose solution, the
contents of a single medical flat, to each shake flask of partial medium. It was necessary that the
medium only occupy approximately 10% of the total shake flask volume to allow adequate oxygen
transfer to the culture during growth.

Each shake flask was aseptically inoculated with spore suspension produced in the same way as
for producing the spore stocks (Section 2.4.3.1). The concentration of the spores in the suspension
was assessed using a haemocytometer before inoculation; the volume of suspension required to
produce a concentration of 108 spores.L-! in 250 mL of medium could then be calculated and thus
added. A contamination test was then performed on the residual spore suspension, if it proved
positive the shake flasks inoculated from that source were deemed contaminated and consequently

were of no further use.

The inoculated shake flasks were the placed in an orbital shaker cabinet, (model G25 Incubator
shaker, New Brunswick Scientific Ltd., Watford, UK): the temperature was controlled between 25
to 26°C; and the shaking was set at 150 rpm with a 2 inch throw. The culture was grown in this
environment for 44 hours producing a fermentation inoculum with an optimal biomass

concentration and activity.

Calam (1969) has recommended a fermentation inoculum of 10% (v/v) of the initial fermentation
volume. For this work all initial fermentation volumes were planned at 5 L, therefore, the required
500 mL inoculum was prepared by aseptically transferring the contents of two shake flasks into a
sterile, inoculation vessel. The inoculation vessel was a shake flask equipped with a side-arm near
to its base, which was connected by wide bore silicone tubing to a septum piercing needle. The
inoculum was then transferred to the fermenter immediately, as prolonged absence of vigorous

agitation would rapidly lead to oxygen deficiency, damaging the culture.
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2.4.3.3 Fermentation medium preparation

The medium used for all fermentations in this investigating was the low initial solids, semi-defined

medium adapted from that of Mou and Cooney (1983 a), its composition is given in Table 2.4.

Table 2.4. The composition of the fermentation medium

Component Concentration
CSL (spray dried) 227 gL
(NH,),SO, 227 gL
MgSO, (anhydrous) 1.15 gL
CaSO,2H,0 0.5 gL!
KH,PO, 453 gL
K,HPO, 40 glL!
NaCl 0.57 gL
FeSO, 7TH,0 0.57 gL
MnSO,.4H,0 0.05 gL
ZnSO,.TH,0 0.034 gL
CuSO,.5H,0 0.01 gL
glucose (anhydrous) Oto8 gL (variable)
nopco antifoam 1.0 mLL!

All medium components except glucose were added in sufficient quantity for an initial volume of
5L to 4.5 L of deionised water: this allowed for the addition of the 500 mL inoculum. After
thoroughly mixing, the medium was adjusted to pH 6.5 using 4 M solutions of potassium
hydroxide and/or sulphuric acid.

The medium was transferred to the fermenter vessel. The medium and the interior of the
fermentation vessel, including probes, were sterilised simultaneously by allowing pressurised
steam to pass through the fermenter vessel's internal heat exchanger, consequently producing the
sterilisation temperature and pressure of 121°C and 1 atmosphere (gauge) respectively. These
conditions of temperature and pressure were maintained for 30 minutes. Sterilisation routinely
resulted in the loss of 200 to 300 mL of medium. This was replaced immediately after inoculation
by adding the volume containing the initial glucose, and, if necessary, sterile, deionised water, such
that the initial volume was 5 L, as measured on an accurate volume scale positioned on the side of

the fermenter.
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Initial concentrations of glucose in the fermentation medium were varied in this work; details are
given with individual results (Section 3.2.1). The amount of glucose necessary to produce the
planned initial concentration in 5 L of medium was made up in 100 mL of deionised water; the
resulting solution was sterilised for 20 minutes at 121°C in a sealed vessel. Glucose was sterilised

separately for the reasons given earlier (Section 2.4.3.2).

The vessel pH probe was calibrated before sterilisation using two standard pH buffers and was
checked after sterilisation and before inoculation by removing a sample of the medium and
measuring its pH with an independently calibrated probe. Any major discrepancy between the two
measurements was corrected by careful adjustment of the set point of the fermenter pH probe
amplifier. The vessel DOT probe was also calibrated before sterilisation. The electrical zero of
the DOT probe amplifier was set and then the amplifier adjusted to read 100% saturation after
5 minutes of sparging the agitated medium with sterile air, and to read 0% saturation after

5 minutes sparging with a sterile, oxygen free, nitrogen

During the fermentation environmental variables were controlled by the TCS unit at the levels
presented in Table 2.5.

Table 2.5. The controlled levels of the fermentation environmental variables

Variable Level

temperature 26°C

pH 6.5

DOT >20% of saturation

air flow rate 2.5 L.min"!

impeller speed 800 to 1300 rpm
(manual control)

Those fermentations that are used in this work were allowed to continue until at least 160 hours
after inoculation. Any deviations from these conditions are given with individual fermentation
results (Section 3.2.2).
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2.4.5 Feed preparation

2.4.5.1 The glucose feed

All fermentations performed in this investigation were continuously fed with glucose, in solution,
at nominal feed concentrations of 300 g.L-!, 454 g.L!, and 600 g.L; details of feeds associated

with particular fermentations are given with individual fermentation results (Section 3.2.3.1).

The feed solution was prepared by gradually adding an appropriate amount of glucose, dependent
on the required volume and concentration of the feed, to deionised water, which was continuously
stirred and heated by a magnetic hot plate stirrer. The initial volume of the deionised water was
always slightly less than half the final volume required, to allow for the considerable increase in
volume caused by the addition of the glucose. When all the glucose was dissolved the solution was
made up to the required volume by addition of deionised water. Before use, the glucose feed
solution was transferred to the feed vessel, described earlier (Section 2.3.5), and sterilised for
20 minutes at 121°C.

2.4.5.2 The PAA feed

The nominal concentration of the PAA feed for all fermentations was 100 g.L-'. The feed solution
was prepared by gradually adding, with constant stirring, the required amount of solid PAA to
deionised water. The pH of the solution was monitored using a pH probe because PAA becomes
insoluble in solutions with a pH value of less than pH 5. Pellets of potassium hydroxide were
added to the solution to maintain the pH at between pH 5 and pH 7. It was found that a PAA to
potassium hydroxide ratio of 3:2, by weight, was required at the PAA concentrations used. The
initial volume of deionised water was approximately half that of the total required: this allowed for
the change in volume due to the addition of PAA and potassium hydroxide. After dissolution was
complete the volume was made up to that required by addition of deionised water and concentrated
potassium hydroxide solution. Finally, a 4 M potassium hydroxide solution was used to adjust the
pH of the PAA feed to pH 6.5. Before use the PAA feed solution was transferred to the feed
vessel (Section 2.3.5) and sterilised for 20 minutes at 121°C.

19



Chapter 2

2.45.3 Sulphuric acid and ammonium hydroxide for pH control

The 4 M solution of sulphuric acid for pH control of the fermentation was made by diluting a
98.8% (w/v) sulphuric acid stock solution with sterile, deionised water in the ratio 1:3.6 (stock
sulphuric acid : water). The 6.5 M solution of ammonium hydroxide for pH control of the
fermentation was made by diluting a 30% (v/v) ammonium hydroxide stock solution with sterile
deionised water in the ratio 4.3:1 (stock ammonium hydroxide : water). Recognised safety
precautions were taken for handling the solutions of sulphuric acid and ammonium hydroxide.
Sterilisation of the sulphuric acid and ammonium hydroxide solutions was considered unnecessary
because of their high concentrations, however, the feed vessels and lines for both feeds were
sterilised empty before use.

2.4.6 Fermentation broth sampling

Samples were taken from the bulk broth during a fermentation by either: drawing broth through a
sample port mounted on the fermenter vessel head-plate; or by carefully opening the harvest port,
which was mounted on the base of the fermenter vessel, if the sample port became blocked, which
frequently occurred at high dry weight concentrations. Both methods required a purge of
approximately 20 mL which was equal to the dead volume of each sample line. The purge and
sample were taken into separate, sterile, universal bottles (30 mL maximum capacity). The broth
to be assayed was normally taken as two separate withdrawals of between 25 and 30 mL, however
on some occasions larger samples were taken. Samples were taken every 2 to 4 hours during the
rapid growth phase of the fermentation and at an approximate rate of 3 samples every 24 hours for

the remainder of the fermentation.

Universal bottles containing the sample were sealed with sterile lids, and stored in ice to minimise
further metabolism. The sequence of assays made on the samples to determine the required
off-line information, which are described in the following sections, started immediately to prevent

degeneration of the sample.

One sample every 24 hours was subjected to a contamination test, and was also used to check if
the output of the vessel pH probe had drifted.

The volume of the broth withdrawn at each sample time was measured by summing the measured
volumes routinely made on the sample for particular assays; the measured volume of residual
sample not used in any assay; and the volume of the purge. The volume of the broth remaining in

the fermenter vessel was corrected for the volume change due to sampling (Section 2.4.10).
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2.4.7 Broth dry weight concentration measurement

The biomass concentration in the fermentation broth was determined by measuring the dry weight
of the total broth solids in the samples. Some error is inherent in this technique as the
uninoculated fermentation medium has an initial solids content due to insoluble CSL components
and udissolved salts (Section 4.2). This error was assumed to become less significant as the
proportion of the dry weight that is biomass increased with time, whilst the medium solids content

is either fixed, or more probably decreases with time.

The dry weight concentration was obtained by pipetting 5 mL of well mixed sample on to a
pre-dried (80 to 90°C for 24 hours) Whatman GF/C 1.2 pm pore size, membrane filter (Whatman
Laboratory Products Ltd., Maidstone, UK) positioned in a Sartorious vacuum filtration apparatus
(Sartorious Instruments Ltd., Belmont, UK). After applying a vacuum, from a small compressor,
for 1 to 2 minutes the liquid component of the sample was substantially removed, leaving the broth
solids. The filter and the residual solids were washed through by adding 10 mL of deionised water
and the vacuum reapplied to remove excess liquid. The filter and solids were placed in an oven to
dry at 80 to 90°C for 24 hours and then weighed after cooling in a desiccator. The dry weight of

the residual solids was the difference between the filter weight before and after use.

To convert the dry weight of the residual solids into a concentration, the volume of the sample
used in each dry weight measurement was required. It was assumed that the broth density did not
substantially differ from that of water during a fermentation, the volume could then be taken as the
difference in the weight of the sample bottle before and after removal of the 5 mL volume for
assay. The volume measured in this way was always very close to the nominal 5 mL measured
using the pipette. The dry weight concentration of a single sample was calculated as the mean of
four replicate analyses, as described above, on the same sample. This had the advantages of:
efficiently using the available sample; and reducing the risk of an unrepresentative result. This

assay was subject to a measurement uncertainty analysis which is described in Section 4.2.

2.4.8 Broth glucose concentration measurement

Two separate 10 mL volumes of well mixed sample were pipetted into 15 mL tapered and
graduated tubes designed specifically for packed volume analysis. The tubes were then
centrifuged in an MSE Centaur 2 centrifuge (MSE, Crawley, UK) at 4000 rpm for 10 minutes.
The supernatant produced as a result of centrifugation was vacuum filtered through a Whatman
0.45 pum pore size, cellulose nitrate membrane filter using a cleaned and dried Sartorious vacuum

filtration apparatus. The filtrate was collected and assayed for broth glucose concentration, and
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broth PAA and penicillin G (Section 2.4.9). The centrifugation process in these tubes also gave
measurements of the packed volume of solids in the broth as a by-product. These measurements

were used as a rapid, though approximate, indication of growth.

For some samples it was necessary to dilute the filtrate to bring it within the assay's linear range of
0 to 5 g.L-! dissolved glucose concentration. Following the manufacturer's instructions, 20 pL of
the filtrate was thoroughly mixed with 2.5 mL of the Glu-cinet reagent in a plastic
spectrophotometer cuvette. After mixing, the reaction was allowed to continue for 1 hour at room
temperature. The cuvette was then placed in a Pye Unicam PU8600 UV/VIS spectrophotometer
(Pye Unicam, Cambridge, UK) and the mixture's absorbance of light at wavelength of 510 nm
measured against a zero of unreacted Glu-cinet reagent; for this analysis the absorbance is
proportional to the dissolved glucose concentration. Ten replicates of the assay were performed on
each sample to reduce the risk of an unrepresentative result. The mean absorbance, calculated
from the ten assays on each sample, was converted to glucose concentration by comparison with a
standard curve, produced by a linear least squares fit of absorbance measured for a set of glucose
standards in the range 0 to 5 g.L-'.

2.4.9 Broth penicillin G and PAA concentration measurement

A portion of the filtered supernatant for each sample, obtained as described in Section 2.4.8, was
frozen at -20°C. At the end of the fermentation these samples were thawed and simultaneously
assayed for broth penicillin G and PAA concentration, using the HPLC apparatus described in
Section 2.3.4. Thus the whole sample set was assayed under similar conditions. During a
fermentation one sample per day was assayed before freezing so that the concentration of PAA in
the broth could be monitored and controlled.

The composition of the mobile phase used for HPLC analysis is given in Table 2.6 (personal
communication, R. Eglin, UCL).

Table 2.6. The composition of the HPLC mobile phase

Component Proportion
0.15 M solution of KH,PO, 50% viv
deionised water 30% v/v
acetonitrile (CH,CN) 20% v/v

22



Chapter 2

The HPLC mobile phase was prepared by mixing, and then vacuum filtering through a Millipore
0.45 um pore size, solvent resistant, membrane filter (Millipore (UK) Ltd., Watford, UK)
positioned in a Millipore, glass, vacuum filtration apparatus. All operations involving acetonitrile

were performed in a fume cupboard.

Using this mobile phase penicillin G and PAA were separated on the same HPLC column and
simultaneously assayed in the same sample. The HPLC integrator output areas for the resulting
penicillin G and PAA peaks which were converted to concentrations using standard curves. The
standard curves were produced by a linear least squares fit of peak areas measured for a set of
PAA and penicillin G (potassium salt) standards in the concentration range 0 to 1 g.L-!. Samples
were diluted with deionised water if either penicillin G or PAA concentration were found to exceed
the standard range.

2.4.10 The calculation of broth volume

No direct, on-line measurement of the fermentation broth volume was available from fermenter
vessel used in this work. However, measurements of broth volume, synchronised with the on-line
measurements made by Bio-i, were required to construct the on-line data file for each
fermentation. The only available method was to balance the feeds to, and withdrawals from, the

fermenter and thus calculate a value of the broth volume.

To calculate the volume the following measurements were required: the initial (immediately post
inoculation) and final broth volume, made using a vessel volume scale of known accuracy; the
rates of glucose and PAA feeds, measured by the in-line burette method; and the volumes of
ammonium hydroxide and sulphuric acid fed on demand for pH control in each inter-sample
period, measured as the level changes in each reservoir. A rate of volume change that lumped all
the unmeasured changes (these were assumed to be mainly due to evaporation but may have
included changes resulting from the culture's metabolism (Roels, 1983)) was calculated using
Equation 2.1. This rate was simply the difference between the final culturevolume that was
expected at the end of the fermentation as a result of the total, measured volume changes, and the
actual fmal‘culturevolume measured using the vessel volume scale, d1v1ded by the length of the

fermentation.

Ve =V, +Veppn =V,
FU _F 1 +T FED TSAMP 2.1
FERM
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Two equations were used to calculate the broth volume during the fermentation: Equation 2.2 a
was used during the inter-sample period; and Equation 2.2 b was used at sample times, when the
calculated volume was corrected for the volume of the sample, including the purge, and the volume
of ammonium hydroxide and sulphuric acid added for pH control in the inter-sample period. For
each fermentation, the initial measured volume was used as the initial value for this recursive
calculation, and the calculation was referenced to the time index of the on-line data files produced
by Bio-i.

V(k)=V(k-1)+At.(F, +F, +F,) 22a

V(k)=V(k=1)+AL(F; +Fp +Fy ) ~Veup + V.0 22b

Wang ef al. (1979) used a similar method to measure the broth volume of a fed-batch yeast
fermentation. They, however, did not consider volume changes due to sampling or unmeasured
processes, this was presumably because it was a short fermentation (20 hours) and these changes

were insignificant in comparison to the feed.

It is obvious that the inclusion of the unmeasured volume changes is only possible retrospectively.
This was not a problem in this work as the fermentations were run to produce data files, that could
be rerun to simulate real-time (Section 1.3). For true real-time operation it would be necessary for
the fermenter instrumentation to include a direct, on-line measurement of broth volume, which is

usually accomplished by mounting the fermenter vessel on a load cell.

2.4.11 Calculation of the carbon dioxide evolution rate (CER)

The primary on-line measurement and indicator of culture metabolism was the volumetric CER.
The CER was calculated for each recorded time instant after the fermentation had finished, using
Equation 2.3. The proportions of nitrogen and carbon dioxide in the fermenter air inlet and exhaust
streams and the air flow rate were available in the Bio-i record of the fermentation, and the value

of broth volume calculated as described in Section 2.4.10.
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The factor of 60/100 was used to give the CER in the required units of L(CO,).L(broth).h!. This
factor corrects for measurements of the gas proportions as percentages and the measurement of air

flow rate being in L.min"!,
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3 Fermentation data

3.1 Introduction

In this chapter the fermentation data that were used in the development of the consistency test
(Chapter 5) and for the experimental work on estimation (Chapters 6 and 7) are presented and
discussed. To assess the data, the actual fermentation conditions rather than the nominal
conditions are presented. These include: the initial conditions, the feed information, and the
environmental conditions. The important state variables are presented as time courses and
considered qualitatively and quantitatively. Anomalous dry weight concentration measurements
are qualitatively identified. A carbon balance is also performed for each fermentation, the results
of which have implications for both the understanding of the fermentation and the quality of the

measurements.

The data from the five fermentations that were used in the estimator experiments are presented in
this section. Other fermentations were carried out during this work, but their data were considered
unsuitable for use either because they were found to be contaminated, or the fermentation was
performed early in the project when practical skills and techniques were being developed, both
which resulted in non-standard data.

3.2 Process conditions

The fermentations were designed to run with predefined process conditions, i.e. initial values of
important state variables, feed rates, and environmental conditions, some of which are presented in
the appropriate sections of Chapter 2, however, in practice, it was difficult to adhere to them
strictly — some variation was expected and, indeed, was found. In this section the actual process

conditions that were measured for each fermentation are presented.
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3.2.1 Initial values of fermentation variables

The initial values of the fermentation variables determine the progress of the fermentation and they
also provide the initial conditions for the differential equations that constitute the fermentation

process models used by the estimators. The nature of the initial values of these variables is
different from those they subsequently take up during the fermentation, because they are either a
matter of design, in the cases of dry weight and glucose concentrations, and broth volume, or were
not significantly different from zero, which is the case for the CER and the penicillin concentration.
The variation of the initial values of these variables has implications for the consistency test
(Chapter 5) and the estimation (Chapters 6 and 7). The initial values of the variables that were a
matter of design: the dry weight concentration, the glucose concentration, the broth volume, and the
CSL concentration are presented in Table 3.1 (CSL concentration was different to the other
variables because it was not measured throughout the fermentation, but it is included in the table
because its initial value affected that of the glucose concentration and the dry weight concentration
in fermentation FERM11).

Table 3.1. Initial values of the designed fermentation variables, including CSL, for all fermentations

Fermentation Initial, inoculated Initial glucose CSL Initial, inoculated
dry weight concentration concentration broth volume
concentration

(gL (gL (8L (8L
FERMO08 2.93 4.36 23 5.00
FERMO09 3.23 3.90 23 5.00
FERM11 3.73 0.21 5.7 5.00
FERM12 3.55 3.54 23 5.00
FERM13 3.08 3.28 23 4.90

The initial value of the dry weight concentration was dependant on the dry weight concentration of
the inoculum and any non-biomass solids in the uninoculated medium, which were insoluble
components of the CSL and any undissolved salts. From the data produced for the investigation of
the variability of the dry weight concentration measurements (Section 4.2), the dry weight
concentration of the inoculum was found to be as high as 10.5 gL}, which was diluted to about

1.0 g.L'! after inoculation (inoculation for these fermentations caused an approximate ten fold -
dilution of the inoculum), and the dry weight concentration of non-biomass solids in the
uninoculated broth was quite variable, but was found to be as high as 1.8 g.L'! for a medium
containing 2.3 g L' CSL. When combined, these produce a concentration of 2.8 g.L!, which

roughly agree with the initial measurements of dry weight concentration.
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It is interesting to note that the contribution from biomass to the initial, measured dry weight
concentration may be less than half of the measured dry weight concentration. This is discussed
further in Section 4.2. The higher initial value of dry weight concentration for fermentation
FERMI11 was probably caused by increased solids resulting from the higher initial CSL

concentration.

The quantity of glucose added to the inoculated broth at the start of each fermentation, except for
fermentation FERM11, was calculated to produce an initial glucose concentration of 4 g.L'!. To
compensate for the high concentration of CSL in the medium of FERM11 no glucose was added,;
the non zero, initial concentration measured may have been either a measurement error or due to
some residual glucose in the inoculum. The other fermentations exhibit variation in the initial
glucose concentration. This may have been the result of an incomplete transfer of glucose to the
medium because of the difficult conditions that existed around inoculation (the glucose and the

medium were sterilised separately and the glucose added at inoculation (Section 2.4.3.3)).

With the exception of fermentation FERM13 there was, within the accuracy of the fermenter
volume scale (Section 4.4), no measured variation in the initial, inoculated broth volume. This was
because it was usually a simple matter to make the inoculated broth volume up to the nominal

value of 5 L with the solution containing the initial glucose charge and sterile, deionised water.

3.2.2 Environmental variables

The variation of the environmental variables, which in this work means the values of pH,
temperature, and the DOT has been shown to affect the progression of fermentations. Pirt and
Callow (1960), showed that broth pH had an effect on the maximum specific growth rate of a
Penicillium chrysogenum Wis 47-1564 fermentation. Heijnen and Roels (1981) concluded, from a
large amount of published data on different microorganisms, that the specific maintenance
coefficient of biomass on substrate varied with temperature. Calam and Ismail (1980) report that
a DOT above 25% of saturation was required for good penicillin production in a Penicillium
chrysogenum DC 2/14 fermentation. The environment also has physical effects, for example: the
rate of penicillin G hydrolysis increases with broth pH and temperature (Benedict er al., 1945
and 1946); and it is well known that the variation of broth pH “ affects the solubility of carbon
dioxide (e.g. Heinzle, 1987), which if it occurred during a fermentation, would affect the value of
CER. To avoid producing data for the estimation experiments which was affected by
environmental variation, the values of the important environmental variables were either controlled
to a set point, as in the case of pH and temperature, or prevented from becoming critical, as in the

case of DOT. This was necessary because the simple fermentation models used in this work did
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not consider the variation of environmental variables. The variations of the environmental
variables for all fermentations are summarised by presenting the maximum and minimum values
recorded for the pH, the temperature, the agitation rate and air flow rate, and the minimum

observed value of the critical environmental variable, i.e., the DOT in Table 3.2.

\
‘ Table 3.2. The maximum and minimum values of the environmental variables observed in
| all fermentations

Fermentation pH Temperature Agitation rate Air flow rate DOT
°C) (rpm) (L.min™) (% sat)
min max min max min max min max min
FERMO08 6.46 6.54 259 26.1 600 1280 2.55 2.56 probe
fault
FERMO09 data logging system failure probe
fault
FERM]11 6.46 6.52 25.8 26.2 995 1065 2.49¢ 2.51 57
FERM12 6.45 6.53 259 26.2 800 1300 2.49 252 3
FERM13 6.35 6.55 25.8 26.2 800 1300 249 2.51 62

texcluding the period when air flow was set at 1 L.min"

A minimum value of DOT is not given for fermentations FERM08 and FERMO09 because the DOT
probe failed, possibly as a result of mycelial growth on the membrane. There is no summary of the
environmental variables for fermentation FERM09 because the Bio-i data logging system failed
early in the fermentation, however, local control was not affected; and the results of the gas
analysis were stored on, and retrieved from, the independent PC that monitored and controlled the
mass spectrometer.

For the most part the environmental variables pH and temperature were well controlled at their set

point, and the DOT was maintained at high levels.

The air flow rate was set at 2.5 L.min"! for all fermentations except for the first 21.5 hours of
fermentation FERM 11 for which it was set at 1 L.min!. This was done to increase the proportion
of carbon dioxide in the exhaust gas in order to improve the signal to noise ratio for this -
measurement, as suggested by Zabriskie and Humphrey (1978). This practice was not repeated
with subsequent fermentations as it complicated the process and caused an undesirable disturbance
to the calculated CER at a lapsed time of 21.5 hours when the set point of the air flow rate was
increased to 2.5 L.min" (Figure 3.11 ¢). This increase was necessary to provide adequate aeration

for the remainder of the fermentation.
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The time courses of the environmental variables for fermentation FERMI3 are presented in
Figure 3.1, as typical examples of those observed for the fermentations performed in this work.
The time course of the temperature is shown in Figure 3.1 a, the observed variation is small and
only occurs during the initial 20 hours of the fermentation when the growth was rapid, thereafter,
within the discrimination of the amplifier, the temperature remained constant. The time course of
the pH is shown in Figure 3.1 b, the variation appears to be random about a slight low bias (the
mean level was about pH 6.4 when the set point was pH 6.5); during the final 40 hours of the
fermentation the pH control appears to be relatively poor in comparison with the rest of the time
course. This may have been a consequence of the high biomass concentration that was reached in
this fermentation. The time course of the air flow rate is presented in Figure 3.1 ¢. The air flow
rate appears to have been well controlled; the small deviations which can be seen were probably
the result of the flow meter amplifier discrimination. The time course of the DOT is presented in
Figure 3.1 d. There was a rapid decline in the DOT during the initial, growth phase. The rate of
decline was reduced by increasing the agitation rate from 800 to 1300 rpm, at a lapsed time of
about 20 hours (compare Figures 3.1 d and €). An increase in the agitation rate was used in all
fermentations to maintain the DOT at high levels.

3.2.3 The Feeds

3.2.3.1 The glucose feed

The details of the glucose feeds for all fermentations are summarised in Table 3.3, and time
courses of the feed rates are presented for all fermentations in Figure 3.2.

Table 3.3. A summary of the glucose feed information for all fermentations

Fermentation Feed concentration Total volume fed { Total glucose fed
eL") (mL) (2

FERMO8 (4541 1210 550
FERMO09 (4541) 484 1247 604
FERMI1 (454) 491 1281 601
FERMI12 from O to 21.92 hours: (454') 486 1552 525

all other times: (300!) 323
FERM13 from O to 26.34 hours: (454") 486 all 1172 718

other times: (600') 638

tthe nominal concentrations pre-sterilisation
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When the glucose concentration was measured after sterilisation it was found to be higher than the
nominal concentration for all fermentations. This was consistent with an observed decrease in the
feed volume which occurred during sterilisation for all glucose feeds. This suggests that
sterilisation concentrated the feeds by causing some of the water component to evaporate. It was
the measured rather than the nominal concentration that was used in all subsequent analyses and
uses of the data. No sample of the glucose feed was available for fermentation FERMO3,
therefore, its nominal value was used, although its true concentration was probably higher. This
will be shown to affect both the carbon balance and consistency test of this fermentation

(Section 3.6 and Section 5.5 respectively).

Fermentations FERM08, FERM09, and FERM11 were run with a similar, nominal glucose feed
rate. To introduce some variation into the data, during the production phase, fermentation
FERM12 was run with a lower feed rate and fermentation FERM13 was run with a higher feed
rate. To maintain the volume at a reasonable level in these fermentations, the feed concentration

rather than the feed rate was adjusted to alter the amount of glucose fed.

Glucose solution was fed continuously, and at a single volumetric rate, from inoculation, for all
fermentations. This caused a temporary accumulation of glucose in the broth during the growth
phase, as discussed later (Section 3.3.2) and shown in the time courses of broth glucose
concentration (Figure 3.6), but was more convenient than a variable feed rate when constructing
the data files for the estimation experiments. Two exceptions to the constant, volumetric feed
regime occurred during this work: during the period 120 to 124 hours in fermentation FERM09
(Figure 3.2 b) the feed was interrupted by air in the feed line; and during the period 182 to
187 hours in fermentation FERM12 (Figure 3.2 d) there was a deliberate four fold increase in the
volumetric feed rate. Both of these disturbances were useful as challenges to the estimators
(Chapters 6 and 7) and in the development of the consistency test (Chapter 5).

3.2.3.2  The phenyl acetic acid (PAA) feed

The time courses of the PAA feeds to each fermentation are shown in Figure 3.3. Unlike the
glucose feeds no significant loss of volume was observed to result from sterilisation, therefore, the
nominal concentration of 100 g.L-! was considered correct and used in all subsequent analysis.
The PAA feed rate was manually controlled to maintain PAA in slight excess, but below a
concentration of 2 g.L!: a level above which PAA was considered to be toxic to the culture
(personal communication, R. Eglin, UCL). The PAA feed rate was controlled in response to the
result of a daily HPLC analysis of a sample of fermentation broth. The control actions can be

observed in the time courses of the PAA feeds as rate changes, and their effects on the broth
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concentration of PAA can be seen in Figure 3.9. The feed rate was measured after each control

action using the method described in Section 2.3.5.

3.2.3.3 The ammonium hydroxide and sulphuric acid feeds

-

The feeds of ammonium hydroxide and sulphuric acid were measured as cumulative additions

' rather than rates because they were fed on demand to control the pH of the fermentation broth.

% These were measured as the change in level on the feed reservoir at sample times. The time

- courses of the cumulative addition of ammonium hydroxide and sulphuric acid to all fermentations

. are shown in Figure 3.4. An approximately linear relationship was found between the volume of

" ammonium hydroxide fed and the dry weight concentration. An example of which, using data from

1 fermentation FERMO8, is shown in Figure 3.4 f. This relationship occurs because, excluding the
small amounts of nitrogen available from other sources in the medium, i.e. CSL and ammonium

“sulphate the ammonium hydroxide feed was the only source of nitrogen available for cell growth.
The NH,* ions available in the broth from the ammonium hydroxide are incorporated into the cells
as R-NH,*, where R is the carbon skeleton, in the process an H* ion is left in the broth

(Wang et al., 1978). Therefore, as growth continues, H* ions are created and ammonium .

 hydroxide is fed in response to the pH change that they cause: the amount of ammonium hydroxide

' fed is proportional to cell growth. Unfortunately, the method of measuring the volume fed and the
volatility of the ammonium hydroxide at the ambient temperature of the UCL fermentation suite

' made these measurements unsuitable as a quantitative indicator of cell growth. It can also be seen

. that very little sulphuric acid was fed to any of the fermentations.

3.3 The time courses of the fermentation variables

The following section is a qualitative assessment of the data from the fermentations that were used

to both drive the estimators and assess their performance.

3.3.1 The dry weight concentration

The time courses of the dry weight concentration for each fermentation are presented in Figure 3.5.
These time courses were the primary source of off-line fermentation information for the estimation
experiments and they were also used in a quantitative assessment of estimator performance. Each
time course exhibits at least one anomalous measurement. It was important for the development of
consistency test, and ultimately for the estimation experiments, that these measurements be

identified either as consistent with process conditions or as gross errors, (errors outside the
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accepted bounds of the measurement variability, caused by a fault in sampling or measurement).

The identification was performed qualitatively and is described later (Section 3.5).

It has been written that during the éarly paﬁ of these fermentations total dry weight

| concentration provided a measurement of biomass concentratibn which had a high bias because

“non-biomass solids made up a signiﬁcant jjroportioﬁ of the measured total dry weight
(Section 3.2.1). The significance of the non-biomass solids decreased because, with growth,
biomass solids became a more significant proportion of the total dry weight and, it was assumed,
the non-biomass solids were metabolised and dispersed. During the early part of these
fermentations, the growth rates observed in these time courses, are probably biased low because
the increase in biomass concentration was masked: some of the increase in solids that resulted from

growth would replace the disappearing non-biomass solids.

Two growth phases are easily distinguished in the time courses for all fermentations: a short, initial
phase with a high growth rate, followed by longer phase with a lower growth rate. These two
phases will henceforward be known by the terms commonly applied to them in fed-batch
fermentation work as the growth and production phases respectively. This growth behaviour is
characteristic of fed-batch processes. The frequency and precision of the dry weight concentration
measurements make it impossible to distinguish the other two growth phases that are usually
associated with fed-batch processes: the lag phase, which precedes the growth phase; and the
transition phase, which occurs between the growth and production phases.

During the growth phase, the change in dry weight concentration, except for anomalous
measurements, was observed to be approximately exponentially increasing for fermentations
FERMO08, FERM09, FERM12, and FERM13. This is best seen in the time courses of
fermentations FERM08 and FERM09, shown in Figures 3.5 a and b respectively, because they
were measured with a higher frequency than the other fermentations during this period.
Exponential growth is consistent with a culture growing on a medium that has all required
nutrients in excess. The growth in fermentation FERM11 (Figure 3.5 c) during the growth phase
appears to be more nearly linear. This may either be a result of the measurement frequency and
precision, or it may be because this fermentation had a higher initial CSL concentration and lower
initial glucose concentration than the other fermentations. The carbon content of CSL is complex
and not as readily metabolised as glucose, which may tend to decrease the growth rate. The end of

the growth phase occurred when there was no excess glucose or CSL.

During the production phase the culture was carbon limited; the growth rate was dependent on the
glucose feed rate. The changes in dry weight concentration during this phase, again excluding

anomalous measurements, were consistent with their glucose feeds: fermentations FERMOS,
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FERMO09, and FERM11 (Figures 3.5 a, b and ¢ respectively) exhibited smnlar increases because
‘they all had s1m11ar glucose feed rates fermentation FERM12 (Flgure 3.5 d) exhibited a
lower rate of increase because of its low feed rate; and fermentation FERM13 (Figure 3.5 ¢)
exhibited a higher rate of increase because of its high feed rate. The increase in dry weight
concentration over the production phase was nearly linear for all fermentations, which is consistent

with the constant glucose feed that they all received.

3.3.2 The glucose concentration

The time courses of the measurements of the glucose concentration in the broth for all

fermentations are presented in Figure 3.6.

The time courses have the same form for all fermentations. The concentration of glucose in the
broth was dependant on a balance between the glucose feed rate and the glucose uptake rate. The
initial increase in concentration was the result of the feed rate being greater than the uptake rate
- which caused glucose to accumulate in the broth. The concentration increased to a maximum
value, which occurred when the uptake rate was equal to the feed rate. The accumulated glucose
was then depleted as the uptake rate exceeded the feed rate. Finally, after all the accumulated
glucose and the carbon content of the CSL had been metabolised, the uptake rate was determined
by the feed rate. The points of maximum concentration and exhaustion of excess glucose, and the
form of the decrease in concentration, particularly at low concentrations, were difficult to
determine because of the frequency and precision of the measurements. After removal of the
sample there was always some delay before it was prepared for assay, and, even though it was
packed in ice, metabolism would continue: the biomass using some or all the available glucose in
the sample bottle. This low bias may be insignificant when there was a large excess of glucose,
however, it may give a false impression of fermentation behaviour when the excess concentration is

low, and may be substantially metabolised in the sample bottle.

For all fermentations thereiwasa delay ‘between the time at which the measured glucose
concentration was either zero or too low to be measured, and the end of the growth phase indicated
by both the end of the rapid increase in dry wéight concentration (Figure 3.5) and the peak CER
value (Figure 3.11). The length of the delay was about 3.5 hours for fermentations FERM11,
FERMI12, and FERM13, and 12 hours for FERMO08 and FERM(09. The reason for this may be
that the glucose feed rate was capable of maintaining an excess glucose concentration in the broth
that was either unmeasurable using the Glu-cinet measurement, or metabolism continued in the
sample bottle, using up any excess glucose before it could be measured. The length of this interval

appears to be related to the broth volume and glucose feed rate during this time. The sampling
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frequency of fermentations FERM08 and FERM09 was greater, and consequently the broth
volume less, than the other fermentations during the growth phase. It may be that the lower broth
volume diluted the feed less in fermentations FERMO8 and FERMO09 than in the other
fermentations allowing the feed to sustain high growth rates longer.

As the concentration of CSL in the broth, the other carbon source, was not measured during these
fermentations it was difficult to determine what effect it had on the time course of the glucose
concentration. As it is a complex carbon source it would be metabolised after the excess glucose
had been exhausted. The metabolism of CSL may have caused the small secondary peaks that are
observed in all CER time courses (these peaks are indicated by arrows in Figure 3.11). The
metabolism of the CSL as late as the appearance of the secondary peak would support the
argument of an unmeasurable excess of glucose in the broth during the interval between the

measured exhaustion of glucose and the end of the growth phase.

3.3.3 The results of the HPLC analysis

The output from the HPLC integrator for a combined 0.5 g.L-! PAA and 0.5 g.L! penicillin G
standard, which was used in the standard curve for analysing broth samples from fermentation
FERMO8, is shown in Figure 3.7 a. The peak at 2.78 minutes indicates PAA and the peak at
4.97 minutes indicates penicillin G. Figure 3.7 b shows the HPLC integrator output for sample 25
from fermentation FERMOS, the peaks at 2.72 and 4.97 minutes indicate the presence of PAA and
penicillin G respectively. In fermentations FERM12 and FERMI13 the presence of
6-aminopenicilloic acid (6-APA), an intermediate in the synthesis of penicillin G, was also
investigated. This was prompted by the low titres of penicillin G in fermentations FERMO08,
FERMO09, and FERM11 compared with those reported by Mou and Cooney (1983 a) for similar
fermentations. The output of the HPLC integrator for a 0.4 gL' standard of 6-APA
(Figure 3.8 a), which used the same HPLC method as was used to detect penicillin G and PAA,
shows a peak at 1.45 minutes. A strong peak can be observed in the HPLC integrator output for
the typical fermentation broth sample (sample 23, fermentation FERM13) in Figure 3.8 b,
indicating the possible presence of 6-APA. Using a more sophisticated method of HPLC analysis,
Adlard ef al. (1991) detected the presence of significant quantities of 6-APA in samples of broth
from a fermentation of Penicillium chrysogenum P2. The appearance of peak corresponding to
penicillin G can be seen to be significantly delayed in comparison to that shown in Figure 3.7. The
reasons for this were unknown but it was of no consequence as a corresponding delay occurred in
the standard.
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The time courses of the penicillin G and PAA concentrations for all fermentations are presented in
Figure 3.9. The time courses of the possible 6-APA concentration for fermentations FERM12 and
FERM 13 are included in Figures 3.9 d and e respectively.

Under the fermentation conditions used in this work, the onset of penicillin G production is more
obviously related to the availability of PAA than the growth rate of the culture: no penicillin G was
detected in the broth until after the PAA had been fed. After the start of penicillin G production
changes in the concentration of PAA did not appear to have any effect on the rate of production.
The form of the PAA time course was the result of the manual adjustment of the PAA feed to
maintain a slight excess in the broth (Section 3.2.3.2); the timings of the control actions can be

seen as the rate changes in the time courses of the PAA feeds (Figure 3.3).

For all fermentations the form of the increase in penicillin G concentration was similar: an initial
period that lasted from the start of the fermentation to the first sample after PAA was fed, during
which no penicillin G was detected; after PAA was fed there was a period of rapid increase in
concentration; and finally, a period during which the concentration showed little or no increase.
These may be better observed as the time course of the specific penicillin production rates (,)
calculated for each fermentation (Figure 3.13).

The increase of penicillin G in the broth is a balance between the rates of penicillin synthesis and
its hydrolysis to penicilloic acid. The end of the increase of penicillin G concentration for the
fermentations does not necessarily mean that there was no penicillin synthesis, but that the rate of

degradation and dilution were greater, or equal, to the rate of synthesis.

The interruption of the glucose feed to fermentation FERMO09 caused an abrupt end to the increase
in penicillin G concentration. After this time a slight decrease in concentration was observed,
which may be explained by the combined rates of degradation and dilution (the PAA feed
continued until the interruption to the glucose feed was discovered) being greater than the rate of
any synthesis. The interruption in the glucose feed appears to have permanently damaged the
ability of the culture to synthesise penicillin G. This, combined with the late onset of the PAA feed
to this fermentation, resulted in the fermentation with the lowest titre of penicillin G found in this
‘work. There was a marked decrease in the concentration of PAA during the period of the feed
interruption, which could, in part, be explained by the interruption to the PAA feed to avoid
accumulation at this time, but, it may also have been because the PAA was either metabolised or

degraded in the extreme conditions of glucose starvation.
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The measurements of penicillin G concentration from sample 13, fermentation FERM11, and
sample 19, fermentation FERM12 were considered to be in error, and caused by a sampling or
measurement error. This was consistent with the fact that all the other measurements for these
fermentations, made before and after the suspected erroneous measurements, lay roughly on the
same trajectory. Furthermore, for sample 19, fermentation FERM 12 there is a coincident decrease
in the measured PAA concentration which may suggest that the error was in diluting the sample
for analysis.

3.3.4 The broth volume

The time courses of broth volume were not directly measured but were calculated by the method
described in Section 2.4.10. The variables required to calculate the rate of volume change as a
result of unmeasured processes (F,) using Equation 2.1 are the presented in Table 3.4. These
together with the details of the measured feeds (Section 3.2.3) were used in the calculation of the

broth volume. The time courses of the broth volume that were calculated for all fermentations are
presented in Figure 3.10.

Table 3.4. A summary of the variables used to calculate the unmeasured volume changes
(negative quantities indicate loss of volume)

Fermentation Initial Final Total Total sample | Fermentation | Unmeasure
measured measured volume fed volume duration d rate of
volume volume change
i Ve Veep Vesor Ly Fy
(mL) (mL) (mL) (mL) ) (mL.h")
FERMO08 5000 4560 2270 -2127 164 -3.6
FERMO09 5000 5100 2214 -1572 167 -33
FERMI11 5000 5330 2027 -1286 147 -2.8
FERM12 5000 4600 2598 -2360 208 -3.1
FERM13 4900 4570 2144 -1879 166 -3.6

In the limited working volume of the available fermenter vessel the volume was maintained as a
balance between the feeds and the volume losses due to sampling and the unmeasured processes
(Section 2.4.10). The volume of the sample and the rate of sampling necessary to produce
sufficient information for the estimation experiments was such that the broth volume either
exhibited a decrease or only a small increase in volume from its initial value. The characteristic
'saw tooth' form of the time courses was caused by the combination of instantaneous reductions in

volume due to sampling and gradual inter-sample increases in volume due to the feeds. The
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differences in the time courses were primarily the result of the different sampling regimes employed
on each fermentation as the volumetric feed rates were not very different, and the loss processes
were expected to be similar, for all fermentations. The sampling of these fermentations was
thought to have affected their progression because the total volume removed as sample during each
fermentation was significant when compared to the fermenter volume. Indeed, some of the
differences in the progression of the fermentations have been explained by the differences in the

broth volume.

The time courses of the volume for fermentations FERM08 and FERMO09 (Figures 3.10 a and b
respectively) exhibit a larger reduction in volume during the growth phase than the other
fermentations. This was a result of the high frequency sampling regime employed with these two
fermentations. The lower frequency sampling of fermentations FERM09 and FERM11 during the
production phase allowed their volumes to increase to a level that was greater than their initial
volume. The relatively low rate of increase in broth volume between about 120 and 124 hours in
fermentation FERMO09 was the result of the interruption to the glucose and PAA feeds. The
marked decrease in volume at sample 20, about 135 hours into fermentation FERM12 was the
result of the removal of a large sample to reduce the risk of blocking the outlet air line. The
blockage occurred because of a high broth level in the vessel. However, the calculated volume, at
this time, was less than that calculated for fermentations FERM11 and FERM13 (Figures 3.10 c,
and e, respectively) and comparable with that calculated for fermentation FERMO09
(Figure 3.10 b), none of which became blocked. A possible reason for this was that fermentation
FERM12 had a lower solids concentration than any other fermentation at this time, the agitation
rate was, however, the same, causing a deep vortex to form, which increased the level of the broth
in the vicinity of the exhaust air port. Over a period of time sufficient broth was carried into the
exhaust air line, with the exhaust air, to wet the filter and consequently block the line. The rapid
increase in volume between 182 and 187 hours in fermentation FERM12 was caused by an

increase in the glucose feed rate.

3.3.5 Carbon dioxide evolution rate (CER)

The time courses of the CER for all fermentations are presented in Figures 3.11. The

measurements of CER provided the on-line information that was used to drive the estimators.

Three main, growth related phases can be determined from the time courses of the CER — one
more than from the dry weight concentration measurements. This is possible because of the high
frequency and precision of the CER measurements. There is an initial, exponential increase of the

CER to a peak value. This increase continued longer and reached a greater peak value in
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fermentations FERMO08 and FERMO09. This was thought to be caused by the lower broth volume
of these fermentations, during this period, prolonging the growth|phaset. The time of the peak CER
value was taken as the end of the growth phase, and, indeed, it correlates well with the end of the
period of rapid increase in dry weight concentration (Figure 3.5). In the next phase the CER
rapidly decreased: the transition phase. For all fermentations, a small secondary peak (indicated
by an arrow on the time courses of Figure 3.11) can be observed during the transition phase. This
secondary peak is most obvious in the time courses of fermentations FERM11, FERM12, and
FERM13 (Figures 3.11 c, d, and e respectively). This was thought to be the result of the culture
using the CSL as a carbon source, and the period between the primary and secondary peaks was
the diauxic lag. The amount of carbon available from CSL produced only a small increase in the
CER. In the final phase, the CER settled at a lower level, which corresponded to the lower growth
rate of the production phase, and, neglecting atypical events, generally exhibited a gradual increase

over the remainder of the fermentation.

For each fermentation there is an obvious relationship between the time courses of the\CER ar.ld‘
“dry weight concentration. An example of this relationship is shown, using data from fermentation
FERMOS, in Figure 3.11 f. This was very important in the qualitative identification of the
.anomalous dry weight concentration measurements (Section 3.5). The high frequency andi
' precision of the CER measurements made them a more sensitive indicator of fermentation events

than any of the off-line measurements.

All fermentations exhibited a decrease in CER between 120 and 140 hours. The reasons for the
decreases in fermentations FERM09 and FERM12 are known and will be discussed later. The
reasons for the decreased and disturbed values of CER between 124 hours and the end of
fermentation FERMOS8; 131 hours and the end of fermentation FERM11; and 138 hours and the
end of fermentation FERM 13 are not clear.

The disturbance in CER time course for fermentation FERMO09 at 120 hours (Figure 3.11 b) was
the result of the interruption to the glucose feed. After the feed was restored to its pre-interruption
value at about 124 hours, the CER responded rapidly, and made a partial recovery. However, the
culture was permanently changed: the CER did not return to its pre-interruption value, which
indicated that some of the culture had probably died; and at 150 hours the CER started to decrease
rapidly for no apparent reason, and consequently the fermentation was terminated shortly
afterwards.

The spike at 20 hours in the CER time course for fermentation FERM11 (Figure 3.11 c) was
caused by the increase in the air flow rate from 1 L.min? to 2.5 L.min?, which was done for

reasons described in Section 3.2.2.

' 1As stated at the top of page 36 40
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The disturbance to the CER at about 135 hours in fermentation FERM12 (Figure 3.11 d) was
caused by a blockage in the exhaust gas line which interrupted the off-gas stream to the mass
spectrometer (Section 3.3.4). The blockage was remedied, and the off-gas stream to the mass
spectrometer was restored. The deliberate increase in glucose feed rate at 182 hours in

fermentation FERM12 caused an increase in growth rate and consequently a marked increase in
CER (Figure 3.11 d).

The spikes that can be observed between 38 and 110 hours on the time course of CER from
fermentation FERM13 (Figure 3.11 e) are artefacts of the automatic recalibration of the mass

spectrometer every 24 hours. The reason for their appearance for this fermentation alone is
unknown.

3.4 Identification of parameters

In this section various rates and ratios available from the measured variables, are calculated.
Comparison of parameters with theoretical values, or those reported in the literature for similar
processes, is a convenient method of assessing how typical the available fermentation data are.
They are also useful in indicating anomalous measurements, which is used in the qualitative

identification of anomalous measurements in Section 3.5.

3.4.1 Specific growth rate (pLy)

The time courses of the specific growth rates calculated for all fermentations are presented in

Figure 3.12; they were calculated from the dry weight concentration measurements using
Equation 3.1.

(X (1) - X (15 - 1)) /e

K 1-81[2) = . . 3.1
XD (X (15 (0)+ X (15,6 -D)) 2
and the time increment is calculated using Equation 3.2
At =t (i) —t5(i-1) 3.2
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The differential nature of the calculation and the sparse nature of the available dry weight

concentration measurements resulted in rather disturbed time courses of specific growth rates.

However, three phases of growth can be distinguished in all time courses: an initial period of

accelerating growth rate followed by a short period at a high growth rate, which correspond to the

growth phase; and a decline in growth rate to a low value for the remainder of the fermentation,

which corresponds to the production phase. The disturbed nature of the specific growth rates

makes it difficult to determine the values of maximum specific growth rate (. ..) and the specific

growth rate during the production phase accurately. However, the values of W, .. and the mean

values of p, during the production phase, identified for each fermentation are presented in

Table 3.5. The marked disturbances in the time courses (indicated by arrows in Figure 3.12) were

caused by using anomalous dry weight concentration measurements to identify the specific growth

rate. The anomalous dry weight concentration measurements are discussed further in Section 3.5.

Table 3.5. The maximum specific growth rates (. . ) and mean specific growth rates during the productionll
phase identified for each fermentation

Fermentation Mxemax T—_ Mean py
during the production

phase!
(") () ')
FERMO8 0.0860 0.0950 0.0052
FERMO09 0.0669 0.0694 0.0064
FERM11 0.0862 0.0996 0.0051
FERM12 0.0913 0.1155 0.0042
FERM13 0.0949 0.1040 0.0081

! identified excluding those measurements identified as anomalous in Section 3.5

' identified after adjusting dry weight concentration measurements for non-mycelial solids (the non-mycelial solids
were assuned to account for up to a third of the initial values of the dry weight concentration measurements '

(Section 4.2.3))

— )

The calculated values of the [, are lower than, for example, those of Mou and Cooney (1983 a)
or Nestaas and Wang (1981) who reported values of 0.11 h' and 0.17 h! respectively for

Penicillium chrysogenum P2 grown under similar conditions to those used in this work. This

could be because of the presence of non-biomass: solids in the medium, which made the calculation

of specific growth rate inaccurate during the growth phase (Section 3.3.1). The mean specific

growth rates during the production phase are qualitatively consistent with the glucose feed rates:
those calculated for fermentations FERMO08, FERM09, and FERM11 were similar and moderate,
whereas those calculated for fermentations FERM12 and FERM13 were respectively low and

high.
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3.4.2 Yield of biomass on carbon dioxide (¥x/)

The parameter Y, is the true yield of biomass on carbon dioxide, or the amount of carbon dioxide
that is produced as a result of growth alone. During the growth phase of these fennentationq,it was.
assumed that all carbon dioxide is produced as a result of growth (Zabriskie and Humphrey, 1978;
Alford, 1978; and Mou and Cooney, 1983 a), i.e. that cell maintenance and other activities, such
as secondary production, are insignificant. Therefore, the measurements of dry weight
concentration and total carbon dioxide evolved, made during this phase, can be used to identify an
approximate value of Yy. For each fermentation, Yy, was calculated as the gradient of the linear
least squares fit to a plot of the total carbon dioxide evolved against total dry weight during the
growth phase. The values of Yy, calculated for each fermentation are given in Table 3.6, together

with the number of measurements used.

Table 3.6 The values of the yield Yy, identified for all fermentations

Fermentation Yyve Number of
measurements
available during the

(g (biomass).L (CO,)1) growth phase

FERMO08 1.38 13
FERMO09 1.14 12
FERMI1 1.56 7
FERM12 1.42 7
FERMI13 1.96 6
Mean 1.49

! A theoretical value for Yy, of 1.41 (g(biomass).L(CO,)"! was calculated for P.chbzsogenum. This calculation is
1 described in Appendix C.

When compared with other values of Yy reported for Penicillium chrysogenim P2, the mean
value of 1.49 g(biomass).L(CO,)! is the same as that reported by Mou and Cooney (1983 a)
(reported as 35.8 g(dwt).mol(CO,)! 1), but it was much less than that reported by Cagney ef al.
(1984) who reported a value of 5.1 g(biomass).L (CO,)! (reported as 0.122 g(dwt).mmol(CO,)!
1) but this seems to be an excessively high value. The mean calculated value is also less than
those reported for other strains of Penicillium sp.: Nelligan and Calam (1983) reported a value of
2.5 g(biomass).L(CO,)" (reported as 0.4 L(CO,).g(dwt)! for their constant k, which was
equivalent to the reciprocal of Yy,) during the initial stage of their fermentations of Penicillium
chrysogenum DC 2/14; also for the strain Penicillium chrysogenum DC 2/14, Calam and Ismail '
(1980) reported a range of values from 2.08 to 3.0 g(dwt).L(CO,)! for their constant k,, which

was equivalent to Yyc. The reason for the comparatively low yield values identified for the
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fermentations performed in this work may be the masking of growth by the non-biomass solids

during this phase of the fermentation (Section 3.3.1).

at 20°C 11 mol = 22.4 L and tt1 mmol = 0.0224 L

3.4.3 Specific penicillin production rate (LLp)

The specific penicillin production rates (lp) were calculated for all fermentations using
Equations 3.3, with the time increment being calculated using Equation 3.2. The time profiles of
up for all fermentations are presented in Figure 3.13.

_ (P(, ()~ P(e5(-1))) /A
Hoptyaip2) (X (e )+ X (1, (- 1)) /2

32

Although disturbed, all the time courses of p, have a similar form which can be easily related to
the corresponding time courses of accumulated penicillin G in the broth: before PAA was fed there
was an initial period when no penicillin G was produced, this was followed by a rapid increase in
Hp to a maximum value, the time of which varied from fermentation to fermentation; this was
followed by a decline in p, during the remainder of the fermentation. Anomalous measurements of
both dry weight and penicillin G concentrations can be seen to affect the values of pp. Those
values of i, that were identified using anomalous measurements are indicated by arrows in the
figure. The maximum values of Wp, excluding those calculated using anomalous measurements,

are presented in Table 3.7.

Table 3.7. The maximum values of the specific penicillin production rate (v, ., ) for all fermentations

Fermentation Hp max
(x10° gg'.h)
FERMO08 2.8
FERMO09 21
FERMI11 3.0
FERM12 2.7
FERMI3 22

t excluding values using measurements from sample 13
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These values are comparable with those reported by Cooney (1979) of 4.0x103 g g'.h'! (reported
as 6000 units.(g.cell)!.h'! and 10% units = 0.667 g penicillin G)

3.4.4 Yield of penicillin G on PAA

This yield indicates the efficiency with which PAA is converted to penicillin G. It is not a
parameter of the selected process model (Section 6.3.2.1) but, because PAA was a major, potential
source of carbon, it was necessary to investigate its fate. The yield was calculated as the molar
ratio of total penicillin G produced by the fermentation to the amount of PAA that was used. The
total amount of penicillin G produced was calculated as the total amount of penicillin G measured
at the end of the fermentation corrected for the amount of penicillin lost in the samples and by an
estimate of the amount of penicillin G hydrolysed to penicilloic acid (using the hydrolysis constant
for penicillin G of 0.0014 h! for the pH and temperature conditions of this fermentation (Benedict
et al., 1945 and 1946)). The total amount of PAA used was calculated as the total amount of PAA
fed during the fermentation corrected for the amount of PAA remaining in the broth at the end of
the fermentations and the amount lost in samples. The yields of penicillin G on PAA and the

quantities necessary for their calculation are presented for all fermentations in Table 3.8.

The yields of penicillin G on PAA are much lower than both the theoretical value of 100%, i.e.
I mole of PAA is required to produce 1 mole of penicillin, (Cooney and Acevedo, 1977) and
practical values: Perlman (1970) reported that conversion efficiencies of greater than 90% are
possible; Mou and Cooney (1983 a) present data showing conversion efficiencies of between 30%0
and 50% for their fermentations, the fate of the PAA which was converted but did not appear as
penicillin G was not discussed. Calam (1987) has said that PAA can be used as a carbon source:
and Swartz (1985) reported that PAA can be hydroxylated by the producing organism. The use of

PAA as a carbon source by the culture is considered further in the carbon balance (Section 3.6).
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Table 3.8. The yield of penicillin G on PAA for all fermentations

Fermentation Total Penicillin G Estimate of Total Total PAA fed | PAA lost in PAA Total PAA Yield
measured lost in sample | the hydrolysed penicillin G sample remaining at converted (%)
penicillin G penicillin G produced the end of the
fermentation
(8) (8) (8) (g) | mol! (8) (8) (8) (g) | mol.m
FERMO08 14.0 2.6 1.8 18.4 0.055 73.1 1.4 7.5 64.2 0.47 12
FERMO09 8.9 1.0 1.4 11.3 0.034 55.5 1.5 5.1 489 0.36 9
FERM11 14.9 1.3 14 17.6 | 0.053 55.3 0.1 0.7 54.5 0.40 13
FERM12 13.0 35 2.3 188 | 0.056 67.0 2.7 0.5 63.8 047 12
FERM13 11.0 2.3 1.6 149 | 0.045 584 1.8 0.7 55.9 041 11

1 mole penicillin G=334 g
11 mole PAA =136 ¢

€ 1ydey)
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The possibility that PAA was being hydroxylated to any of its three forms: o-, m-, and/or
p-hydroxy PAA was investigated by HPLC analysis of broth samples with the same method used
to measure PAA and penicillin G (Section 2.4.9). The output from the HPLC integrator for a
mixed standard of 0.5 g.L! o-, m-, p-hydroxy PAA, PAA, and penicillin G is presented in
Figure 3.14 a. It can be seen that using this method it was not possible to discriminate between the
peaks for m- and p-hydroxy PAA. Figure 3.14 b shows the output of the HPLC integrator for
sample 23, fermentation FERM11, which was typical of a sample taken late in a fermentation,
when it can be expected that breakdown products have accumulated in the broth. The presence of
o-hydroxy PAA is indicated by the peaks at 2.15 minutes and the presence of m- and/or p-hydroxy
PAA is indicated by the peak at 1.77 minutes. Other workers have detected hydroxy PAA in the
broth of penicillin G fermentations: Lenz et al. (1985) detected the presence of o-hydroxy PAA and
Adlard et al. (1990) detected the presence of both p- and o-hydroxy PAA. This indicates that PAA
was being hydroxylated which may partially explain the low yields of penicillin G on PAA, but it
is unlikely that this was the fate of all PAA that did not react to form penicillin G.

3.5 Qualitative identification and categorisation of
anomalous dry weight concentration measurements

The development of the on-line consistency test, which is described later (Chapter 5), requires
'training' data sets, with anomalous measurements categorised as either consistent or inconsistent
with the process. The categorisation of anomalous measurements is also required for the
assessment of the estimator in Chapters 6 and 7. The identification and categorisation of
anomalous dry weight concentration measurements that follows require qualitative information that
would either be unavailable on-line or difficult to include in a computer program. Fortunately the
data from the available fermentations exhibit a range of anomalous dry weight concentration
measurements: a high and low concentration measurement which were consistent with the process

and a high and low concentration measurement which were inconsistent.

There were a number of qualitative criteria that were used in the initial identification of anomalous
measurements. The most important was the use of the whole time course of the dry weight
concentration to assess visually the trend and the amount of measurement variability. Any
measurement which indicated a rapid increase or decrease in concentration was suspect,
particularly if it appeared to be isolated and the following measurements returned to the previous
trajectory. If the anomalous measurement was consistent with the process it was expected that the
change in the trajectory would be sustained by the following measurements. With the feed regime
used in these fermentations the dry weight concentration was expected to increase throughout the

fermentation, therefore, any measurement which indicated a decrease in concentration was suspect.
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The identification process during the early stage of a fermentation, using these qualitative criteria,
was difficult because the changes in the time course which indicated an anomalous measurement
were obscured by the high growth rate and the variability of the measurements, which was a

significant proportion of the measurement itself.

Once a measurement was identified as anomalous it was checked against other available process
information, including the time courses of the other state variables and feeds, environmental
variables, and qualitative information on the performance of the sampling and assay. If the nature
of the anomaly was consistent with some process change, and there were appropriate disturbances
in the time courses of related states, in particular that of CER which is closely related to dry
weight concentration, the fneasurement was considered to be consistent. If no systematic
explanation was available and there were no related disturbances to other time courses, the

anomaly was deemed to be a measurement or sampling error and inconsistent.

3.5.1 A survey of anomalous dry weight concentration
measurements from the available fermentations

The identification and categorisation for each of the anomalous dry weight concentration
measurements found in the available fermentations are discussed below. The anomalous

measurements are indicated by arrows in Figure 3.5.

FERMO8, sample 27 (Figure 3.5 a)

This low value of dry weight concentration was known to have been caused by a
sampling error and was deemed inconsistent. The line from the broth to the
sample port became blocked after taking sample 26. This made it necessary to use
the harvest port to take all subsequent samples for this fermentation. Inexperience
of using the harvest port resulted in the sample being 'strained": the lumen of the
harvest port was not fully introduced into the bulk broth, creating only a small
aperture through which the sample could flow, this impeded the flow of the solids
but not liquid, resulting in a sample with an unrepresentatively low solids
concentration. The most obvious indication that the measurement was a gross
error was that it was isolated: all other measurements are on the same trajectory.
Furthermore, with such the reduction in dry weight concentration it would be
reasonable to expect a corresponding disturbance in the CER, which did not occur
(Figure 3.11 a).
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FERMO09, sample 21 (Figure 3.5 b)

The low value of dry weight concentration was known to have been caused by the
interruption of the glucose feed (Section 3.2.3.1). The reduction in concentration
that resulted was probably caused by a combination of no growth and dilution of
the culture by the continuing PAA feed. It was unlikely to have been the result of
a random measurement or sampling error because there were corresponding
disturbances in the time courses of other state variables: a reduction in CER
(Figure 3.11 b), which was consistent with a reduction in growth rate, and a slight
reduction in penicillin G concentration with an apparent loss of penicillin
synthesising capability thereafter (Figure 3.9 b). After restoring the glucose feed,
the subsequent measurements of dry weight concentration followed a new
trajectory which started at sample 21. This measurement was considered to be

consistent with the process.

FERM11, samples 13 and 14 (Figure 3.5 ¢)

There were no known causes of these two uncharacteristically high measurements
of dry weight concentration. It was thought that their apparent consistency with
each other was a chance occurrence, and that they were the result of a
measurement or sampling error. This was backed up by the fact that there were
no corresponding disturbances of other state variables, in particular there was no
disturbance to the CER (Figure 3.11 c), which would have been expected to
increase if these measurements were valid. Furthermore, after sample 14 the time
course returns to the trajectory followed before sample 12. These measurements

were considered to be inconsistent.

FERM12, samples 26 and 27 (Figure 3.5 d)

The increase in dry weight concentration indicated by these measurements was the
result of an intentional increase in the glucose feed rate to the fermentation
(Section 3.2.3.1). There are corresponding and consistent increases in the CER
(Figure 3.11 d) and the amount of ammonium hydroxide fed (Figure 3.4 d), which
is consistent with an increased nitrogen demand of a growing culture, during this

period. These measurements were considered to be consistent with the process.
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FERM13, sample 2 (Figure 3.5 e)

Even at the low values of dry weight concentration, measured at the beginning of
the fermentation, this measurement appears to be high. It is not on the underlying
trajectory, which can be followed through all the other measurements during the
growth phase. There is no disturbance to the corresponding CER time course
(Figure 3.11 e) at this time. It also causes the calculation of an unreasonably high
value of the specific growth rate (Figure 3.12 ¢). This measurement was

considered to be inconsistent.

3.6 Carbon balance

The recovery of carbon was used as a check on the understanding of the fermentation process and
the quality of the fermentation measurements. Assuming that the composition of each of the
species participating in the reaction in terms of carbon is known, poor carbon recovery indicates
that either the measurements are inaccurate or the description of the fermentation in terms of
participating species is inaccurate, or a combination of the two. To assess the degree of carbon

recovery the sources of carbon were balanced with the sinks of carbon as shown in Equation 3.4.

Cg+ Cgfed+ Costt Cinoc™ Coanrea” Ccoz" Csamp' Cpen' Coar Cio =0 34

To use the balance a value for the carbon composition of each of the species was required.
Samples of the cells at two different times from fermentations FERM12 and FERM13 were
analysed for their carbon, hydrogen, and nitrogen components (CHN analysis performed by
Mr. A. Stones, Department of Chemistry, UCL). The results are presented in Table 3.9; the mean
value of the carbon composition was used as the carbon content of the cells from all fermentations.
Three different samples from the batch of CSL, which was used for all fermentations, were also
subjected to CHN analysis and the results are presented in Table 3.10. The carbon compositions
of all other participating species were available from their formulas; these are summarised in
Table 3.11.
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Table 3.9. The carbon, hydrogen, and nitrogen composition of cells

Sample %C %H %N
sample 12, FERM12 42.87 6.28 749
sample 12, FERM13 40.38 6.38 7.99
sample 24, FERM13 42.74 6.70 5.22
sample 27, FERM12 40.40 6.51 5.95
Mean 41.71 6.47 6.66

The mean carbon and hydrogen content is close to that reported by Mou and Cooney (1983 a) of
42.9% and 6.7% respectively. There does appear to be some variation in the nitrogen content of
the cells: for both fermentations the nitrogen content was lower later in the fermentation. This
trend was also exhibited by the cells analysed by Mou and Cooney (1983 a).

Table 3.10. The carbon, hydrogen, and nitrogen composition of CSL

Sample %C %H %N
CSL - sample 1 40.61 5.78 7.66
CSL - sample 2 40.37 | 595 7.54
CSL - sample 3 40.96 5.43 7.75
Mean 40.65 572 7.65

The mean value of carbon the carbon content of the CSL was found to be higher than that of the
35.3% reported by Mou and Cooney (1983 b) for the CSL used in their work.

Table 3.11 A summary of the carbon content of all species included in the carbon balance

Species Chemical formula | Molecular weight Carbon content
(® P

(%)
cells complex — 41.7
glucose CH,,0, 180 40.0
CSL complex — 40.7
carbon dioxide CO, 44 273
penicillin G C,sH,s0,N,S 334 57.5
PAA C.H;0, 136 70.6
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The carbon balance was performed using the final fermentation measurements: all concentrations
were converted to total values by multiplication with the final broth volume; the total amounts of
glucose and PAA, and the total amount of carbon dioxide evolved, during the fermentation were
calculated and used. The amount of carbon removed in the samples was calculated and included in
the balance. The carbon balance for each fermentation is shown in Table 3.12; the columns Cy
and Cg,; contain the total amounts of carbon in the sources and products respectively. The

recovery of carbon is calculated as C;; as a percentage of Cp,,.

The carbon recovery for these fermentations can be seen to be generally good. The mean carbon
recovery at 97.8% £5.1% was slightly worse than that of Mou and Cooney (1983 a) who reported
a mean recovery of 101.2% £2.3%, calculated for a sample of four fermentations. A good carbon
recovery indicates that either the measurements were accurate and the understanding of the
fermentation reaction, in terms of the participating components, was correct, or the errors in the
balance, from any source, were cancelled. Although it was calculated on a small sample, the mean
carbon recovery of less than 100% was expected. This was because the balance was known not to
include all the carbon containing products. It was known, for example, from HPLC analysis, that
carbon was being converted to the hydroxy forms of PAA and possibly to 6-APA. Furthermore it
is reasonable to assume that carbon, converted to penicillin G, was being hydrolysed to penicilloic
acid. The carbon recovery of greater than 100% for fermentation FERMO8 was the result of using
the nominal concentration of the glucose feed, which was thought to be considerably lower than the

true concentration.

The carbon recovery is also useful in examining the role of PAA in the fermentation. When PAA
was removed from the balance, which included an adjustment to the carbon content of penicillin G
to exclude the side chain, the carbon recovery for all fermentations was found to be greater than
100%. This, coupled with the fact that the carbon recovery was good when PAA was included,
indicates that PAA may have been used as a major carbon source by the culture during these
fermentations. This would also explain the low yields of penicillin G on PAA for these
fermentations (Section 3.4.4).
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Table 3.12. The carbon balances for all fermentations.

Fermentation C . C gfed Cest, Civc | Coantea Cu Cco,_ Cmp Cpcn Coan Ciio Cour Carbon recovery
(8) (2) (8) (8) (€) (8) (8) (8) (8) (8) (8) (8) (%)
FERMO8 8.7 219.7 4.6 4.6 53.0 290.6 | 216.7 19.1 8.1 5.1 59.4 308.4 106.1
FERMO09 78 241.3 4.6 4.6 373 295.6 | 202.6 13.0 5.1 79 67.0 | 295.6 100.0
FERMI11 0.4 239.2 11.5 4.6 45.7 3014 | 2026 15.2 8.9 0.7 62.2 289.6 96.1
FERM12 7.1 210.2 4.6 4.6 48.5 275.0 | 1802 20.5 7.5 0.3 56.0 | 2645 96.2
FERMI13 6.6 2874 4.6 4.6 412 3444 | 2120 | 21.0 6.3 1.3 72.0 312.6 90.8
mean recovery 97.8+5.1
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3.7 Summary of fermentation data

The behaviour of the fermentations has been described and explained with reference to their
process conditions. This behaviour has also been shown to by reasonably typical of similar
fermentation processes. The complex nature of fermentation processes has been demonstrated by
the difficulties found in characterising the fermentation in terms of both specifying the chemical
reactions that constitute the fermentation and the species participating in them. The quality of the
measurements appears to be reasonable, as demonstrated by the low incidence of inconsistent
measurements and generally good carbon recovery. The data from these fermentations were used
in the development of a consistency test for the fermentation measurements (Chapter 5) and

throughout the estimation experiments (Chapters 6 and 7).
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Figure 3.1. Typical time courses of the environmental variables: (a) temperature, (b) pH, (c) air
flow rate, (d) DOT, and (e) agitation rate. Those shown in the flgure are from fermentation
FERM13.
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Figure 3.2. The time courses of the glucose feed rates to fermentations: (a) FERMOS,
(b) FERMO09, (¢) FERM11, (d) FERM12, and (e) FERM13.
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Figure 3.3. The time courses of the PAA feed rates to fermentations: (a) FERMO08, (b) FERM09,
(c) FERM11, (d) FERM12, and (e) FERM13.
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Figure 3.4. The time courses of the total volume of ammonium hydroxide (e), and sulphuric acid
i(-), fed to fermentations: (a) FERMO8, (b) FERMO09, (¢) FERMIil, (d) FERMI2, and!
{(e) FERM13.; (f) An example of the relationship between the volume of ammonium hydroxide fed
‘and the dry weight concentration measured, using data from fermentation FERMOS.
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Figure 3.5. The time courses of the dry weight concentrations measured for fermentations:
(a) FERMO08, (b) FERMO09, (c) FERM11, (d) FERM12, and (e) FERM13. The arrows indicate
those measurements that are qualitatively identified as anomalous.
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Figure 3.6. The time courses of the broth glucose concentration measured for fermentations:
(a) FERMO8, (b) FERM09, (¢) FERM11, (d) FERM12, and (e¢) FERM13.
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Figure 3.9. The time courses of the penicillin G (¢) and PAA (w) concentrations for fermentations:
(a) FERMO08, (b) FERMO09, (c) FERM]11, (d) FERMI12, and (e) FERM]13; and time course of
possible 6-APA concentration (o) for fermentations FERM12 and FERM13.
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Figure 3.10. The time courses of the broth volume calculated for fermentations: (a) FERMO08,
(b) FERMO09, (c¢) FERMI11, (d) FERMI12, and (e¢) FERM13, using the method described in
Section 2.4.10
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Figure 3.11. The time courses of the carbon dioxide evolution rate - for fennéntations:‘

'(a) FERMO8, (b) FERMO9, (c) FERM11, (d) FERM]2, and (¢) FERM13. The arrows indicate the,

time of the secondary peak, which was thought to be caused by the metabolism of the CSL after a

diauxic lag period. (f) An example'of the relationship between the measurement s of the CER and‘
the dry weight concentration using data from fermentation FERMO8 as an example. |
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Figure 3.12. The time courses of the specific growth rates (i) identified for fermentations:
(a) FERMO08, (b) FERMO09, (c) FERM11, (d) FERM12, and (e) FERM13. The arrows indicate
values of 1, identified using an anomalous dry weight concentration measurement.
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Figure 3.13. The time courses of the specific penicillin production rates (i) identified for
fermentations: (a) FERMO8, (b) FERM09, (c) FERM11, (d) FERM12, and (e) FERM]13.
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Chapter 4

4 Uncertainty of fermentation variable
measurements

4.1 Introduction uncertainty of fermentation variable
measurements

The investigations of the measurement uncertainties associated with the measurements of the
important fermentation variables, i1.e. dry weight concentration, broth glucose concentration, broth
volume, and carbon dioxide evolution rate are described in this section. The term measurement
error is not used here because practically all measurements are expected to have an uncertainty
associated with them without being in error. However, measurement errors do occur,
1.e. measurements that are inconsistent with the process; these are dealt with later (Chapter 5). The
measurement uncertainty is defined as the range about the measured value within which the ‘true’
value may reasonably expected to be. Ideally a distribution is associated with this range, which
gives the probability of the 'true' measurement being a certain value within the range. The
investigation of the measurement uncertainty was complicated and indeed limited by the nature of
the fermentation process and the fermentation measurements themselves. The measurements either
contained a large manual component and many steps such as the measurements of dry weight
concentration and broth glucose concentration, or were derived quantities which combined several
individual measurements in the cases of broth volume and carbon dioxide evolution rate. It will be
shown that, because of their nature, it was not possible to define a distribution for any of the
fermentation state variable measurements rigorously. This made assumptions regarding the

distribution associated with some of the measurement uncertainties necessary, which are described.
The measurement uncertainties were specifically required for the following aspects of the work.

1. The criteria used in the consistency test (Chapter 5) could only be satisfied for

fermentation data if measurement uncertainty is considered.

2. The extended Kalman filter (EKF), which is one of the estimators used in the
estimation experiments (Chapters 6 and 7), requires the variance of the
measurement noise (which is a measurement of uncertainty) for the measurements
of all state variables to be available. Furthermore, the derivation of the EKF and
consequently its correct functioning requires that the measurement noise be of a

certain form, i.e. zero mean and normally distributed (Section 6.2.3.1).
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3. The measurements of dry weight concentration were used to calculate three
indices of estimator performance (Section 6.3.6). One of these indices was the
consistency with which the estimate of biomass concentration was within

uncertainty limits of the dry weight concentration measurement.

Under the practical constraints of the fermentation system, the two objectives of these
investigations for each state variable were: to determine the limits with which the measurement
uncertainty could be defined; and to determine the relationship between the measured value of the
state variable and its associated uncertainty, for the range of values that the state variable may

assume during a fermentation.

For the fermentation state variables it was either the accuracy or the precision of the measuring
instrument or assay which defined the measurement uncertainty. The accuracy of measured data is
expressed as the difference between the observed value of a variable and its true value
(Flynn, 1982). As the true value of the variable is usually unknown, accuracy is determined by
comparison with a reference value — the process of calibration; any difference found between the
reference and the measured values can be used to correct either the instrument or assay, or the
measured values themselves. The precision of the measured data relates to the probability that
repeated measurements on the same system will produce the same data value (Flynn, 1982), it is

usually stated as a standard deviation which implies an associated distribution.

The practical definition of measurement uncertainty as measurement accuracy or precision is
explained in Figure 4.1. In Figure 4.1 a the situation before the calibration of an instrument or
assay is shown: a known reference value has been repeatedly measured (represented by the dots)
and the mean, measured value is different from the reference — the measurement is inaccurate. The
precision can be calculated as the standard deviation of the repeated measurements that are shown
distributed about the mean, measured value. The calculation of precision does not require the
value of the reference, but does require the reference to be constant. In this case the uncertainty of
the measurement has contributions from both measurement accuracy and precision. The ideal
situation after calibration is shown in Figure 4.1 b: the mean, measured value has been adjusted to
be the same as reference value, but the precision is unaffected and now only this contributes to
measurement uncertainty. Calibration usually eliminates the measurement uncertainty that results
from inaccuracy, or makes it insignificant when compared with precision. However, in this work,
calibration of the measurements was found to be problematic: either its effectiveness was limited
because the available references themselves had a known uncertainty; or it could not be performed
at all because no reference was available. It was assumed that the effect of an uncertain reference
was to create a region of uncertainty about the reference value, as shown in Figure 4.1 ¢. If no

reference is available, which was the case with the thermal mass flow meter, the stated accuracy on
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the instrument's data sheet was assumed to define a region of uncertainty about the measured
value, as shown in Figure 4.1 d. If the region defined by the uncertainty of the reference or the
stated accuracy of the instrument was found to be more significant than that defined by the
precision, it was taken to be the region of uncertainty of the measurement. For these cases only the
worst case limits of the region of uncertainty were available, it was obviously impossible to

determine the distribution within the region experimentally.

When worst case limits are insufficient as a description of measurement uncertainty and some
value related to a distribution is required, i.e. standard deviation or variance, which is the case for
the EKF, an approximate conversion between worst case limits and standard deviation is possible.
Furman (1981) suggests that worst case limits can be approximated by +3¢ if a normal
distribution of the measurements within the limits is assumed (for a normal distribution 99.73% of
all deviations from the mean value will lie within 30 of the mean value). The normal distribution
can not be experimentally proved, but it is a common enough assumption in this type of work, and

the use of this conversion was limited to those occasions when there was no alternative.

4.2 The investigation of the dry weight concentration
measurement uncertainty

The method of dry weight concentration measurement used in this work (Section 2.4.7) was
investigated for a relationship between the measured value and its associated uncertainty. This
was required by the consistency test (Chapter 5); for the use of off-line measurements with the
EKF; and in the assessment of estimator performance (Chapters 6 and 7). For this measurement,
precision was thought to be more significant than accuracy in defining the measurement. This was
because the measurement includes manual operations, which are prone to variation that would
affect the precision, whereas the accuracy of the measurement was largely dependent on the

balance that was used to weigh the samples and the filters, and which was always calibrated before

use.

4.2.1 Materials and methods for the ihvestigation of the dry weight
concentration measurement uncertainty

During the fermentations the dry weight concentration increased by an order of magnitude with an
associated, and marked, change in the characteristics of the broth, therefore the measurement
uncertainty was determined on samples of suspension that spanned the range of dry weight

concentrations measured during the fermentation work. Ideally the samples would have been
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provided by fermentations. However, this was not possible, because removal of volumes of broth
required by the investigation would have disturbed the progression of the fermentation. Three
sources of suspension that had the characteristics of fermentation broth were used in this
investigation: samples with a concentration of less than 3 gL' were produced by various
combinations of salts and CSL used in the uninoculated fermentation medium; samples in the range
3 to 11 g.L-! were produced by allowing the shake flask culture of Penicillium chrysogenum P2 on
the seed medium (Section 2.4.3.2) to continue for various lengths of time; and samples with dry
weight concentrations above 11 g.L'' were obtained from quantities of broth from completed
fermentations. These sources provided samples of suspension at twenty different concentrations

across the required range.

The volume of suspension was limited to 250 mL for broth samples produced by shake flask
culture, which was sufficient to perform ten replicates reliably (each dry weight concentration
measurement required 20 mL of broth sample because it was the mean of four individual
measurements each requiring 5 mL of the broth sample). The number of replicates from all
sources of suspension was, therefore, standardised at ten. Aliquots of at least 20 mL were
decanted from the bulk suspension into ten universal bottles. During this process the bulk
suspension was continuously agitated to maintain its homogeneity. The dry weight concentration
of the suspension in each universal bottle was then measured by the method described in
Section 2.4.7. A measurement set of ten replicates was available at each concentration for

statistical analysis.

Outlier rejection was performed on each of the measurement sets using Chauvenet's criterion,

(Appendix A). This resulted in the rejection of no more than one measurement from any of the
measurement sets. The mean dry weight concentration ()? ), the sample standard deviation (G, ,),

and the sample standard deviation as a percentage of the mean concentration (s) were calculated

from the measurements remaining in the each of the measurement sets.

4.2.2 Results of the investigation of the dry weight concentration
measurement uncertainty

The sources of the measurement sets together with the results of their analysis are given in
Table 4.1. To show the relationship between the measured concentration and the measurement
uncertainty, the sample standard deviation as a percentage of mean concentration is plotted against
mean concentration in Figure 4.2. By inspection a power law relationship of the form shown in

Equation 4.1 was sought. The model parameters o and  were calculated as the intercept and
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gradient respectively, of an unweighted least squares fit to the data, after a linearising
transformation to natural logarithms. The fitted model is given in Equation 4.2 and shown in
Figure 4.2 as the continuous line. The extremes of dry weight concentration measured during the
fermentation work were 2.93 g.L-! and 38.65 g.L-! for which the model gives uncertainties in terms
of sample standard deviation of 3.63% and 1.03% respectively, or in terms of worst case limits
(30 limits) £0.32 g L' and +1.19 g.L-! respectively. It was necessary to extrapolate the model to

cover the upper limit of the measured concentration.

s =(°r‘ ].100: X 4.1
X
§=6.12.X 4 4.2
4.2.3 Discussion of the dry weight concentration measurement

uncertainty

In Figure 4.3 the derived model (Equation 4.2) is compared with several models which have a fixed
measurement uncertainty, i.e. an uncertainty independent of the dry weight concentration. The
outputs from the derived and fixed models are similar, but the uncertainty described by the derived
model decreases less rapidly with concentration than it does for any of the fixed models. This
suggests that the measurement uncertainty may have contributions from both concentration
independent and concentration dependent factors. The concentration independent factor is
probably linked to the measurement procedure, which would be the same for all concentrations
within the range. A concentration dependent factor was expected because both the viscosity of the
sample and the tendency of the sample to trap air increased with concentration, and these factors

were observed to cause difficulties in performing the measurement.

Some reported measurement uncertainties for dry weight and biomass concentration measurements
are summarised in Table 4.2, as well as a value of the measurement uncertainty for the reported
range produced by the derived model (Equation 4.2) for comparison. Although none of the

reported values are for the same fermentation system as that used in this work, and some were for
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simulations, they were useful because they indicate what are considered to be reasonable values for
the uncertainty associated with this measurement. Unless it is stated otherwise the uncertainties
reported as error bars were treated as worst case limits, and were, therefore, considered to be
equivalent to +36. The derived model gives values of measurement uncertainty which are higher
than the reported values at the lower concentrations, but are comparable with those reported in the

mid and high concentration ranges.

Table 4.1. Results of the investigation of the dry weight concentration measurement uncertainty

Source of sample Mean dry Sample Uncertainty Set
weight standard size
concentration deviation
(f) O, s n
(L") @L) | (of (X))

combinations 23gL'CSL 0.4824 0.0288 5.97 9
of uninoculated 23gL'CSL 0.9037 0.0419 4.64 10
medium components 5.7 g.L' CSL 1.3339 0.0600 4.50 10
Medium salts excluding CSL 0.5031 0.0695 13.81 10

2.3 g.L'! CSL and medium 1.1392 0.0733 6.43 9

salts (uninoculated medium)

5.7 g.L"! CSL and antifoam 1.6590 0.0759 4.58 9

shake flask culture ~ Expt. 1 SFO 3.5350 0.0695 1.97 10
Expt. 1 SF1 42540 0.0955 224 10

Expt. 1 SF2 9.0600 0.2254 2.49 9

Expt. 1 SF3 9.3044 0.3109 3.34 9

Expt. 1 SF4 10.5378 0.3684 3.50 9

Expt. 2 SFO 3.3717 0.1399 4.15 9

Expt. 2 SF1 9.1799 0.2016 2.20 9

Expt. 2 SF2 9.7102 0.3915 4.03 9

fermentation FERMO8 30.1951 0.5150 1.71 9
samples FERMO09 29.8853 0.1538 0.51 9
FERMI1 22.4736 0.4352 1.94 9

FERMI12t 20.4685 0.2841 1.39 9

FERMI2 27.3931 0.1694 0.62 9

FERMI3 36.6436 0.3020 0.82 10

(" from the large volume removed at sample 20 fermentation FERM12, see Section 3.3.4)
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Table 4.2. A summary of measurement uncertainty values reported for biomass/dry weight concentration

measurements

Source of report and practical
details

Concentration
or concentration
range

Reported uncertainty

form

value

Equivalent
uncertainty using
Equation 4.2

Svrcek et al. (1974)

Reported for a simulated
fermentation.

13gL?

0.050 g.L*!

0.07gL!

San and Stephanopoulos
(1984 b)

Reported for a fermentation of
Saccharomyces cerevisiae. The
concentration was measured by
optical density with a
subsequent conversion to dry
weight using a calibration
curve.

0.68 to
0.87gL!

worst case limits

+0.034 gL

+0.15t00.17 gL

Staniskis and Simutis (1986)

Reported for a simulated
fermentation of Saccharomyces
cerevisiae.

16t024 gL!

0.5t01.0gL!

0.25t00.31 g.L!

Stephanopoulos (1986)

The same fermentation and
measurement system as for San
and Stephanopoulos (1984 b).

1.2t01.8 gL

worst case limits

+0.08 to 0.07 g.L!

+0.20 10 0.25 g.L"!

Chattaway and Stephanopoulos
(1987)

Reported for a mixed culture of
Saccharomycopsis lypoloitica
and Escherichia coli. Total
biomass was measured by an
unspecified method of dry cell
weight.

0to30glL"!

variance or 62

0.25 (gL ),
(equivalent to
6=05gL")

0.12 (gL'
(equivalent to
6=035gL")
at30 gL’

Yu et al. (1987)

Reported for a fermentation of
'yeast', no practical details were
given.

3to45 gL

02gL!

0.11t00.43 gL}

Pigott (1989)

Reported for a fermentation of
Streptomyces clavuligerus.
The dry weight concentration
was measured by a similar
method to that used in this
work.

2to3gL!

95% confidence
limits which are
equivalent to 2¢

+0.088 g L'

+0.17t00.22 g.L!
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From Table 4.1 it can be seen that the dry weight concentration of non-biomass solids in the
uninoculated medium is high, and could account for over a third of the value of the initial dry
weight concentrations measured for the fermentations performed this work (Table 3.1). This will
affect the accuracy of the dry weight concentration measurement of total broth solids as a
measurement of biomass during the early part of the fermentation, but has no effect on the
uncertainty of the dry weight concentration measurement itself. The significance of the
non-biomass solids will diminish as the fermentation continues: the solids are either metabolised or
dispersed and will also become a smaller proportion of the total solids as biomass solids increase
with growth. This may affect the observed performance of a fermentation model and/or state
estimator during the early part of a fermentation, i.e. the measured dry weight concentration may

be higher than the modelled or estimated biomass concentration.

4.3 The investigation of the broth glucose concentration
measurement uncertainty

The assay used to measure broth glucose concentration in this work (Section 2.4.8) was
investigated for a relationship between the measured value and its associated uncertainty. This
was required for the consistency test and for the use of off-line measurements with the EKF. The
large manual component in preparation of the sample and performing the assay suggested that
precision would probably be the most significant component of the measurement uncertainty;
accuracy was expected to be less significant because frequent calibration of the assay was normal

practice during the fermentations.

4.3.1 Methods for the investigation of broth glucose concentration
measurement uncertainty

Sufficient volume was available from routine fermentation samples to perform ten replicate
measurements; this allowed broth glucose measurements made during the fermentations to provide
most of the measurement sets for this investigation. Measurement sets were also available from
glucose concentration measurements made on samples from the shake flask cultures used to
investigate dry weight concentration measurement uncertainty and fermentations that were

terminated because of contamination. Sixty-eight measurement sets were available for the
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investigation. The measurements for this method were confined to glucose concentrations of less
than 5 g.L''; higher concentrations required dilution before measurement. Outlier rejection was
performed on each of the measurement sets using Chauvenet's criterion, (Appendix A). This
resulted in the rejection of no more than one measurement from any of the measurement sets. The
mean glucose concentration and the sample standard deviation (the measure of uncertainty) were

then calculated from the measurements remaining in each of the sets.

4.3.2 Results of the investigation of the broth glucose concentration
measurement uncertainty

The sources of the measurement sets together with the results of their analysis are presented in
Table 4.3. The measurement uncertainty plotted against the mean, measured concentration in
Figure 4.4. The points are scattered and there is no obvious relationship between the measurement
uncertainty and the measured value, therefore, the mean standard deviation of 0.11 g.L-! was
selected as the fixed value of the measurement uncertainty for the range of concentrations

measured in the fermentations.

4.3.3 Discussion of the broth glucose concentration measurement
uncertainty

Unlike the case of dry weight concentration measurements no obvious relationship between the
measured value and the measurement uncertainty was observed. This suggested that the
inconsistencies in performing the measurement, which were independent of broth glucose
concentration, dominated the uncertainty; certainly low values were observed across the range of
concentrations. This is supported by the fact that, for the fermentations performed in this work,
the glucose concentration was not associated with any physical broth characteristics which may
have affected the performance of the assay: all assays were performed on clear broth filtrate.
Table 4.4 presents a summary of reported values for the measurement uncertainty associated with

broth glucose concentration measurements.

The reported uncertainties are comparable with the mean standard deviation of 0.11 g.L*!, or in the
form of worst case limits (3¢ limits) £0.33 g L' found in this work. Certainly, the other obvious

choice: the highest observed standard deviation, i.e. 0.3 g.L!, or £0.9 g.L !, in the form of worst

case limits (30 limits), would have been excessive.
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Table 4.3. Results of the investigation of the broth glucose concentration measurement uncertainty

Source of Mean Sample Set Source of Mean Sample Set
measurement glucose standard size | measurement glucose standard size
set concentration deviation n set concentration deviation n
(8L™) (gLl")
(gL") (gL
FERMO6! 2.0516 0.1087 10 | FERM09 1.0645 0.1844 10
2.6605 0.1189 10 0.1366 0.0212
2.9552 0.1186 10 2.1819 0.2177
3.0259 0.2526 10 2.8183 0.2907 10
3.3783 0.1259 10 3.5148 0.0824
3.5092 0.1385 9 3.7576 0.0499
3.6636 0.2913 10 3.6589 0.1508 10
0.1787 0.0389 9 2.9787 0.0533 10
Shake flask 3.7562 0.2814 10 2.0124 0.0502 10
culture 4.0259 0.2230 10 1.1775 0.0398 10
3.0174 0.1255 10 0.0587 0.0305
3.0402 0.1910 10 | FERMI11 0.0903 0.0294 9
1.7235 0.0832 9 0.2457 0.0208 9
3.2969 0.1968 10 2.3018 0.1074 10
3.2622 0.2426 10 3.8996 0.0532 9
1.3799 0.1068 10 4.5935 0.1471 10
1.2594 0.1105 10 2.1886 0.069 10
0.9032 0.0923 10 2.7918 0.12 10
3.3497 0.2447 10 0.0747 0.0405 9
1.6365 0.1242 10 0.2105 0.0549 10
1.8959 0.1150 10 0.1809 0.0572 10
FERMO08 1.9002 0.1601 10 | FERMI12 0.011 0.0073 10
2.1485 0.0579 10 3.546 0.3043 10
2.8035 0.0469 5.0321 0.0898 9
3.2586 0.0597 3.3272 0.071 9
3.4962 0.0493 3.5565 0.0634 9
2.3706 0.1428 10 3.0897 0.0626 9
2.3563 0.0880 10 1.2294 0.1064 10
1.9765 0.0557 9 0.0057 0.0112 10
1.9947 0.0885 10 | FERM13 3.2905 0.1612 9
1.5424 0.0817 10 5.0264 0.0459 9
0.2672 0.0204 3.2551 0.0895 9
0.0032 0.0435 3.1846 0.0308 9
24377 0.0343 9
0.2065 0.0508 10

(! fermentation FERMO6 was terminated early because of contamination, and is not reported in Chapter 3)
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Table 4.4. A summary of reported uncertainties associated with the measurement of broth glucose

concentration.
Source and practical details Concentration Reported uncertainty
or range of
concentrations
form value
Svrcek et al. (1974). 3to33gL! c 0.075 g.L!
Reported for a simulated
fermentation.
Stephanopoulos (1986) 21t05.5g Lt | worst case limits | +0.13100.32 gL
Reported for a fermentation of !
Saccharomyces cerevisiae. The
glucose concentration was
determined enzymatically.
San and Stephanopoulos (1984 b) | 6.1t06.9 g.L'! | worst case limits 0.35g.L"
Reported for a fermentation of
Saccharomyces cerevisiae.
The glucose concentration was
determined enzymatically.
4.4 The investigation of the broth volume calculation
uncertainty

In this work the fermentation broth volume was calculated by the method described in
Section 2.4.10. At the outset of the investigation, the nature of the uncertainty associated with the
broth volume was unclear, i.e. it was not known whether it was dominated by measurement
accuracy or precision. The uncertainty associated with the measurement of the broth volume was

required by the consistency test and for running the EKF.

4.4.1 Materials and methods for the investigation of the broth
volume calculation uncertainty

To assess the volume calculation an independent volume measurement was required for
comparison. The only available volume measurement was the vessel volume scale. Use of the
scale requires a stable broth level, making an interruption to the aeration and agitation of the broth
necessary. This was undesirable during the fermentations because it would have disturbed the
fermentation and, therefore, the production of the off- and on-line measurement files for the
estimation experiments, and may also have caused damage to the culture. However, the initial and
final broth volumes of the fermentations were routinely measured using the volume scale: at these

times aeration and agitation were not critical. The calculation was investigated using a process
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that simulated typical fermentation volume changes. This simulation produced the data required

by the calculation, but could also be interrupted to make comparisons with the vessel volume scale.

The use of the vessel volume scale had an uncertainty associated with it, which was important in
this investigation. The components of this uncertainty were the uncertainties in constructing and
reading the scale. The scale was constructed by marking the vessel at levels that corresponded to
known volumes — known volumes of water were poured into the vessel, internally equipped as it
would be for the fermentations. The initial level was at 2.5 L, which was produced by three
separate additions of water; two of 1 L and 1 of 0.5 L, from a 1 L measuring cylinder which was
marked in 10 mL divisions. From 2.5 L to 6 L the vessel volume scale was marked off in 100 mL
divisions. These were produced by repeated additions of 100 mL of water from a 100 mL
measuring cylinder which was marked off in 1 mL divisions. Using the widely applied principle
that the uncertainty from reading a scale is plus or minus half the finest division on the scale, the
vessel volume scale produced in this way has £15 mL uncertainty at 2.5 L and this increases by
+0.5 mL for each additional 100 mL. This means for example at 5 L the vessel scale will have an
uncertainty of £27.5 mL — £15 mL from the initial three additions of water to 2.5 L, and 12.5 mL
from the subsequent twenty-five additions of water to a volume of 5 L. Applying the principle of
plus or minus half the finest division to when the vessel volume scale is used, there will be £50 mL
uncertainty because the vessel volume scale is in 100 mL divisions. This was assumed to add to

the uncertainty in constructing the scale, for example the uncertainty in reading 5 L £77.5 mL.

The simulation included all factors that were known to affect the broth volume during the
fermentations, except those related to metabolic processes. The equipment and measurement
methods used during a simulation were the same as those used during the fermentations. Water
was substituted for the fermentation broth and the glucose and PAA feeds. During a simulation
the volume in the fermentation vessel was varied around 5 L. The environmental variables which
effected evaporation were maintained at typical fermentation levels: the temperature was controlled
at 26°C; air was pumped into the water at a rate of 2.5 L.min"! in the same way as described for a
fermentation (Section 2.3.1.2); the broth was agitated at rate of 800 rpm; and cooling water was
run through the condenser. Throughout the fermentation water was fed to the vessel by two feed
pumps, at rates similar to those of the glucose and PAA feeds during the fermentations. The feed
rates were measured at sample times using the in-line burette apparatus described in Section 2.3.5.
The purging and sampling procedure was the same as that followed during the fermentations. The
purge and sample volumes were comparable to those removed during the fermentations. The
sampling rate varied from two to five samples during a 24 hour period. The initial and final

volumes required by the calculation were measured using the vessel volume scale.
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At sample times the aeration and agitation of the water in the fermenter were stopped to allow the
water level to settle. The volume of the water was then measured, before and after sampling, using
the vessel volume scale. It was these measurements that were used as references to assess the

performance of the volume calculation.

It has been explained that the calculation can not be used on-line if the unmeasured volume
changes are included (Section 2.4.10). During these simulations evaporation was assumed to be
the only significant, unmeasured volume change. The unmeasured volume change was modelled as
a constant rate over the whole of the simulation and calculated using Equation 4.3, which is similar
to Equation 2.1.

Fu - Vr _Vl +VFw_VTSAMP 4.3
Tsm

The volume was calculated using Equation 4.4 a during the inter-sample period and Equation 4.4 b
at sample times, these are similar to Equations 2.2 a and b, but do not include the term for acid and
alkali addition (V).

V(k)=V(k-1)+Ar(F, +F, +F,) 44a

V(k)=V(k—-1)+AL(F, +F, +F,)-V,, 440

MP

4.4.2 Results of the investigation of the broth volume calculation
uncertainty

Two simulations — E04 and EO5 — were performed in this investigation. For both simulations the
sample time and volume information are given in Table 4.5, and all other information required by
the volume calculation is given in Table 4.6. The measured volumes, plotted as discrete points
(pre sample volumes are the closed symbols and the post sample volumes are the open symbols),
and the time courses of the calculated volumes, plotted as the continuous lines, are shown in

Figure 4.5 for both simulations. The difference between the measured and calculated volumes at
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the sample times was used to assess the calculation performance quantitatively. The differences

measured for both the simulations EO4 and E05 are summarised in Tables 4.7 a and b for

simulations E04 and EOS respectively.

Table 4.5. Sample information for simulations E04 and E05

Simulation E04 Simulation E05
sample sample sample sample sample
number time volume time volume

(mL) (mL)

(hours) (hours)

1 0.0 78.0 19.50 81.3
2 2.0 82.0 22.92 112.3
3 21.0 81.0 26.25 95.7
4 23.08 84.0 43.80 94.5
5 25.75 83.0 46.00 101.8
6 27.33 80.0 49.58 95.0
7 44.25 86.0 67.50 922
8 47.08 77.0 71.83 79.6
9 50.16 76.0 74.58 96.8
10 68.16 75.0 92.83 70.1
11 71.08 79.0 97.00 95.1
12 73.66 79.0 — —
13 93.49 80.0 — —
14 97.32 77.0 — —

Table 4.6. Information required by volume calculation for simulations E04 and E05

Information Simulation E04 Simulation E05
duration of simulation (T,,,) 97.32h 97.0h
initial measured volume (V) 5050 mL 5000 mL
final measured volume (V) 5050 mL 5100 mL
mean rate of feed pump 1 (F,) 6.77 mL.h! 6.77 mL.h!
total fed, pump 1 measured from cumulative 710 mL 690 mL
change in the reservoir volume

mean rate of feed pump 2 (F,) 5.78 mL.h"! 5.92 mL.h!
total fed, pump 2 measured from cumulative 600 mL 590 mL
change in the reservoir volume

total fed pumps 1 and 2 (V) 1310 mL 1280 mL
total removed as sample (V. ,, ») 1117 mL 1014.4 mL
rate of loss calculated using Equation 4.3 (F, ) 1.93 mL.h’ 2.73 mL.h"!
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Table 4.7 a. Quantitative performance of the volume calculation for simulation E04

Chapter 4

Sample Sample Measured Calculated | Difference Uncertainty in
number time volume volume volume measurement
(h (mL) (mL) (mL) (mL)
1 pre 0.0 5050 5050.00 0 +78
post 4950 4927.05 -22.95 +77.5
2 pre 2.0 4950 4904.90 -45.10 +77.5
post 4900 4886.32 -13.68 +77
3 pre 21.0 5100 5061.95 -38.05 +78
post 5050 5042.36 -7.64 +78
4 pre 23.08 5050 5018.09 -31.91 +78
post 4950 4901.50 -48.50 +77.5
5 pre 25.75 5000 4970.70 -29.30 +77.5
post 4900 4853.12 -46.88 +77
6 pre 27.33 4950 4934.77 -15.23 +77.5
post 4850 4817.18 -32.82 +77
7 pre 4425 5050 5014.67 -35.33 +78
post 4950 4900.08 -49.92 +77.5
8 pre 47.08 5000 4966.93 -33.07 +77.5
post 4900 4843.34 -56.66 +77
9 pre 50.16 4950 4907.22 42.78 +77.5
post 4900 4882.63 -17.37 +77
10 pre 68.16 5100 5070.10 -29.90 +78
post 5050 5044.51 -5.49 +78
11 pre 71.08 5100 5110.77 10.77 +78
post 5000 4989.18 -10.82 +77.5
12 pre 73.66 5000 4958.98 -41.02 +77.5
post 4950 4937.39 -12.61 +77.5
13 pre 93.49 5150 5103.55 -46.45 +78.5
post 5100 5082.96 -17.04 +78
14 pre 97.32 5150 5137.97 -12.03 +78.5
post 5050 5014.38 -35.62 +78
RMS difference 32.201

(! calculated without pre sample volume for sample 1)
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Sample Sample Measured | Calculated | Difference Uncertainty in
number time volume volume volume measurement
Q) (mL) (mL) (mL) (mL)
1 pre 19.50 5250 5273.41 2341 +79
post 5200 5254.13 54.13 +78.5
2 pre 22.92 5200 5214.52 14.52 +78.5
post 5100 5126.23 26.23 +78
3 pre 26.25 5150 5188.37 38.37 +78.5
post 5050 5083.49 33.49 +78
4 pre 43.80 5250 5279.61 29.61 79
post 5100 5149.70 49.70 +78
5 pre 46.00 5200 5248.48 48.48 +78.5
post 5100 5149.70 49.70 +78
6 pre 49.58 5150 5208.34 58.34 +78.5
post 5050 5102.76 52.76 +78
7 pre 67.50 5200 5194.81 -5.19 +78.5
post 5100 5086.42 -13.58 +78
8 pre 71.83 5150 5136.33 -13.67 £78.5
post 5100 5084.65 -15.35 +78
9 pre 74.58 5100 5083.89 -16.11 +78
post 5000 4980.11 -19.89 +77.5
10 pre 92.83 5200 5168.08 -31.92 +78.5
post 5150 5137.60 -12.40 +78.5
11 pre 97.00 5200 5189.83 -10.17 +78.5
post 5100 5084.35 -15.65 +78
RMS difference 33.12
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4.4.3 Discussion of the broth volume calculation uncertainty

For both simulations, the difference between the calculated and measured (reference) volume was
always found to be within the limits of uncertainty associated with measurements made using the
vessel volume scale, which are shown in Tables 4.7 a and b. Although the RMS difference
between the calculated and measured volumes was less than 1% of either of the calculated or
measured volumes, the 'true' volume could reasonably be any value within the limits of uncertainty.
Therefore, the uncertainty of the calculation was largely determined by that of the vessel volume
scale. The uncertainty measurements made using the scale varied with volume; but this variation
was small over the range of volumes calculated for the fermentations. For this range, a
conservative, fixed, worst case uncertainty of 100 mL was considered appropriate, which
represented an uncertainty of between 1.9 and 2.3% for the extremes of volume measured during
the fermentations. This was intentionally higher than any of the stated uncertainties in order to
compensate for known deficiencies in the simulation, i.e. the exclusion of metabolic effects; the
simulations were shorter than the fermentations; the lower number of samples; and the restricted
volume range of the simulations. It was impossible to determine the distribution of the deviations
within the limits and, therefore, to calculate a value of their variance, which was required by the
EKF estimator. For this purpose the conversion between the worst case limits and standard
deviations was used producing a standard deviation of 0.033 L, which is equivalent to a variance
of 1.1x103 L? (the unit of measurement for broth volume in the estimation experiments was
the litre).

4.5 The investigation of the uncertainty of the carbon
dioxide evolution rate (CER)

The uncertainty associated with the CER was required by the consistency test and for running the
EKF. The CER is a derived quantity, which, in this work, was calculated from six separate
measurements: the broth volume; the air flow rate to the fermenter; and the proportions of nitrogen

and carbon dioxide in the fermenter's inlet and exhaust air, using Equation 4.5.

2 out

CER =.A_F. M .%CO
Vv %N

—%co“,} 45

2 out
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The uncertainties of the component measurements were investigated separately and combined to
produce the uncertainty of the CER. This section describes the investigations of the measurement
uncertainties of the component measurements and their combination to produce the uncertainty in
the CER separately.

4.5.1 The uncertainty of the broth volume (V)

The investigation of the measurement uncertainty for the broth volume calculation has already
been described (Section 4.4). The worst case limits of the measurement uncertainty were fixed at

+100 mL for the range of broth volumes measured for the fermentations in this work.

4.5.2 The uncertainty of the air flow rate (AF)

An examination of the time courses of the air flow rate to the fermenter during the fermentations
showed that precision of thé air flow rate meter was good: there was no drift and the measurement
fluctuation was confined within £0.01 L.min! (at the level of the air flow meter discrimination) of
an apparent fixed level, (Figure 3.1 c). No reference air flows were available to calibrate the air
flow rate meter, therefore, the accuracy claimed by the manufacturer of £1% of full scale, which is
typical for this type of instrument (Flynn, 1990), was used. The full scale air flow rate for this
instrument is 10 L.min': at 2.5 L.min!'; the air flow rate used for all the fermentations, the
accuracy is £0.1 L.min’!, or 4% of the set value. In this work the uncertainty in the air flow rate
measurement due to accuracy was more significant than due to precision, therefore, accuracy was
used to define the measurement uncertainty. The measurement accuracy was assumed to define
worst case limits of measurement uncertainty, within which the distribution of the measurements is

unknown.

4.5.3 The uncertainty of the gas analysis

The uncertainties associated with measurements of the proportions of carbon dioxide and nitrogen
in the fermenter inlet and exhaust gas streams were investigated. To do this, gas sources that were
constant and typical of those of the fermenter inlet and exhaust gas streams were required. During
the fermentations the measured value of the proportion of carbon dioxide varied from
approximately 0.03%, in the inlet gas (air), to a maximum of 3%, in the exhaust gas, and the

proportion of nitrogen varied from 74%, in the exhaust gas, to 78% of the inlet gas. Three
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constant composition gas sources with proportions of carbon dioxide and nitrogen that spanned the

ranges measured during the fermentations were used in this investigation.

Gas source 1: a cylinder of compressed air (approximate composition: 1% inert
gases, 0.03% CO,, 20% O,, and 78% N,) was used to provide air with a
composition similar to that of the inlet air. Ambient air was unsuitable for this

investigation because it had a variable composition.

Gas source 2: a cylinder of gravimetrically mixed air (stated composition: 1% Ar,
3% CO,, 20% 0,, and 76% N,, all proportions with an accuracy of +1% (BOC -
grade, BOC, Twickenham, UK)) was used to provide air with the maximum level
of carbon dioxide found during the fermentation. This was the same specification
as the reference gas used to calibrate the mass spectrometer during the

fermentation work.

Gas source 3: a cylinder of volumetrically mixed air (stated composition: 1% Ar,
5%, CO,, 20% O,, 1% Ar, and 74% N, , all proportions with an accuracy of +2%

(BOC B-grade)) was used to provide air with a low level of nitrogen.

The cylinders were connected to the mass spectrometer by available inlet ports. The mass
spectrometer and analysis conditions were the same as those for the fermentations, i.e. the air flow
from the cylinders to the mass spectrometer was adjusted to 200 mL.min'; the frequency of gas
analysis was determined by the number of users on the mass spectrometer; and the mass
spectrometer was calibrated every 24 hours. Repeated analysis of the air sources were made over
periods of about 100 hours, which allowed investigation of both short term and long term

performance. The analysis results were logged by the mass spectrometer system's independent PC
(Section 2.3.2).

More than 1000 hours of gas analysis data from the three air sources were collected for this
investigation. The following discussion of typical features of the gas analysis refers to Figures 4.6,
4.7, and 4.8, which show the proportions of nitrogen and carbon dioxide measured in Gas source

1, Gas source 2, and Gas source 3 respectively, over periods from 80 to 96 hours.

All the measurements exhibit a high frequency, small amplitude disturbance which is the
characteristic measurement noise of the instrument. The amplitude of this disturbance appears to

be proportional to the measured value: it is larger for the nitrogen measurements than for the
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carbon dioxide measurements, and the amplitude is the smallest for the carbon dioxide measured in
the compressed air (Figure 4.6 b): the lowest value measured. In all cases the amplitude of this
disturbance was insignificant when compared to the measured value. Low frequency disturbances
can also be seen, the cause of these is unclear, and again their amplitude is insignificant compared
to the measured value. Drifts in the measured values were also observed, e.g. 72 to 96 hours in
Figure 4.7 a and b. Measurement drift did not pose a long term problem because it was rectified
by calibration every 24 hours. It is these disturbances that determine the precision of the
measurements.

The measurement precision was investigated using all the available gas analysis data. Each
analysis was divided into inter-calibration episodes, which eliminated the effects of calibration
adjustments, which are discussed below, and limited the influence of drift. The precision of the
measurements within each episode was calculated as the standard deviation of the measurements.
The best performance of the mass spectrometer that was found for the measurement of nitrogen
and carbon dioxide from each of the sources are presented in Table 4.8, in terms of lowest
standard deviation. For comparison the highest standard deviation calculated for an episode in the

same analysis is also presented; these values were more typical of the mass spectrometer

performance.
Table 4.8. The precision of the nitrogen and carbon dioxide measurements
Species Gas Measured Lowest standard deviation Highest standard deviation
source value
(approximate)
value % of measured value % of measured
value value
Co, 1 0.03% 1.36x10 4.53x10" 2.85x104 9.50x10"!
2 3% 1.15x103 3.83x107? 1.37x1073 4.57x10?
3 5% 1.26x103 2.52x107? 1.68x1073 3.36x107?
N, 1 78% 8.75x1073 1.12x102 1.88x10%2 2.41x10%?
2 76% 8.32x107 1.09x10%? 9.31x1073 1.22x1072
3 74% 5.68x1073 7.68x10%3 9.02x1073 1.22x10%?

The absolute value of the precision gets worse with increasing measured value, confirming the
observation made above of an apparent increase in noise amplitude with an increase of measured
value, but its significance with respect to the measured value decreases. Considering the highest
standard deviation, the worst case limits (+3c limits) for the range of proportions of nitrogen and
carbon dioxide measured during the fermentations are approximately: +0.04% (at 74% N,) to
+0.07% (at 78% N,); and £3% (at 0.03% CO,) to £0.14% (at 3% CO,).
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Winter (1987) investigated the performance of the same model of mass spectrometer
(VG MM8-80) and reported the following values of precision, in terms of standard deviation: for
nitrogen, measured as 60 to 90% of the air, <1X10"' % of the measured value; and for carbon
dioxide measured as 0 to 10% of the air, <5X 10 % of the measured value. It can be seen that the
results for nitrogen agree, but those for carbon dioxide are considerably better than those presented
in Table 4.8. The reason for the difference in the results for carbon dioxide may be the conditions
under which Winter performed the analysis: all data were collected over a period of one hour and

there were no other users on the system.

Calibration of the mass spectrometer resulted in a level shift of the measurement if adjustment was
found to be necessary. These can be seen, for example, at 24 hours and 72 hours in Figures 4.6
and 4.7, and at 10 hours and, more obviously, at 34 hours in Figure 4.8. Calibration was the
cause of the spikes that are marked with arrows in the figures. Similar spikes were observed at

calibration times in the CER time course of fermentation FERM13 (Figure 3.11 ¢)

A strong negative correlation can be observed between the measurements of nitrogen and carbon
dioxide from the same source. This is most obvious at the times of major disturbances such as the
adjustments resulting from calibration and the measurement drifts; at these times the sense of the
disturbance in the nitrogen measurement is opposite to that of the corresponding carbon dioxide
measurement. Furthermore, it was found that the nitrogen measurement was also negatively
correlated with the oxygen and argon measurements from the same source. This was a result of

the normalisation performed by the mass spectrometer to make the measured components
add up to 100%.

The reason for the similarity in the form of the measurements presented in Figures 4.6 and 4.7 is
that they were produced by simultaneous analysis of the gas from Gas Source 1 and Gas source 2,
therefore, any disturbance of the measurement procedure affected both analyses. This is useful as
it shows that disturbances such as calibration, drift, and, to some extent, the low frequency
variations affect the measurement of a particular gas species in a similar way, regardless of its
source.

The accuracy of the analysis available from the mass spectrometer was limited to that of the
reference gas source used to calibrate it. The specification of the reference gas source was the
same as that for Gas source 2, i.e. all proportions were stated with an accuracy of +£1%. Therefore
all measurements made by the mass spectrometer had an uncertainty of £1% of the measured value
associated with them. This was backed up by observation of the analysis results from the gas
sources with known compositions (Gas source 2 and Gas source 3): the measured proportions of

nitrogen and carbon dioxide were never outside the possible limits, which could be as much as

99



Chapter 4

+2% for Gas source 2 (1% from the calibration and +1% from the stated composition of Gas
source 2) and +3% for Gas source 3 (x1% from the calibration and 2% from the stated

composition of Gas source 3).

This investigation found that, except for the proportion of carbon dioxide typical of the inlet air
(approximately 0.03%), the contribution to the measurement uncertainty associated with the
measured proportions of nitrogen and carbon dioxide was more significant from accuracy than
from precision. This is can be seen in Figures 4.6 a, 4.7 a and b, and 4.8 a and b, for which a
region of +1% of the measured value about each measurement would be more significant than the
disturbances that affect the precision; and in Figure 4.6 b, for which the converse is true. The
accuracy of 1% was used to define the uncertainty associated with the measured values of %N, ,
%N, ., and %CO,
was used to define the uncertainty of the measured value of %CO, ..

and the worst case uncertainty of £3%, from the investigation of precision,

2 out?

4.54 The uncertainty of the CER

The measurement uncertainties for the component measurements of the CER are summarised in
Table 4.9. These uncertainties are in the form of worst case limits because, with the exception of
the measurement of %CO, ,, they were determined by the uncertainty associated with the reference

used in their calibration; or, in the case of the measurement of air flow rate, by the manufacturer's

statement of accuracy, which were in terms of worst case limits.

Table 4.9. A summary of the measurement uncertainties, found for each component measurement of the CER

Measurement

Uncertainty

broth volume

air flow rate

+0.1 L (fixed)
+0.1 L.min"! (fixed)

%N, +1%
%N, ., +1%
%CO, +3%
%CO. *1%

2ou

The upper and lower limits of the worst case uncertainty for the CER were determined by
combining the uncertainties of the component measurements using Equation 4.6 a and b
respectively. The combination of the uncertainties was restricted by the way in which the mass

spectrometer was found to perform the gas analysis: the sense of the uncertainty had to be the same
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for the same species; and the sense of the uncertainty had to be opposite for the measurements of

nitrogen and carbon dioxide.

CER-ACER = AF-2AF || %N, , +A%N,, (%co,,, -A%CO,, )-(%CO,, —A%CO,, )
V+AV [\ %N,  +A%N,

46a

CER + ACER = AL+ AAF || %N, , A%, , (%0, ,, +A%CO,, )-(%CO,, +A%CO,, )
V_Av %N20ut _A%NZnnl

460

Equations 4.6 a and b were used with the uncertainty values presented in Table 4.9, and the
component measurements, which were required for the calculation of the CER, to calculate the
worst case uncertainty limits for the fermentations. It was found that the worst case limits for
uncertainty of the CER were consistently within 8% of the nominal value for all fermentations,
therefore, these were selected as conservative, worst case limits for the CER in this work. The
uncertainty in the CER calculated for fermentations FERM12 and FERM13 are shown as typical
examples in Figures 4.9 a and b respectively. The most significant contribution to the uncertainty
was from the measurements of air flow rate and volume; the restrictions on the combination of the
uncertainties limited the contribution from the gas analysis. This is supported by Stephanopoulos
and Wang (1983) who commented that the uncertainty in the air flow rate measurement is a major

contribution to uncertainty in the CER measurement.
The uncertainty of the CER in this work was determined by systematic factors, such as the

uncertainty in the calibration of all component measurements, rather than more subtle statistical
factors, which has also been observed by Heinzle (1987).
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4.6 Summary of the uncertainty of fermentation variable
measurements

The uncertainties associated with the measurements of the important fermentation variables: the
dry weight concentration, the broth glucose concentration, the broth volume and the CER have
been characterised. It has been shown that the nature of fermentation measurements makes it
necessary to adopt a pragmatic approach to the characterisation of their measurement
uncertainties. It is obvious that the nature of these measurements makes it practically impossible
to determine the distribution of their uncertainty rigorously. The uncertainties of these
measurements are assumed to have a normal distribution. This is a commonly made assumption
for these fermentation measurements. The measurement uncertainties are used in the consistency

test (Chapter 5) and in the estimation experiments (Chapters 6 and 7)
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Figure 4.1. An explanation of the practical definition of measurement uncertainty used in this work. (a) The
situation before calibration: the measurement uncertainty has contributions from both accuracy and precision. (b) The
ideal situation after calibration: the mean measured value has been adjusted to be equivalent to the reference value —
the measurement is accurate — and precision is the only contribution to measurement uncertainty. (c) The significance
of an uncertain reference: the uncertainty in the reference defines the measurement uncertainty. (d) The situation
when no reference is available to calibrate a measurement: the stated accuracy of the measurement defines the

uncertainty of the measurement. In this figure the black dots represent individual measurements.
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Figure 4.2. The relationship between measurement uncertainty and the measured dry weight concentration; the
measured uncertainties (), and the derived relationship (Equation 4.2) (—).
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Figure 4.3. A comparison of the form of the derived model of the relationship between dry weight concentration

measurements and the measurement uncertainty (Equation 4.2) (—), with three different models of fixed
uncertainty (-+).
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labelled continuous line at 0.11 gL},
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Figure 4.5. The comparison of measured and calculated broth volume for the simulations: (a) E04 and (b) EOS;
measured broth volume pre-sample removal (e), measured broth volume post-sample removal (0), and calculated
broth volume (—).
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S The consistency of fermentation measurements
5.1 Introduction to the consistency of fermentation
measurements

It has been observed that virtually all measurements made on a fermentation are corrupted by error
and, therefore, it is impossible to obtain a completely reliable set of measurements from a
fermentation process (Wang and Stephanopoulos, 1983). Process measurements, including those
from fermentation processes, are generally accepted to be corrupted by two types of error: random
error and gross error (Serth and Heenan, 1986). Random error is an uncertainty that is reasonably
associated with a measurement technique, whether it be a sensor or a manual assay. It has been
calculated for the measurements of dry weight and broth glucose concentration and the values of
broth volume and CER, and is referred to as measurement uncertainty in this work (Section 4.1).
A measurement in gross error is outside the limits of reasonable measurement uncertainty and
contains information that is inconsistent with the process on which it was made. The causes of
gross errors in fermentation measurements could be, for example, a malfunctioning sensor, an
unrepresentative broth sample, the improper performance of an off-line measurement, or any
combination of these.

The need for consistent process data, i.e. with measurements in gross error identified and removed,
has been indicated for process modelling, estimation, and control. In chemical engineering, data
reconciliation is a widely applied technique whereby raw measurements of material and energy
flows are adjusted, in some sense optimally, such that they obey the laws of material and energy
conservation (Crowe, 1988). If one or more gross errors are present in a set of raw measurements
it would strongly affect the adjustments made to all measurements. Gross errors also invalidate
the assumption that only random error is associated with the measurements, which is made by the
method of optimisation. To be performed accurately, data reconciliation requires that gross errors
are removed from raw measurements, and has been a major motivation for consistency testing.
Wang and Stephanopoulos (1983) have commented on the importance of using consistent data sets
for constructing accurate process models for state estimation of fermentation processes. Ferrer
and Erickson (1980) have checked the consistency of fermentation data before using it to calculate
model parameters. Nogita (1972) has commented that consistent measurements are required for

desirable process operation and control.
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In reviewing on-line state estimation of fermentation processes (Section 6.2) no reference to the
possibility of measurements being in gross error and their effect on the estimation was found. This
is probably because it is usually quantities such as the CER or OUR that are used to drive the
estimation. These quantities are usually derived from mass spectrometer measurements which are
considered to be reliable. This was indeed found to be the case in the study of the mass
spectrometer behaviour performed in this work (Section 4.5). As the use of information available
from off-line measurements with on-line estimators is the main subject of this work, the possibility
of measurements being in gross error and their effect estimation were considered to be important.
The off-line measurements made in this work involve both broth sampling and manual steps which
were expected to increase the possibility of a gross error occurring. In reviewing on-line
estimation methods that have, in some way, included information from off-line measurements
(Section 7.2) no reference to measurement consistency or the consequence of using an off-line

measurement in gross error was found.

If an estimator is not robust to gross errors, even if consistent off-line measurements are generally
found to improve the accuracy of the estimates it produces, it will be of limited use. It was
considered necessary to have a stage in the estimation process, before the estimator, that was
capable of identifying an inconsistent measurement before it is presented to the estimator. This
stage may be used either to identify the inconsistent measurements before presentation so that the

robustness of the estimator can be assessed, or to prevent them from being used by the estimator.

In this section a consistency test for the fermentation measurements made in this work is
developed. The design of this test is shown to be based on other consistency tests, which are
reviewed, but takes into account the limitations imposed by the quantity and quality of available
process and measurement information available. The developed test is applied to the available
fermentation data and the results are presented and discussed. These results are subsequently used

in the investigation of the use of off-line measurements with on-line estimation (Chapter 7).

5.2 Methods of checking fermentation measurement
consistency

For the purposes of consistency checking, fermentation processes are commonly regarded as
chemical reactions — albeit complex ones. This facilitates the application of consistency checking
methods developed for measurements from chemical reaction processes, which are well advanced.
The methods of consistency checking range from quite simple, common sense methods, to
complex, statistically based methods.
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Romagnoli and Stephanopoulos (1981) suggested a simple method which checks consistency by
comparing duplicate measurements of a variable made by two distinct methods with different
precisions. Presumably, if the measurements are found to be more different than a consideration
of their precisions suggests, a gross error may be suspected, and further investigation warranted.
This requires two methods of measuring the required variable to be available, which may be

problem because of the limited measurement set available for fermentation processes.

Calam (1987) suggested a method for a fermentation process that would identify any measurement
falling outside limits of acceptable variation as inconsistent. This is similar to the use of control
charts in statistical quality control. Although this method is simple, to implement it would require
data from a considerable number runs of the same fermentation process to define the limits of
acceptable variation adequately. These limits would include contributions from both measurement
uncertainty and acceptable process to process variability. If the process were changed the limits of
acceptable variation would have to be recalculated.

Other methods have been suggested that test the properties of residuals, which are calculated as
the differences between the raw measurement of a variable and some optimal estimate of it. For
example, Mah and Tamhane (1982) described a method that tested the residuals from process
measurements for outliers; any measurement that produced a residual that failed an outlier test
was considered to be inconsistent. To produce an optimal estimate of the measured variable
requires an accurate process model and well characterised measurement and process uncertainties,
which are difficult to obtain for fermentation processes as is shown later (Sections 6.3.2 and
6.5.4.4 respectively).

Romagnoli and Stephanopoulos (1981) suggested checking whether the measurements satisfy the
mass and energy balance equations of a process. They comment that this method is particularly
attractive as it is simple and based on relations of absolute validity, namely, on the conservation of

mass and energy.

As an illustrative example of this method consider a simple fermentation reaction in which
glucose, ammonia, and oxygen are the only substrates, and biomass, water, and carbon dioxide are
the only products. The stoichiometric equation of the reaction, with the stoichiometric coefficients

a, b, ¢, d, and e normalised to that of the biomass, is given in Equation 5.1

aC¢H,,04 + b0, +cNH,; - C H,O, N, +dH, 0 +eCO, 5.1
—_—

biomass
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Using the stoichiometric equation and the elemental compositions of each of the participating
substances, balances for the individual elements can be constructed (Equation 5.2 a to d).

6a-o-c=0 52a
12a+3c-B-2d=0 52D
6a+2b-y-d-2¢e=0 52c
c-8=0 524d

zZ o F Q0

If the elemental composition of the biomass is known, the carbon balance (Equation 5.2 a) can, for
example, be used to investigate the consistency of the biomass, glucose, and carbon dioxide
measurements. For the measurements to be consistent, the carbon present in the measured values
must agree with the balance, i.e. the carbon used as glucose must be the same as that present in
biomass and carbon dioxide. The balances of the other elements can be used to check the

measurements of ammonia and oxygen in a similar manner, or to back up the results of the carbon
balance.

This method is easily applied to steady state continuous processes for which the measurements
made usually the instantaneous rates of uptake and production. For the measurements to be
consistent, the rate of disappearance of an element, calculated from the measured substrate uptake
rate, should be balanced by the rate it appears calculated from the production rates.

The application of conservation based consistency tests to chemical engineering reaction processes
is widely reported (Nogita, 1972; and Knepper and Gorman, 1980; Romagnoli and
Stephanopoulos, 1981). The implementations of each of the reported methods differ in detail, but
have major features in common, which are listed below.

1. The reaction or reactions must be accurately described. This description is
usually the stoichiometric equation of the reaction. All substances participating in
the reaction must be included in the description. The elemental composition of
these substances, or the heat of formation associated with them in the case of
energy balances, must also be known. These together with the stoichiometric
coefficients of the reaction allow individual balances for each of the materials,

commonly elements, or energy to be constructed.
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2. To complete the material and/or energy balances, measurements are required
for all the substances participating in the reaction and included in the description.
This may make it necessary to perform extra measurements to complete the
balances that are not required for the primary purpose, €.g. estimation or control.
These measurements are usually in the form of, or are converted to rates of

consumption or production.

3. Values for the measurement uncertainties of all the measurements are required.
The consistency test includes the associated measurement uncertainties because it
is unlikely that any of the balances would be satisfied without taking them into
account. It is also an important feature of this method that the measurement
uncertainties are assumed to be zero mean with normal (Gaussian) distributions.
It has to be remembered that the uncertainties are associated with the
measurements of substances which are not usually the balanced materials,

therefore, further manipulation is required to calculate their effect on the balances.

4. A test function is calculated of the form shown in Equation 5.3,
n 82
h= Z? 53
i i

Where £ is the test function, which is the sum of the ratio of the balance residuals
squared (&?) to the variance (02) expected to be associated with the balance from a
consideration of the measurement uncertainties, for the » balances defined by the
reaction. This test function compares how well the measurements satisfy the
balances with how well they are expected to satisfy the balances from a

consideration of their measurement uncertainties.

5. It has been shown that if the balance residuals are caused by measurement
uncertainty alone they are normally distributed and a test function of the type
given shown in Equation 5.3 follows the chi squared ()?) distribution (Wang and
Stephanopoulos, 1983). This is the basis for the test. After calculating the test
function for a measurement set it is compared with the %2 distribution with the
appropriate degrees of freedom, which is the number of measured substances less
the number defined balances. The level of confidence at which the comparison is
made is specified by the experimenter; its specification has been reported to be
based on experience of the process by Nogita (1972). Setting the level of

confidence can be considered as a way of adjusting the sensitivity of the test to
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allow for some uncertainty in the description of the reaction — the higher the level
of confidence, the less sensitive the test and, therefore, the more likely a
measurement set is to pass the test. The test function is commonly compared with
the distribution at the 90% and 95% confidence levels. If the value of the test
function is greater than the appropriate )2 value, the measurement set for which it
was calculated is considered to be inconsistent, i.e. it contains one or more gross
errors. For processes that are overdetermined, i.e. more measurements are
available than are required to satisfy the balances, further processing may be
possible to identify the particular measurement or measurements within the set
that are the cause of the inconsistency. Otherwise the whole measurement set has
to be regarded as inconsistent.

This type of test has been developed for chemical reactions typical of traditional chemical
engineering processes, which are generally better characterised and measured than those that
constitute fermentation processes. It is more difficult to satisfy the requirements of the described
consistency test and apply it to fermentation processes. Fermentation reactions are generally
complex making an accurate description of the reaction difficult to construct. The accurate
elemental compositions of some of the substances participating in the fermentation reactions are
difficult to obtain, as is the case for biomass or complex substrates. Furthermore, the elemental
composition of biomass may vary during a fermentation; Mou and Cooney (1983 a) found that
the elemental composition of Penicillium chrysogenum varied during fed batch culture.
Measurements of all the participating substances, particularly of complex substrates, may not be
available. The requirement of measurement uncertainties, and that they are zero mean and
normally distributed are also difficult to satisfy for measurements made on fermentation processes.
From the study of the measurement uncertainties performed in this work (Chapter 4) it is evident
that a considerable amount of work is required for a basic characterisation of measurement
uncertainty. In applying this type of test to fermentation processes, considerable use of
assumptions would have to be made to compensate for insufficient measurements and process
knowledge. With all the possible difficulties involved in describing the fermentation, the ability to
adjust the test's sensitivity by the selection of the confidence would be useful in achieving
reasonable results. However, despite these difficulties, this type of test has been suggested for
application to fermentation processes by Hellinga et al. (1992), and applied to fermentation
processes by Madron et al. (1977) and Wang and Stephanopoulos (1983).

Madron et al. (1977) described a consistency test based on conservation that was applied to
measurements made on a continuous culture process producing single cell protein from ethanol.

The test function was calculated as the sum of the ratio of the squared balance residuals,
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calculated from a maximum likelihood estimate of the measurement, to expected variance,
calculated from measurement variances. The measurement variances were available for all
measurements and assumed to be zero mean with a normal distribution. The value of the test
function was compared with the 2 distribution at the 95% confidence level. The test was found to

work satisfactorily with the example it was applied to.

Wang and Stephanopoulos (1983) used the test described by Madron et al. (1977), but in a
modified form such that the balance residuals were calculated from raw measurements rather than
from maximum likelihood estimates. The test function was compared with the %2 distribution at
the 90% confidence level. As examples the test was applied to data from several fermentation
processes available in the literature. There were five examples of application of the test to
continuous culture processes which were grown on defined media. These conditions are suited to
the test's requirements, and consequently the test was considered to have performed well. Two
examples of applying the test to batch fermentations were presented. The measurements from
these fermentations were converted to rates by a process of curve fitting and differentiation. In
both examples the growth medium was complex, making it difficult to describe the reaction. More
measurements were found to be inconsistent in the examples of batch culture than in the examples
of continuous culture. It was unclear whether these results were reasonable, or whether they were
a consequence of the data available from batch processes being unsuitable for the test.
Measurement uncertainty had only been calculated by the original authors for one data set; for the
other sets a value of 10% was assumed on all measurements except for those of heat and ethanol,
which were assumed to have errors of 40% and 20% respectively. These values are high when
compared with those calculated in this work (Chapter 4), and those reported by other workers for
dry weight or biomass concentration and glucose concentration which are summarised in Tables
4.2 and 4.4 respectively. By considering the form of the test function (Equation 5.3) it can be seen
that the effect of using high measurement uncertainty values is to decrease the value of the test
function, making it more likely to pass the test. This may have been a contributory factor in the
apparent success of the test.

Ferrer and Erickson (1980) described a simpler method of checking measurement consistency
using material or energy conservation. The method was applied to the batch fermentation of
Candida lipolytica on n-hexadecane. The basic method balanced the amount of a particular
species, either carbon or electrons, calculated from a measurement of the total substrate used
during a fermentation, with that incorporated in the products, calculated from measurements of
biomass and carbon dioxide produced during a fermentation. Measurement uncertainty was not
considered as it was thought to be insignificant compared to the values of the measured quantities.
The measurements were considered to be consistent if the quantity of the species available from

the consumed substrate balanced that present in the measured products. In balancing some
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uncertainty was allowed for in, what were termed, the regularities, which were either the
proportion of carbon in the biomass for the carbon balance, or the degree of reductance of the
biomass for the electron balance. The basic method was modified to enable instantaneous
consistency checks at times during the fermentation. This required fitting a curve to the measured
values of biomass and substrate (this was reported to be done by hand), and differentiation of the
fitted curve to derive instantaneous measurements. The results were considered to be poorer than
those using the integrated balance. This was attributed to the crude method of deriving
instantaneous measurements — the possibility that the measurement uncertainties would have

become more significant was not considered.

5.3 The design of a consistency test

This section describes the design of a consistency test suitable for the fermentation measurements
made in this work. It is required to be able of identifying inconsistent dry weight concentration
measurements as they become available. This test is shown to include some of the features of the
reviewed tests (Section 5.2), including material conservation and a consideration of both the
measurement and modelling uncertainties. These features are adapted to the limitations imposed
by the fed-batch, penicillin fermentations performed in this work. The reason for not
implementing one of the reviewed consistency tests was that the available process measurements
were unsuitable for them: the reviewed methods require more, and better characterised, process

measurements than were available in this work.

5.3.1 The description of the fermentation reaction

The description of the penicillin fermentation that was used to investigate material conservation is
given in Equation 5.4.

Co+ Ces+ Cpap 2 Cqo, +Cy +C, 54

'The description is in terms of carbon alone because the available fermentation measurements were:
insufficient for following any of the other biologically important elements, i.e. hydrogen, oxygen,
'\and nitrogen. In particular no measurement of the oxygen in the biomass was available For'
!Equation 5.4 to be considered accurate it was necessary to make three assumptions which are:
listed below. , : v "

. s -
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1. This description assumes that glucose, CSL, and PAA are the only significant
carbon sources, and during the fermentation they are converted to carbon dioxide,
biomass, and penicillin G, which are the only significant, carbon containing
products. This is considered to be reasonable because good carbon recovery was
found for each fermentation by carbon balances using the same assumption
(Section 3.6). The other carbon containing products, which are suspected to be
present, such as 6-APA, hydroxy PAA, and penicilloic acid, are not included
because they are considered to be insignificant, but more importantly, because

they are not routinely measured.

2. It was assumed that once formed the products persisted and did not become
significant carbon sources for the fermentation. This assumption is common to all
the reviewed methods (Section 5.2): it is implied by the one way nature of the
stoichiometric equations used to describe the reactions. In this work, the only
mechanism for loss of material, including products, from the fermenter, except for
penicillin G, was by sampling. The hydrolysis of penicillin G is known to occur,

but was assumed to represent an insignificant loss of carbon to the system.

3. To calculate the amount of carbon present as biomass (C,; ) it was necessary
to assume that the measurement of dry weight concentration was a reasonable
measurement of biomass. However, at the start of the fermentations performed in
this work a significant proportion of the measured dry weight was found to be due
to non-biomass solids, such as, undissolved salts and CSL solids (Section 4.2.3).
This assumption results in Equation 5.4 being an inaccurate description of the
reaction at the start of a fermentation, but the description will improve as the dry
weight concentration measurement becomes more representative of the biomass

concentration with growth.

5.3.2 The available process measurements

To use material conservation as the basis of a consistency test, a measurement set that includes all
the substances in the description of the reaction (Equation 5.4) is required. Therefore, it will only
be possible to test consistency when all the off-line analysis results from a sample become
available. The application of the consistency test will be delayed from the sample time by a time
equal to that of the longest analysis delay associated with the off-line measurements - in this work

it was the dry weight concentration which had an analysis delay of 24 hours (Section 2.4.7).
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In the fed-batch fermentation process, the measurements were available in both rate form
(the glucose and PAA feed rates and the CER) and concentrations (dry weight, broth glucose,
PAA and penicillin G). In fed-batch culture the concentrations measured in the samples represent
integrated rates of growth, uptake, or production. The measurements have to be in the same form
to be combined in a test. In all the reviewed methods (Section 5.2) measurements in rate form
were used, except for the basic method described by Ferrer and Erickson (1980) which used
integrated measurements. This was because they were predominantly applied to continuous
culture processes for which rate measurements are usual. Methods of converting concentration
measurements made on batch or fed-batch processes to rates were given by Ferrer and Erickson
(1980) and Wang and Stephanopoulos (1983). For both sets of authors, rates were calculated by
differentiating curves fitted to concentration measurements. The results of applying their
respective test to the converted measurements were the least successful of their presented
examples. The opposite conversion: from rate measurements to integrated measurements, is more
convenient, requiring simple numerical integration. For this test, because a fed-batch process was
used, measurements were standardised on the integrated form: the glucose and PAA feed rates and
the CER were numerically integrated using a simple method described in Appendix B. The use of
integrated measurements will be shown to make the change that occurs between samples the
subject of the test rather than the measurements themselves. In this respect it can be seen to be
similar to the basic method of Ferrer and Erickson (1980), but instead of integrating the
measurements over the whole fermentation, in this test they are integrated over each inter-sample
period. Material conservation is tested on a whole fermenter basis. It is therefore necessary to
convert measured concentrations to total quantities by multiplication with the appropriate

measurement of broth volume.

5.3.3 The measurement and modelling uncertainties

A consideration of measurement uncertainties was an explicit feature of most of the reviewed
consistency tests (Section 5.2), whereas modelling uncertainty was thought to be implicit in the
level of confidence with which the test function was compared to the %2 distribution. The effect of
including these uncertainties is to produce a range about the satisfaction of conservation within
which the measurement sets are considered to be consistent. The size of this range and,
consequently, the sensitivity and accuracy of the test, are dependent on how uncertain the
measurements and the description of the process are either known, or thought, to be. If these
uncertainties are not considered it is unlikely that carbon conservation using the available process

measurements and process description will be observed.
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In this work, values of measurement uncertainty were derived for the measurements of dry weight
and broth glucose concentrations, CER, and broth volume (Chapter 4). These were either in the
form of standard deviations or worst case uncertainties. For this consistency test all measurement
uncertainties were standardised to standard deviations (o), using the conversion of the worst case
uncertainty being approximately equivalent to 36 (Furman, 1981). The values of these are
presented in Table 5.1.

Table 5.1. A summary of measurement uncertainties values available to the consistency test

Measurement Measurement uncertainty (6)

dry weight concentration #6.12. X “0dsee )% of measured concentration
broth glucose concentration +0.11 gL

CER +2.67% of measured value

CER (non volumetric)! +2.00% of measured value

broth volume +0.033L

(' this is the CER without normalisation to volume and therefore does not include the volume
measurement uncertainty)

The measurement uncertainties for dry weight concentration and CER are dependent on the
measured value and, therefore, have to be calculated each time the test is performed. Values for
the measurement uncertainties of penicillin G, PAA, and CSL concentrations, and the glucose and
PAA feed rates were unknown. It was thought that this would contribute to the modelling
uncertainty.

Modelling uncertainty was included in this test by using an ‘uncertainty factor', which is
dimensionless multiplier of the standard deviation of the measurement uncertainty. This lumped
the measurement and the modelling uncertainties. A tuning process, which is described later
(Section 5.5.2), was used to obtain a value of the uncertainty factor appropriate for the available
fermentation data. As the data were from the same process and were collected under the same
experimental conditions, it was expected that tuning would produce a single value of the
uncertainty factor. The process of tuning the test to the available fermentation data was equivalent
to the use of 'experience' to set the confidence interval (Nogita, 1972).
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5.3.4 The consistency criteria

All measurement sets, except for the initial measurement set, use different criteria to test for
inconsistently high and inconsistently low measured values of dry weight concentration. For a
particular dry weight concentration measurement to be considered consistent, it, or the
measurement set it belonged to, has to satisfy both criteria. The initial measurement set from a
fermentation does not define a change and therefore has to be investigated differently.

5.3.4.1  The criterion to identify inconsistently high dry weight
concentration measurements

The description of the fermentation reaction used in this work (Equation 5.4) is rearranged to
produce the inequality that is the criterion for identifying an inconsistently high dry weight
concentration measurement (henceforward referred to as the high criterion), which is shown in
Equation 5.5.

Comx)y T Cost + Cpaa (max) ~ Ceoyminy = Cpen (miny 2 Coio (min) 5.5

The components of Equation 5.5 are defined in Equation 5.6 a to f.

Co (max) (SF ()~ Y- 1)) (S(kl "'AS)( t(kl)+AV) (S(k)"‘AS)( pre(k)+AV))-Ps 56a

CCSL = CSL. pCSL 56 b

CPAA (max) = PAAF(t(k) _t(k-l))+(PAA(k l)) ( post (k-1) -i-AV)-(PAA(,‘))(Vp'e (%) +AV))pPAA 56¢

Ceo, (min) ( TCO, () —ATCO, (, )) (TCOz (k) T ATCO, (k-l)))'pcoz 5.6d
Chio (min) ( Xy =85 Ve (1 =87 )~ (X ty + 81 ) (Vo ) + 8V ))-Px 56e
pen (min) (Pk) pre ) I%k-l)'(Vpost (k-l)+AV))'pP 56f

p represents the percentage of carbon in each substance (Table 3.11)

122



Chapter §

The inequality (Equation 5.5) identifies as inconsistent any measurement sets which require more
carbon to produce the measured change in the dry weight concentration than is available from the
measured change in total carbon available from all sources (assumed change in the case of CSL),
after accounting for the non-biomass products. The change is defined by two measurement sets:
the 'previous consistent' measurement set with the index (k-1); and the measurement set ‘under test'
with the index (k). The measurement uncertainties are combined to maximise the possibility that
the measurement set under test satisfies the criterion, i.e. the uncertainties are combined to
minimise the requirement of carbon for the measured change in the product concentrations and
maximise its availability from the carbon sources. The uncertainty factor is not shown in the
definitions of the changes (Equation 5.6 a to f); it is simply a multiplier of each of the
measurement uncertainty terms (the A terms). With the inequality arranged in this way the dry
weight concentration measurement is apparently the subject of the test, however, the test is unable
to identify a particular measurement from a measurement set as inconsistent. It is only a test for
the consistency of dry weight concentration measurements inasmuch as they are part of the
measurement set — an error in any of the measurements may cause the test to be failed. This is a
disadvantage, and is a consequence of basing the test on the conservation of a single material; it
could result in dry weight concentration measurements being considered as inconsistent because of
gross errors in the other measurements. Even though it is strictly a test for the whole measurement
set it will be discussed as if the dry weight concentration measurements are the subject of the test.
This is because it is inconsistencies in the dry weight concentration measurements that are of most

importance when including off-line measurements in on-line estimation (Chapter 7).

The carbon available from the corn steep liquor (CSL) had to be included, even though it was a
small proportion of the total carbon used during the whole fermentation, as it was thought to be a
significant carbon source during the period between exhaustion of residual glucose in the broth and
the end of the growth phase (Section 3.3.2). This is supported by Mou and Cooney (1983 b), who
found that, for a similar fermentation process, CSL carbon in the form of lactate, a major
component of CSL, was substantially metabolised over the period between the exhaustion of
residual glucose in the broth and the end of the transition phase. No on-line measurement of CSL
carbon was available in this work. However, the total amount of carbon available from CSL
could be calculated from the known amount of CSL included in the medium and the proportion of
carbon in the CSL, from elemental analysis (Table 3.10). This, together with the assumption that
CSL carbon was substantially metabolised during a period defined by measurable fermentation
events, i.c. the exhaustion of residual glucose in the broth and the end of the transition phase,
allowed CSL to be included.
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All measured concentrations are converted to total values using values of the broth volume
calculated at the sample time. The loss of carbon in the sample volume is accounted for by using
the post-sample value of broth volume (V' ., (.;)) and the pre-sample value of broth volume in
(V e @) to convert concentrations into total values for the 'previous consistent' measurement set

and the measurement set ‘under test' respectively.

A graphical representation of the inequality used as the high criterion (Equation 5.5) is presented
Figure 5.1. The x and y axes represent the minimum carbon required by the change in dry weight
concentration, and the maximum carbon available from the sources after accounting for the
non-biomass products, respectively. Any change falling on the line of equality, or within the
shaded region below it, is identified as consistent and any change falling in the region above the
line of equality is identified as inconsistent. The regions labelled F, and F, are where there is
insufficient carbon to sustain the minimum possible value of the observed change of non-biomass
products, i.e. conservation is not satisfied, even without considering the carbon required for the
change in dry weight concentration. The occurrence of a test result in this region indicates that a
gross error or errors exist in measurements other than that of the dry weight concentration. The
regions F, and F, are where the minimum possible carbon required for the measured change in dry
weight concentration is negative, i.e. carbon from the dry weight is used as a carbon source. This
violates the assumed persistence of products, and results are constrained from entering this region

by making the minimum carbon requirement for a change in dry weight concentration zero.

5.3.4.2 The criterion to identify inconsistently low dry weight
concentration measurements

A simpler criterion to that used for inconsistently high dry weight concentration measurements is
used to identify inconsistently low dry weight concentration measurements (henceforward referred
to as the low criterion). The low criterion is based on the persistence of the dry weight
concentration — a part of the assumption of the persistence of products. This is expressed as the
inequality shown in Equation 5.7.

TX e (1) 2 X i (1) 57
and
X b = (X, Axm).(v(,)m +AV) 58a
TXmin *1) = (X(Iz-l) 'AX(H))'(V(H)M -AV) 5.8b
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Dry weight concentration measurements that do not satisfy the inequality are identified as
inconsistently low, i.e. they indicate a decrease in the total quantity of dry weight during the
inter-sample period. It is obvious that this is a test of the volume as well as of the dry weight
concentration measurement, but for convenience it will be discussed as a test for the dry weight
concentration measurement alone. The measurement uncertainties are combined to maximise the
possibility that the measurement under test will pass, i.e. the uncertainties of the measured values
of the total dry weight are combined to minimise the previous value and maximise the present
value. The test uses the dry weight concentration measurements from the 'previous consistent'
measurements set and the measurement set 'under test'. The dry weight concentrations are
converted to total values using the values of broth volume calculated at the sample time. The loss
of dry weight in the sample volume is accounted for by using the post-sample value of broth

volume (V ., .r,) and the pre-sample value of broth volume in (V. ) to convert concentrations

pre (
into total values for the 'previous consistent' measurement set and the measurement set ‘under test'
respectively. The uncertainty factor is not shown; it is simply a multiplier on each of the

measurement uncertainty terms.

A graphical representation of the inequality used as the low criterion (Equation 5.7) is presented in
Figure 5.2. The x and y axes represent the minimum total dry weight at the sample time of the
'previous consistent' measurement set and the maximum total dry weight indicated by the
measurement under test. Any change falling on the line of equality or within the shaded region
above it, is consistent, and any change falling in the region below the line of equality is
inconsistent. No other regions are defined because they imply negative values of total dry weight,
which is impossible. If minimisation of the total dry weight in the 'previous consistent'

measurement set results in a negative value it is set to zero.

The inverse of the inequality used as the high criterion (Equation 5.5) was considered to be
inappropriate as a test for inconsistently low dry weight concentration measurements. It would
pass measurements of dry weight concentration as consistent for which the amount of carbon
required by the change they defined was greater than that available. Whilst this is indeed a feature
of inconsistenly low dry weight concentration measurements it describes an unrealistic situation
for consistent measurements. Furthermore, as part of the inversion of the high criterion, the
uncertainties would be combined to maximise the amount of carbon required for the change in dry
weight concentration and minimise the amount of carbon available from the sources, which would

make it unlikely that any of the measurement sets made in this work would fail the test.
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