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14.1 What Is the Aim of the Kinetic Analysis?

As pointed out in Chap. 12, a mathematical model of an SSF bioreactor requires
two sub-models, a sub-model that describes the growth kinetics of the microorgan-
ism and a sub-model that describes the energy and mass balances and transport
phenomena. Each of these sub-models is written at an appropriate level of detail,
depending on what simplifications and assumptions have been made. Chapter 13
argued for the use of simple empirical equations within the kinetic sub-model, in
order not to make it too difficult to solve the bioreactor model. Chapters 14 to 17
address various questions related to the establishment of kinetic sub-models of this
type (Fig. 14.1).

The aim is to write a kinetic equation in which the change in the amount of
biomass, or a variable associated with it, is described by a differential equation,
with the parameters of this differential equation taking into account the effect on
growth of the key state variables that will be included in the bioreactor model,
such as the temperature and water activity of the substrate bed. This is achieved as
shown in Fig. 14.2. Note that the experiments done for the purpose of selecting the
kinetic equation should be done after some efforts have been made to find a me-
dium on which the organism grows well and to identify the optimal environmental
conditions. This book does not address the optimization of the medium and envi-
ronmental conditions (see the further reading section at the end of this chapter). A
kinetic profile is constructed by measuring the biomass, or some indirect indicator
of the biomass, in samples removed over the time course of the fermentation (Fig.
14.2(a)). Various kinetic equations are fitted to the data by regression and the one
that fits best to the data is selected. Later, experiments are done in which different
environmental conditions are imposed, such that, after analysis of the growth pro-
file in each condition, plots can be made that relate the parameters of the kinetic
equation to the environmental variable (Fig. 14.2(b)). Each kinetic parameter will
then be expressed as an empirical function of the environmental parameter.

The current chapter covers some of the issues that must be addressed before
beginning the process of kinetic modeling and then goes on to explain how the ba-
sic kinetic equation is selected.
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Models consist of kinetic and transport/balance submodels
(see Sect. 12.3, especially Fig. 12.4)

v v

KINETIC SUB-MODEL TRANSPORT/BALANCE
Need to decide on appropriate SUB-MODEL

level of sophistication (See Chaps. 18 to 20)
(See Chap. 13)

v v

Empirical Approach Mechanistic approach:
+ Not discussed in this book

Chap. 14. Given the decision to use an empirical equation:
e  Which units of measurement to use?

o  What is a kinetic profile?

e How is the best kinetic equation selected?

v

Chap. 15. Experimental approaches to obtaining and analysing profiles

e Experimental systems and planning of experiments

e How to handle the situation where biomass is not actually
measured, but rather a component is

v

Chap. 16. Now that | have obtained the basic growth profile

o How is the selected equation written within the bioreactor model? As a
differential equation!

e Probably the experiments were done in terms of “absolute” biomass
concentrations, whereas in the bioreactor | will typically be making
measurements in terms of “relative” biomass concentrations. How do |
write the kinetic part of the model to give a solution in terms of relative
biomass concentrations?

e How do | do experiments in order to determine the effect of key
environmental variables on parameters of the kinetic equation?

v

Chap. 17. How do | model the effect of growth on various other processes?
e  Substrate consumption, heat production, water production, particle size
reduction, product formation etc.

Fig. 14.1. An overview of how to go about establishing the kinetic sub-model of a mathe-
matical model of an SSF bioreactor, showing how these issues are covered within various
chapters of this book
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e adjust the curve by regression, giving the parameters of the equation
e for advice on this, see Sect. 14.4
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Fig. 14.2. The traditional approach to establishing the growth-kinetic equation. (a) A
growth curve is established under optimal conditions and an empirical kinetic equation is
selected that describes the curve well. (b) The parameters of the equation are expressed in
terms of key environmental conditions (e.g., temperature) by repeating the growth curve
experiment in different conditions, determining the growth parameters for each curve, and
expressing the parameters as empirical functions of the environmental variable
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14.2 How Will Growth Be Measured Experimentally?

14.2.1. The Problem of Measuring Biomass in SSF

The first experimental step in developing a kinetic model is to undertake a fermen-
tation and plot the biomass content of the fermenting solid substrate against time
(Fig. 14.2(a)). However, this immediately raises an experimental difficulty that is
not faced in typical SLF processes (Fig. 14.3). In order to measure the dry weight
of biomass directly, it is necessary to separate the biomass from solids. Many SSF
processes involve filamentous fungi and, due to the penetration of the mycelium
into the solid substrate, it is often impossible to remove the biomass quantitatively
from the substrate, meaning that indirect methods of biomass measurement have
to be used. Even in fermentations that involve unicellular organisms, although it
may be possible to suspend many of the cells that are adhered to the particle sur-
face and let the solid material sediment, the measurements are likely to be inaccu-
rate (see Sect. 14.2.2).

The difficulty in measuring biomass dry weight in SSF raises the question of
whether it is really necessary to use the dry weight of biomass as an indicator of
growth. In fact, in SLF it is usually so simple to measure the dry weight of bio-
mass (Fig. 14.3) that thought is often not given to whether this is the best parame-
ter. So why do we need to measure the dry weight of biomass? Our aim in writing
the kinetic sub-model of the bioreactor model is to write an equation that describes
changes in a key variable to which we can relate other key processes that have im-
portant effects on bioreactor performance, such as metabolic heat production and
0O, consumption. However, does this variable have to be the dry weight of bio-
mass? Are heat production and O, consumption actually related to the amount of
dry biomass in the system? Or are they related to the amount of actively metabo-
lizing biomass in the system? Given that we are typically limited to indirect meas-
urements of growth in SSF, is it really necessary to convert the indirect measure-
ment into dry weight? The answer is that no, it is not essential to write the kinetic
sub-model in terms of the dry weight of biomass; we can use any growth-related
parameter to which the important growth-related processes can be linked. For ex-
ample, it may be possible to couple all the important growth-related activities to
experimentally determined respiration kinetics.

Having said this, it is important to note that many of the current bioreactor
models do in fact base their kinetic sub-models on changes in the dry weight of
biomass. Therefore this book recognizes that indirect measures of growth will
typically be converted into estimates of the dry biomass. The point is that the ap-
proach presented in this book is not the only possibility; other approaches to mod-
eling the kinetics are possible. These other approaches will follow the general
principles that we develop here in terms of dry biomass measurements.
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Fig. 14.3. A comparison of the ease of establishing biomass dry weight profiles. (a) In
submerged liquid fermentation. (b) In solid-state fermentation
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14.2.2 Indirect Approaches to Monitoring Growth

This section briefly mentions some of the direct approaches and various indirect
approaches that can be used for monitoring growth in SSF systems. It is not in-
tended to be an exhaustive review and it does not give protocols for the various
methods. These should be searched for in original references. Some useful sources
are given in the further reading section at the end of this chapter.

In some cases direct separation of the biomass is possible. With unicellular or-
ganisms it may be possible to dislodge the cells from the solid particles during a
homogenization step and then to separate the solids from the suspended cells by
sedimentation. However, some cells will remain adhered to the sedimented solids
while some fine solid particles (“fines”) liberated from the solids will not sedi-
ment. These fines will cause problems for determination of dry weight by filtra-
tion of the supernatant, since they will be erroneously counted as dry biomass. If
viable count measurements are done on the supernatant, it is quite probable that
the fines will have various cells adsorbed onto them, and these will give rise to
only one colony per particle instead of one colony per cell.

In fungal fermentations, it is sometimes possible to digest the solid substrate
within an aqueous enzyme solution, thereby allowing the mycelial biomass to be
recovered by filtration. For example, this may be possible if the solid substrate is
based on starch and contains little fiber, in which case the substrate can be hydro-
lyzed with amylases. However, some of the dry weight of biomass may be lost in
this procedure and some solid residues may remain in the filtered biomass frac-
tion. The efficiency of the recovery could be checked by submitting known
masses of fungal mycelium, for example, from membrane filter culture (Chap.
15.3.1), to the hydrolysis and recovery procedure.

Various indirect methods rely on measurement of biomass components such as:

e Ergosterol. This is the predominant sterol in the cell membrane of many fungi,
and is typically not found in plant material. It can be quantitatively measured
by gas chromatography, HPLC, or UV spectrometry.

e Glucosamine. This is produced by the hydrolysis of chitin, which many fungi
contain in their cell wall. It is typically not found in materials of plant origin.
The hydrolysis of the biomass and subsequent determination of glucosamine by
the chemical method can be quite tedious. It may be preferable to determine the
glucosamine in the hydrolysate by HPLC.

e Protein. Protein is a major cell component. However, it is present in many
plant materials and, if present, it will be impossible to know the proportion of
protein in the sample that comes from the substrate, and the proportion that
comes from the biomass, since the microorganism will typically hydrolyze the
protein during growth. Therefore use of protein determination as an indicator of
growth is restricted to cases in which the substrate contains negligible protein.

Unfortunately, the content of all of these components within the biomass can
vary with culture conditions and with the age of the fungal mycelium. This greatly
complicates the conversion of indirect measurements into estimates of the dry
weight of biomass.
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Other indirect methods rely on detecting activities of the biomass. Of these, the
consumption of O, and production of CO, are most important. Gas metabolism is
potentially a very important growth activity, especially since the rate of heat evo-
lution will typically be directly proportional to the O, consumption rate, at least
for an aerobic process. Further, the overall O, consumption within a bioreactor can
be used for on-line monitoring of the growth process, even though it is not neces-
sarily a simple matter to convert the O, consumption profile into a trustworthy
biomass growth profile. Due to the importance of O, uptake measurements, the
experimental use of this method in growth kinetic studies is discussed in Chap. 15.

The above discussion shows that several questions must be answered when se-
lecting an appropriate indirect method for estimating growth:

o [s the component that is to be measured also present in the substrate?

e What time and resources are required for processing of the samples?

o To what degree does the relationship between the activity or component and the
amount of biomass present change during the fermentation?

It may or may not be desired to convert an indirect measurement into an
estimation of the biomass itself. If it is desired to do so, then the measurement
method must be calibrated. In other words, the organism must be grown in a
system that allows the dry weight of biomass to be measured in addition to the
component or activity. These issues are discussed in Chap. 15.3.

14.3 What Units Should Be Used for the Biomass?

Once a direct or indirect measurement method has been selected, it will be used to
give an estimate of the amount of biomass in samples removed over the course of
the fermentation, allowing the construction of a kinetic profile. However, there
remains a question: “What units will be used to express the biomass concentration
in the kinetic profile?” The importance of this question becomes apparent when it
is realized that various different units have been used to construct kinetic profiles
in the past. These various methods are compared in Fig. 14.4, which also indicates
the meaning of the various symbols used below:

e grams of biomass or component per gram fresh sample. In this case the
sample is removed and weighed directly, the amount of biomass or component
then being measured and divided by the fresh weight of the sample (i.e., X/M);

e grams of biomass or component per gram dry sample. In this case the sam-
ple is removed, dried in an oven at around 50-70°C and then weighed, after
which the biomass or component is measured and divided by the dry weight of
the sample (i.e., X/D). Note that if the analytical method used would be ad-
versely affected by a drying step, the sample can be divided, with the water
content being determined by drying of one fresh sub-sample and the other fresh
sub-sample being used for biomass determination.
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e grams of biomass or component per gram initial fresh sample. In this case
the sample is removed and the amount of biomass or component is determined.
To calculate the biomass content, the amount of biomass is divided not by the
mass of fresh solids in the sample, but by the mass of fresh solids present at the
time of inoculation (i.e., X'M,);

e grams of biomass or component per gram initial dry substrate. In this case
the sample is removed and the amount of biomass or component is determined.
To calculate the biomass content, the amount of biomass is divided not by the
mass of dry solids in the sample, but by the mass of dry solids present at the
time of inoculation (i.e., X/D,).

Of course, if sufficient data is available about how the water content and total
dry solids vary during the fermentation, it is possible to calculate the biomass con-
centration in any of the above units. It is easy to obtain sufficient data to do this in
laboratory experiments, but not so easy within a bioreactor.

So which is the most appropriate set of units to use in analyzing kinetics? This
question will be addressed in Sect. 14.3.5 after considering the consequences of
using each set of units.

14.3.1 Grams of Biomass per Gram of Fresh Sample

Expressing the biomass concentration per gram of fresh sample (Cy,,) means that
the denominator depends on changes in three factors, the mass of biomass (X), the
mass of residual dry substrate (S), and the mass of water (W):

X X X
X+S+W D+W M

Cyy = (14.1)
The sum of X and S is the total mass of dry solids (D). The sum of the dry solids
and the water gives the total mass of the moist solids (M).

A biomass content expressed in these terms will not only be influenced by the
consumption of dry matter, but will also be influenced by changes in the water
content of the substrate, these changes arising from metabolic water production
and evaporation. At the extreme, even if the organism is neither growing nor con-
suming substrate, Cy,, can increase due to evaporation of water from the substrate.

14.3.2 Grams of Biomass per Gram of Dry Sample

Expressing the biomass in terms of the amount of dry sample removes the effect
of changes in the water content on the apparent biomass concentration. However,
due to the conversion of solid organic matter into CO, during the fermentation, the
amount of solid material in the bioreactor can change significantly during the fer-
mentation. In this case, the change in the biomass content expressed on the basis
of “g of biomass per g of dry sample” arises from two sources: increase in the
mass of biomass and decrease in the mass of solids. It is possible to have a situa-
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tion where the microorganism is not growing, but is metabolizing to maintain it-
self. In such a situation the biomass concentration expressed per mass of dry sam-
ple will increase due to the loss of dry matter as CO,, despite the fact that the bio-
mass is not increasing.

The symbol Cyz (g-dry-biomass g-dry-solids™) can be used to represent a bio-
mass content of this kind. It is given by:

X
Cyp = = (14.2)

14.3.3 Grams of Biomass per Gram of Initial Fresh or Dry Sample

The effect of water and dry matter loss on the apparent biomass concentration can
be removed by expressing the biomass on the basis of an initial quantity of solids.
One possibility would be to define the biomass concentration in terms of the initial
mass of moist solids:

B X XX
X, +S,+W, D,+W, M,’

Cxw (14.3)

where the subscript “o0” indicates initial masses of the various components. How-
ever, this has been used only rarely, since it is more common to work in terms of
dry solids:

X X
Cp =no =
M x, 48, D (144

o
Cy, has the units of g-biomass g-initial-dry-solids™, these units typically being
written as g-biomass g-IDS™.

Unlike the other methods of expressing biomass concentration, these measures
will only change in response to changes in the amount of biomass. In the absence
of growth, they will not change as a result of changes in either moisture content or
dry solids content. Therefore they will be referred to as “absolute biomass concen-
trations”. Concentrations expressed in the manner shown in Egs. (14.1) and (14.2)
will be referred to as “relative biomass concentrations”.

There are other absolute measures of biomass:

o the amount of biomass per gram of inert support material, which can be used in
some cases where an inert support matrix is impregnated with nutrients;

e the absolute amount of biomass within the bioreactor;

o the amount of biomass per unit volume of the substrate bed. Note that this is
only an absolute biomass concentration in those cases in which the bed volume
does not change significantly during the process. Biomass per unit volume is
typically not used to express biomass concentration in laboratory-scale experi-
ments, but biomass concentrations may be expressed in this manner within
mathematical models of bioreactors.
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In this book we will use the symbol X to represent either the absolute mass of
biomass in the bioreactor or the mass of biomass per m’ of substrate bed. Other
symbols will be used to represent a concentration based on a denominator that
does not change, such as grams initial dry solid, or grams of inert support material.

14.3.4 Which Set of Units Is Best to Use for Expressing the Biomass?

It is probably best, in the kinetic studies undertaken in the laboratory, to express
the biomass concentration on an absolute basis. This is because key phenomena
that will be included in the bioreactor model (such as the production of waste
metabolic heat, the consumption of O,, and the production of CO,) depend di-
rectly on the absolute amount of biomass.

However, as will become obvious in the following section, absolute biomass
contents have not always been used in growth profiles reported in the literature
(Viccini et al. 2001). This must be kept in mind when analyzing kinetic profiles
taken from the literature. In any case, it is not difficult to convert between absolute
and relative concentrations if the yield and maintenance coefficients are known. A
method of doing this is presented in Chap. 16.2.

14.4 Kinetic Profiles and Appropriate Equations

This section summarizes the various shapes of kinetic profiles that have observed
in the literature, the empirical equations that have been used to describe them, and
the manner in which the parameters of the equations are estimated.

Four differently shaped kinetic profiles have been reported in various SSF sys-
tems: “linear”, “exponential”, “logistic”, and “deceleration”. The general shapes
of these kinetic profiles are shown in Fig. 14.5 (Viccini et al. 2001).

The equations that describe these curves are shown in Table 14.1. The task is to
select the curve that is best able to fit the particular experimental results for bio-
mass, or some indicator of biomass. Note that other shapes of growth curves are
possible, in which case it is necessary to propose a new equation that describes the
shape of the new curve. Curve selection and fitting will typically be done by re-
gression. In regression analysis the model parameters are adjusted until the sum of
squares of deviations between the experimental results and the corresponding val-
ues on the fitted curve are at a minimum (Fig. 14.6). There are many software
packages that can be used to do regression. After doing the regression for each of
the different equations, the curve chosen will typically be the one for which the
sum of squares of deviations is the smallest. However, there may also be reasons
for preferring a specific equation, even if it does not give the best fit to the data.
For example, the logistic equation is usually preferred because often it is possible
to use it to describe the whole growth curve adequately, whereas with the other
kinetic equations the growth cycle needs to be broken up into intervals, each with
a different equation. The regression analysis also gives the values for the
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Fig. 14.5. Various types of kinetic profiles that have been found in SSF. The arrows indi-
cate the parts of the profile that correspond to the kinetic type. (a) linear; (b) logistic;
(c) exponential; (d) deceleration

parameters of the kinetic equation, at least for the conditions under which the ex-
periment was done. Note that, as will be discussed in Chap. 16, the parameters
will typically not appear in the final kinetic equation as constants, but rather as
functions of key environmental variables.

The logistic equation fits reasonably well to around 75% of the literature pro-
files obtained in SSF systems (Viccini et al. 2001). The other 25% of profiles are
described acceptably by one of the other three equations. Note that many of the
experimental growth profiles obtained in the past were not done with kinetic
analysis in mind. As a consequence, often there are relatively few data points dur-
ing the period of rapid growth. This can lead to a situation in which several of the
equations can adjust reasonably to the data, it not being possible to determine
which gives the best fit. Chapter 15 gives some advice about how to plan experi-
ments to avoid such problems.

Other important issues related to the kinetic analysis that you would need to do
for your own system are presented in the following paragraphs.

Use absolute concentrations. As noted in Sect. 14.3.4, it is advisable to under-
take the experiments in such a manner as to be able to plot the data in terms of ab-
solute concentrations and to fit an equation to this absolute concentration data.
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Table 14.1. Equations that have been used to describe growth profiles or parts of growth
profiles in SSF systems®

Name Equation Equation Parameters to be
number found by regression

Linear C=C,+kt (14.4) C, k

Exponential ~ C=C,e* (14.5) Co 1

Logistic co C, (14.6) C, Cpu

1+ Cn _ Lle™
CO
Deceleration C = C, exp (A(1-e™) (14.7) C, Ak

*In the past these equations have been used for biomass concentrations expressed on both
absolute and relative bases.

linear logistic

a measure of growth in
appropriate units

time \ time \
C=

3.607
C=0337+0.777t

_{3-607_1) 18150
Sum of squares of 0.125
residuals = 0.685

Sum of squares of
residuals = 0.096

Fig. 14.6. How regression analysis is used to determine the most appropriate kinetic equa-
tion and the values of the parameter of this equation that give the best fit to the experimen-
tal data. In this case the logistic equation would be selected since it gives a better fit, as in-
dicated by the smaller sum of squares of residuals. The residuals are the vertical lines that
represent, for a particular time, the difference between the experimental value and the value
predicted by the equation
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Take care to select the appropriate interval for the regression analysis. The
kinetic equations in Table 14.1 may apply to only part of the overall kinetic pro-
file. There might be lag and stationary phases not described by these equations, in
which case it is necessary to select carefully the region of the growth profile to
which the kinetic equation will be fitted. For example:

¢ None of these equations explicitly describe a lag phase. However, the exponen-
tial and logistic equations may give apparent lag phases on a linear-linear plot if
the initial biomass concentration is very low.

e The exponential and linear equations do not describe any limitation on growth.
Of course if the growth curve is followed for long enough, the biomass profile
must eventually show a maximum concentration (C,,). For these equations it
may be appropriate to define a separate stationary phase. The logistic and de-
celeration equations can describe a stationary phase, which occurs at C,, for the
logistic equation and at C,.e’ for the deceleration equation. These equations
make no assumptions about the mechanism of limitation. In different systems
limitations on the maximum amount of growth might be related to the exhaus-
tion of essential nutrients, to the accumulation of inhibitory end products of me-
tabolism, or to steric considerations (i.e., through the biomass “filling” the
physical space available, noting that, even at their maximum packing density,
fungal hyphae occupy only about 34% of the available volume (Auria et al.
1995)). Therefore the significance of C, may vary from system to system.
Typically it will be treated as a simple empirical parameter.

e There may even be a decline or death phase, which is not described by any of
these equations. The modeling of death kinetics is discussed in Chap. 16.4.

Keep the environmental conditions constant. The parameters of the equation
will change for cultures grown in different conditions, for example, at different
temperatures, on different substrates, or with different O, concentrations in the gas
phase. Therefore, during the fermentation the conditions should be held as con-
stant as possible. This may not be simple, even at small scale. Difficulties in main-
taining constant conditions and experimental strategies to minimize deviations are
discussed in Chap. 15. Note that in more sophisticated studies, in which the effects
of varying conditions on growth are investigated, it may actually be desirable to
vary the conditions in a deliberate manner during the fermentation.

14.5 Conclusions

So far we have addressed the graphical and mathematical issues associated with
constructing and analyzing the kinetic profile. The next chapter gives advice about
the experimental techniques that may need to be used.
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