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Abstract

First-principles models of any process usually describe its complex underlying mechanisms using
differential and algebraic equations including several unknown parameters, whose values must be
normally estimated from experimental data. In this context, assessment of the influence of each
parameter on model outputs, also known as sensitivity analysis, is an invaluable tool to, for example,
simplify the structure of such model. In this work, variance-based Global Sensitivity Analysis (GSA) using
Sobol’ main and total effects was carried out on a previously proposed acetification process first-principles
model. Three parameters (K, K;4 and Ks,) showed less influence than the remaining nine considering
their stated value ranges; K presented no influence in all the analysed experimental conditions, value
variation of K;, exhibited a slightly greater effect on experiments with higher mean acetic acid
concentrations and Ks, showed the strongest impact by varying its value in all the experiments. According
to these results, the model was simplified and its simulation compared with the initially proposed model
and the experimental data. The analysis performed, by way of example, can be of crucial importance for

any other process.
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1 Introduction

The design, analysis and optimization of any process are fundamental stages to ensure that any process
in which we are interested can be a success in the context of an increasingly competitive world and in
which multiple restrictions must be taken into account: economic, social, use of material and energy
resources, waste reduction, etc. To achieve the above objectives, the modelling of the processes is a task
of enormous importance, since it allows proposals to be made that represent the complex interactions
between all the variables that must be considered and, in this way, carry out an analysis and optimization

of which should be the operational conditions to be used.

Mathematical models are invaluable tools in many fields of science and engineering [1-3] where,
independently of their type (first-principles models, black-box models, etc.), they are used for a broad
range of applications like evaluating scenarios, explore cause-effect relations, decision-making, etc [4].
Although the modelling of any process is a difficult task, when working with bioprocesses, the complexity
is usually very high; biotechnological processes involve complex mechanisms which are usually translated
into models typically oriented to make predictions or to optimize their performance with objective
functions like productivity, reaction rates, etc [5]. For any type of process, when first-principles models
are used, they include proposed algebraic kinetic equations with a certain number of associated
parameters, along with ordinary or partial differential equations corresponding to mass and energy
balances [6]. This makes necessary to estimate these parameters from experimental data, a difficult task
considering the related drawbacks that can appear, like identifiability problems, estimation precision
[3,7,8], etc. Therefore, it is advisable, among other aspects, to propose models that are as simplified as
possible, as well as the use of robust procedures for evaluating the sensitivity of the parameters on the

response of the models.

Then, an important task is the sensitivity analysis (SA) which allows to assess the influence of the change
of the value of the parameters on the model outputs [9]. Additionally, among other purposes [6], it can
be used for dimensionality reduction of models through the determination of uninfluential parameters
and, therefore, helping to simplify them. Reviews about both theory and application fields of SA can be

found in [4,10-13]. In general, SA methods can be classified into two groups: Local Sensitivity Analysis
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(LSA) or Global Sensitivity Analysis (GSA) [5,14,15]. LSA investigates how a small change on the value of
each parameter affects the model outputs, being these changes calculated by gradients or partial
differentiation on a particular point in the parameter space, so its main shortcoming is that analysis results
are only valid around such point. On the other hand, GSA explores all the parameter space along with
parameter interaction effects, something particularly important in nonlinear models (which it is
frequently the case when working with biological processes). Among the different approaches to carry
out GSA [6], one of the most common is the variance-based or Sobol’ method [16,17], which analyses the

contribution of individual parameters or groups of them to the outputs variance.

An interesting example of biotechnological process, well studied by the authors, is the wine vinegar
production, where a strictly aerobic group of microorganisms, acetic acid bacteria, oxidize ethanol into
acetic acid [18]. Among other modelling approaches [19], a first-principles model was proposed by the
authors in a previous work [20], which is nonlinear with respect to its parameters and with known
identifiability issues [7]. In the scope of parameter estimation, a procedure involving LSA was
implemented to identify the most influential parameters [8]; this procedure, although complex, allowed
obtaining a model with a good fit to experimental data. Now, the novelty and intended objective of this
work is twofold: 1) to broaden the sensitivity analysis using GSA for screening all the parameter space,
not only local points, and to reassess influences on model outputs; GSA is an interesting general
methodology for analysing parameter-output cause-effect relations as well as for model reduction 2) to

simplify, if possible, the initial model maintaining the same validity domain using results from GSA.

2 Experimental

2.1 Raw material and microorganisms

White wine from the Montilla-Moriles D.O. (Cérdoba, Spain) containing (11.7 + 0.3) % (v/v) ethanol and

an initial acidity of (0.4 £ 0.1) % (w/v) as acetic acid was used as substrate.

The inoculum was a natural mixed culture of Acetic Acid Bacteria (AAB) which, as usual in vinegar industry,

was obtained from acetators carrying out several repeated acetification cycles using the same substrate.
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2.2 Experimental set-up

Experiments were conducted using an 8 L acetator from Heinrich Frings GmBH & Co. KG (Rheinbach,
Germany) equipped with a self-aspirating turbine to get a high oxygen transfer efficiency between the
inlet gas and the substrate [21]. Several sensors and actuators were added to the equipment along with
a FieldPoint 1/0O system and a LabView (National Instruments Corp., Austin, USA) computer program to
get an automated operation, as described in detailed in [20,22-25]. This arrangement allowed the
unattended bioreactor loading and unloading as well as the process monitoring, resulting in highly
reproducible cycles and efficient control and data logging of key variables. The setup was completed with
a condenser to minimize volatile losses, so an acetic acid yield on ethanol of at least 95% of the theoretical

one was obtained in all the experiments.

2.3 Analytical methods

Acidity was determined by acid-base titration with an NaOH solution approximately 0.5 N that was
previously standardized with potassium hydrogen phthalate. Ethanol concentration and volume were
both online measured using an Alkosens probe with an Acetomat transducer from Heinrich Frings GmbH
& Co. KG (Rheinbach, Germany) and an EJA 110 differential pressure probe from Yokogawa Electric Corp.
(Tokyo, Japan), respectively. Also, viable and total cell concentrations were obtained by using the counting
method described in [26]; non-viable cell concentrations are determined subtracting viable cell

concentrations to total cell ones.

2.4 Experimental conditions

Different experiments were conducted according to a semi-continuous operation mode near to industrial
conditions, in which the acetification process was developed until ethanol was depleted to a desired
extent. Once such predetermined ethanol concentration was reached, a percentage of the bioreactor
volume was unloaded and, after that, the tank was slowly loaded following a continuous or semi-
continuous mode with fresh raw material until the working volume (8 L) was achieved (see Section S1 in

supplementary material for a detailed description).
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The experiments used along with the values of their operational variables are summarized in Table 1 and
they are defined to cover a broad range of process conditions. All the experiments were carried out at a
constant temperature of 31 2C and with a constant input air flow rate of 7.5 L air-h™*:L'! medium. Initial
waste cycles were carried out until a repetitive experimental behaviour was achieved and, after that,
several production cycles (at least ten) were developed at each condition. Obtained results for each
experiment, which have been previously published elsewhere [8,19], are described in Section S2 of
supplementary material; they have been included again because a new discussion is carried out on them

in this work (they have been used for GSA of the proposed model).

Table 1. Experiments used for parameter estimation of the proposed model. Emax is the maximum ethanol concentration allowed
during semi-continuous loading mode (% v/V); Eunioad is the ethanol concentration at the end of the cycle (% v/V); Vunioaded is the

percentage of unloaded volume (%) and F; is the loading flow rate (L-min?)

Experiment Loading mode Emax Eunload Vunloaded Fi
1 Continuous - 2 75 0.035
2 Continuous - 2 50 0.035
3 Continuous - 2 25 0.035
4 Continuous - 3.5 50 0.035
5 Continuous - 0.5 50 0.035
6 Continuous - 0.5 75 0.01
7 Continuous - 3.5 25 0.06
8 Semi-continuous 5 15 50 0.02
9 Semi-continuous 5 0.5 50 0.02

2.5 Mathematical model

Proposed first-principles model for the acetification process, used in the present work, was described in
[20,22] and is stated in equations (1)-(21). Mass balances (equations (1)-(6)) and kinetic equations
(equations (7)-(21)) were included, but no energy balance equations, because all the experiments were

developed at isothermal conditions.
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b= Ka T (20)
", H
Q
V=1 (21)

t is the time (h).

X,, X4, E, A and O are the concentrations (g-L™?) of viable cells, dead cells, ethanol, acetic acid
and dissolved oxygen, respectively.

V is the volume of the medium (L), F; is the raw material feed rate (L-h™1), E, is its ethanol
concentration (g-L™) and Q is the air feed rate (L-h™).

Ty, is the cell growth rate, 7y, is the cell death rate and 7,4 is the cell lysis rate (all in g-L't-hY).
1z is the ethanol uptake rate, 7, is the acetic acid formation rate and 7y, is the dissolved oxygen
uptake rate (all in g-L"%h™2).

U is the specific growth rate (h™) and f,, f, and f, are terms representing the influence of
ethanol, acetic acid and dissolved oxygen on cell growth, respectively.

Ug is the specific cell death rate (h™) and f;z and f,;4 are terms representing the influence of
ethanol and acetic acid on cell death, respectively.

0° is the dissolved oxygen in equilibrium with air (0.076 g-L™%), ag/x is the ethanol yield factor
required to supply the amount of energy needed for biomass growth (experimentally obtained
as 116.96 g ethanol-g™* cell), Yg,4 is the stoichiometric coefficient of ethanol uptake for acetic
acid formation (0.767 g ethanol-g™ acetic acid) and Yg, is the stoichiometric coefficient of
ethanol relative to oxygen (1.44 g ethanol-g™* oxygen).

B is a constant covering the following terms: K, a is the overall volumetric coefficient of mass
transfer for the liquid phase (experimentally determined as 500 h™?), V1, is the ratio of the air
feed rate to the volume of the medium (h™!), R is the universal gas constant (0.082

atm-L-K*mol™), T is the temperature (K) and H is the Henry’s constant (atm-L-mol™).

The included model parameters were: fiyq, (Maximum value of u,, h™), K¢ (ethanol saturation constant,

g ethanol-L™Y), K, (ethanol inhibition constant, g ethanol-L™), K;, (acetic acid inhibition constant, g acetic



acid-L™), Ky, (dissolved oxygen saturation constant, g oxygen-L™), uJ (minimum value of py, h™), Kp.z
(ethanol-induced cell death rate constant, g-L™%), K,,,4 (acetic acid-induced cell death rate constant, g-L™)

and fiy5;5 (specific cell lysis rate, h™'). These parameters were estimated using data from the experiments
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in Table 1 [8], obtaining the values shown in Table 2.

Table 2. Estimated model parameters [8]

Parameter Estimated value

mazx 0.614 h

Kgg 3.73 g ethanol-L™!
Kig 10.9 g ethanol-L?
K4 100.14 g acetic acid-L™
Kso 3.28 x 107 g oxygen-L™?
u 2.56x 107 h?
Kmg 37.63 g ethanol-L™
Koma 12.69 g acetic acid-L™
Hiysis 0.48 h™

2.6 Global sensitivity analysis

The method used for global sensitivity analysis was a widely used variance-based one [27-29] through

Sobol’s sensitivity indices [16,30]. The total variance D of a model output Y = f(X;, X5, ..., Xy) is

decomposed into a sum of 2% partial variance terms corresponding to combinations of model parameters

X1, X5, ..., X inincreasing dimensionality (22) [14].

1<i<js<k

k
D= [ A=z =Y Dt Y Dyt D
Qk i=1

(22)
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where ), is the multidimensional parameter space, f, = fnkf(x)dx andD;, ; (1<iy <. <ip<k)
represents the terms in the right-hand side, being the variance contribution of parameter combination
{i1, iz, .., i;n} [16], which is calculated by multiple integration [29]; in particular, D; = Vy, (EXNI.(Y|X,')),
where X; is the i-th parameter and X_; is the set of all parameters but X;, i.e., the inner expectation

represents the mean value of Y considering all possible values of X_; while keeping X; fixed and the outer

variance is calculated considering all possible values of X;.

Dividing (22) by total variance D results in equation (23)

k
ZSi + Z Sy+rt S, =1 (23)
i=1

1<i<js<k

in(Ex~i(Y|Xi)>

where §; = is called the first-order sensitivity index or main effect of parameter i and

represents the fraction of the total variance attributed to the uncertainty of each X; alone. Another
important variance-based measure is the total-order sensitivity index or total effect of parameter i, S; =

VX~L-(EXL-(Y|X~1‘)>

D

1- [31], which represents the contribution to the total variance of all higher-order
(interaction) terms of (23) in which X; is involved. If the model is additive, i.e., without parameter

interactions, then all S;; = 0 and ¥, S; = 1. In conjunction, S; and Sy; are suitable measures of the

global sensitivity of a given model output with respect to the model parameters.

In practice, S; and Sy; are estimated by sampling the parameter space using two independent matrices
Apxr and By, (24), where n is the number of samples, and performing model simulations. Different

parameter sampling strategies can be used, as uniform distributions or quasi-random sequences [32].

Xy oo 1k
B=]|': :
! A

n1 nk

Additional matrices AiB (25) are also necessary, whose columns are from A except the ith one,

X110 Xig

A= (24)

an Xnk nxk nxck

which is from B.
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ALB — e i e (25)

Estimators for S; and Sy; can be obtained according to equations (26)-(27) [29] from matrices in (24)-(25).

 RT @[y, - £ (26)
L= D
1 «n i z
- a2 (e - r(4h)) (27)
STi= D

Estimation of total variance D can be obtained from equations (28).

_.1 " A D = 1 " 2 A 2
fo—r—l AGY =02 feA);—fs (28)

J=1 J=1

3 Results and discussion

Sobol’ sensitivity indices of each parameter (main effects and total effects) have been calculated to carry
out the GSA on several outputs of the acetification process model, stated in Section 2.5, to quantify the
influences or effects of such parameters. Outputs considered are viable and non-viable cell concentrations
(X, and X;), ethanol concentration (E) and acetic acid concentration (A); dissolved oxygen concentration
(0) has not been used in the analysis because the low tension superficial of the medium as well as the
aeration mode of this type of bioreactor lead to significant uncertainties regarding the measures of the

dissolved oxygen concentration in the liquid phase, as discussed in [8], [21] and [22].

Experiments 1-6 from Table 1 were used for the GSA, intending to cover a broad range of operating
conditions. Although a more detailed discussion has been previously carried out in [8], by way of
summary, it can be indicated that to establish the range of variation of the parameters, it has been taken
into account, among other aspects, the physical significance of each parameter, the maximum and
minimum values of ethanol and acetic acid concentrations that can be found in the most common
operating conditions, as well as typical values found in the literature for similar kinetic parameters. Then,

10
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model parameters are defined in Section 2.5 and their variation ranges are shown in Table 3. Such ranges

were defined considering the following constraints [8]:

a) Parameters can only take positive values.

b) Parameter values leading to out-of-the-bounds values of kinetic functions were rejected.

c) Parameter values out of physical meaning were also rejected.

Table 3. Ranges of model parameters values

Parameter Range

Hmax [0,2] h™*

Ksg [0,10] g ethanol-L™*
Kig [0.25,90] g ethanol-L?
Kia [80,120] g acetic acid-L™
Kso [0,1.5] x 107 g oxygen-L™
u [0,2] h?

Kmg [10,90] g ethanol-L™*
Kma [10,120] g acetic acid-L™

Hiysis [0,2] h™

Parameter ranges from Table 3 were sampled using the Sobol’ method to obtain quasi-random low-
discrepancy parameter vectors [33]. The main benefit of this method is that parameter samples are more
uniformly and homogeneously distributed over the respective ranges, covering better the parameter
space. In this work, 5000 parameter vectors (samples) were generated using this method. On the other
hand, model numerical integration was done with a variable-step variable-order solver for Differential-

Algebraic Equations (DAEs) based on Numerical Differentiation Formulas (NDFs) and included in MATLAB

(Mathworks Inc., Natick, USA).

11




OCoO~NOUAWNE

Estimators of main effects (.?i) and total effects (§Ti) of each parameter were calculated using equations
(26)-(27). Time courses of both estimators on each considered output for Experiment 1 are shown in

Figures 1-4.
Figure 1
Figure 2
Figure 3

Figure 4

At a first glance, main and total effects of parameters Ksz and K;, show very low values during all
simulation time on all outputs, and w5 only exhibits (strong) influence on Xg, but it is difficult to
quantify the influence of the remaining parameters. For a better assessment of S; and S;;, the areas under
their time course curves from Figures 1-4 are calculated to estimate the accumulated influence of every

parameter on each output over all simulation time. These areas are comparatively shown in Figure 5.

Figure 5

As previously suggested, Kg; and K;, exhibit a negligible influence over all outputs, considering the
operational conditions of Experiment 1. On the other hand, parameters Kz, K4 and p show strong
effects over all outputs, while p,,,4, and Kz present lower influences on X,, and X, , but strong ones on
E and A4; the influence of Ky, is low on X, and X, but its total effect is noticeable on E and A.
Interestingly, u;ysis has no influence on any output except on X, where is very high. Furthermore, large
differences can be observed comparing the main and total effects in almost all the parameters, which
means strong interaction or joint effects among them. These results are in agreement with those in [8]

regarding to parameters K¢, K4, Umax, L3 and Uiysis, but differ with respect to K, Kso, Kiyp and Kp4;

12



these discrepancies might be expected considering that LSA was carried out in that previous work which,

because of its own nature, doesn’t properly cover all the parametric space.

If the GSA is repeated using Experiments 2-6 (for analysis on broad experimental conditions), the achieved

results are shown in Figures 6-10, where only the areas under $; and S;; are considered to account for
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accumulated influences. On the other hand, mean acetic acid concentrations over time considering the

ten cycles of all the experiments are shown in Table 4.

Table 4. Mean acetic acid concentrations for each experiment

Figure 6

Figure 7

Figure 8

Figure 9

Figure 10

Experiment Mean acidity (g-L?)
1 58.07
2 73.19
3 86.72
4 61.7
5 81.88
6 62.54
7 72.55
8 79.19
9 86.73

13
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As can be observed, relative influences of the parameters are very similar in Experiments 2-6 to those
obtained from Experiment 1, with little differences about which parameters show a higher effect with
respect to the others. However, there are three parameters (Ksg, K;4 and Ko ) with lower influences than

the remaining ones in all the experimental conditions.

Both main and total effects of K are roughly null for all the experiments, so it is completely uninfluential
on the considered model outputs without any joint or interactive effect with the remaining parameters;
this means that K could take any value within the analysed range (see Table 3), so that it can be assigned
its lower value (0). Since Kgg is included as a summand in the denominator of equation (9) for f,, this

implies in practice that can be removed from the model, simplifying the expression for f, to equation (30).

fe = E_2 (30)

Regarding to K4, it shows a negligible influence in Experiments 1, 4 and 6, but exhibits a low but
noticeable effect on E and A outputs in Experiments 2, 3 and 5. The former are the experiments with
lower mean acetic acid concentrations over the cycle while the latter are just those with higher ones (see
Table 4), so the influence of K, is related with the acidity level in the medium. In fact, if equation (10) for

fo is analysed, it can be observed that, when the acetic acid concentration is low or medium, the term

4
(Ki) can be neglected with respect to 1 (considering the variation range of K;,, see Table 3)and f; = 1
1A

(i.e., noninfluential on u.) but, when the acetic acid concentration is relatively high, then f, <1
(particularly when K;4 has a low value) and, therefore, K;, has certain effect on .. Several simulations
with values 80, 90, 110 and 120 g-L! for K,, were done to check these statements, showing in figure 11

the time courses of ethanol concentration, by way of example, for all the experiments (including 7-9).

Figure 11

14
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It can be observed that, if K;, € [90,120] g-L'}, the influence of its variation is low and that with K;, < 90
g-L'%, such influence is particularly marked on experiments with high mean acetic acid concentration
(experiments 3, 5, 8 and 9); this agrees with the above analysis and allows to conclude that any value for
K, € [90,120] gL would be appropriate for suitable model predictions. Therefore, the previously

estimated value for K;, (100.14 g acetic acid-L?) will be used.

Ko shows, in general, higher main and total effects than K;,, but they are relatively low compared with
the influences of the other six parameters, so an analysis like the one done for K;, will be carried out for
Ko . Simulations with values 0, 6:10%, 10-10* and 15-10* g oxygen-L! for K, were done and the resulting

time courses of ethanol concentration for all the experiments are shown in Figure 12.

Figure 12

In this case, the variations in Ky, values have a stronger impact on the model outputs considering all the
experiments (as can be seen from the GSA results, see Figures 5-10). Therefore, the non-influential
interval for Ky, is narrower than for K,, (presumably between 2.5-10* and 4.5-10* g oxygen-L!) and,

consequently, the previously estimated value for K, (3.28-:10* g oxygen-L') will be also retained.

Since Kgg has no interactive effects with the other parameters and both K;, andKs, maintain their
previously estimated values, it would not be necessary to re-estimate the other six parameters of the

model.

To verify the goodness of the simplified model, time courses of all considered model outputs (viable cell,
non-viable cell, ethanol and acetic acid concentrations) are shown, by way of example, in Figures 13-14,
along with the ones from the initial model and the experimental data, for Experiments 1 and 9 in which
the environmental conditions for the bacteria are very different, for example, the average acidity is 58
and 80 respectively ; results for all the experiments can be found in Section 3 of supplementary
material).

As expected, K¢ removal had no impact on the outputs with respect to the initial model in all the
analysed

experimental conditions. 15
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Figure 13

Figure 14

4 Conclusions

Aiming to study the influence of its parameters in all their value ranges on model outputs, a global
sensitivity analysis (GSA) using Sobol’ indices was carried out on a previously obtained model for wine
vinegar acetification process. Thus, a previous local sensitivity analysis (LSA) carried out by the authors
was broadened, allowing screening all the parameter space and reassessing the initial model according to

the obtained results, looking for its simplification. These objectives constitute the novelties of the work.

Main and total effects showed that parameters ppmayx, Kig, 13, Kme and K,,4 had the highest influences
on all outputs considering the broad analysed operational conditions. The remaining parameters
presented either low effects (Ksg, K;4 and Ksp) or only important influence on a certain output (it the
case for p,5;5, which only has effect, very strong indeed, on output X, so it must be retained). Some of
these results are in agreement with those obtained in the previous work, but other not; the discrepancies

show the limitations and drawbacks of LSA due to its local nature.

Model parameter concerning to growth limitation by ethanol (Kgz) could be removed from the model,
since it had null main and total effects, but those related with growth inhibition by acetic acid (K;4) and
growth limitation by oxygen (Ks,) showed a narrower non-influential interval than their value ranges. In
particular, the influence of K;, depends on the acetic acid concentration present in the medium, but it
can be considered that any value within the interval [90, 120] g acetic acid-L' would lead to results very
close to those from the initial model. Regarding to Ky, its variation affects the model outputs in all the
experimental conditions, estimating the interval [2.5-10%, 4.5-10%] g oxygen-L™ as non-influential. In both
cases, retaining their previously estimated values was considered the most suitable option for these

parameters.

Simulation results of the simplified model was compared with those from the initial one; the resultant

outputs barely differ from those achieved in a previous work, validating the negligible influence of the

16
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removed parameter in all the analysed experiments; therefore, suitable predictions in comparison with

the experimental data can be also obtained from the simplified model.

Because of local sensitivity analysis (LSA) can only provide influence results around a single point in the
parametric space, it is more advisable to perform a global sensitivity analysis (GSA), thus increasing the
validity of the results obtained and, in particular, facilitating the analysis necessary to neglect certain
parameters or reduce a model. This study is important for any type of chemical, biochemical or any other
process in which the number of parameters involved in the proposed models is usually very high and,

therefore, it is highly recommended to simplify them as much as possible.
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Figure captions

Figure 1. Main and total effects $;, Sy; on X,, (Experiment 1)

Figure 2. Main and total effects S}, S;; on X, (Experiment 1)

Figure 3. Main and total effects $;, Sy; on E (Experiment 1)

Figure 4. Main and total effects S;, S;; on A (Experiment 1)

Figure 5. Areas under $; (blue) and S;; (red) on each output (Experiment 1)

Figure 6. Areas under S; (blue) and Sy; (red) on each output (Experiment 2)

Figure 7. Areas under S; (blue) and Sy; (red) on each output (Experiment 3)

Figure 8. Areas under S; (blue) and S;; (red) on each output (Experiment 4)

Figure 9. Areas under $; (blue) and S;; (red) on each output (Experiment 5)

Figure 10. Areas under S; (blue) and Sy; (red) on each output (Experiment 6)

Figure 11. Ethanol concentrations from model simulations using different K;, values on all the

experiments

Figure 12. Ethanol concentrations from model simulations using different K, values on all the

experiments
Figure 13. Simulation of outputs from initial and simplified models (Experiment 1)

Figure 14. Simulation of outputs from initial and simplified models (Experiment 9)
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Supplementary information to Experimental section

S1. Description of the operating mode

As summarized in the main text, acetification experiments were conducted in a semi-continuous
operation mode, where each cycle ends when a preset ethanol concentration is reached after its
depletion; the bioreactor is then unloaded, leaving a certain residual volume of medium used as inoculum
for the next cycle, which is started by slowly loading the tank with fresh raw material until the working
volume is achieved (Figure S1). This operation mode prevents abrupt changes and excessively high
concentrations of ethanol in the medium (Garcia-Garcia et al., 2009, 2019).

previous cycles
LI

next cycles
LI

Figure S1. Semi-continuous operating mode for vinegar production

Typical used operational variables are the ethanol concentration at which the bioreactor is unloaded
(Eunload), the unloaded volume of medium (Vunloaded), the loading mode and the raw material feeding flow
rate (Fi) and the ethanol concentration in the fresh medium (Eo).

In practice, two different loading modes are used (see Table 1 in the main text):

e  “Continuous”: the bioreactor is slowly refilled without interruption until the working volume is
achieved (Santos-Duefias et al., 2015) (Figure S2).
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“Semi-continuous”: the bioreactor is slowly refilled without exceeding a preset ethanol
concentration Emax (Alvarez-Caliz et al., 2012) (Figure S3). In this case, loading is interrupted when
the ethanol concentration in the medium is higher than the threshold value; loading is resumed
when such concentration is again lower than the threshold. This refilling mode is repeated until
the working volume is achieved.
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S2. Experimental conditions

In this section, all the experiments used in this work (see Table 1) will be described along with a summary
of their main results.

Figure S4 shows viable cell (X}/), total cell (X), ethanol (E) and acetic acid (A) concentrations from ten
cycles of Experiment 1, in which a continuous loading mode is used with Eunioad = 2 % (v/v) (15.5 g-L'Y),
Vunloaded = 75 % and Fi = 0.035 L-mint.

Some results can be summarized as follows (mean ethanol uptake rate was calculated using the method
described in (Garcia-Garcia et al., 2007) for all the experiments):

e Mean ethanol uptake rate: 1.6+0.1 g-L'*h2,

e Acetic acid production rate: 15.1+0.5 g-h™%.

e Length of loading phase: 3.3£0.1 h.

e Total length of cycle: 37.5£1.1 h.

e Maximum ethanol concentration reached at the end of loading phase: 69+0.8 g-L™.
e  Maximum acetic acid concentration at the end of the cycle: 95+1 g-L™.
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Figure S4. Time courses of the concentrations of the main variables from Experiment 1 (ten cycles)
Figure S5 shows viable cell (Xy/), total cell (X), ethanol (E) and acetic acid (A) concentrations from ten

cycles of Experiment 2, in which a continuous loading mode is used with Eunioad = 2 % (v/V) (15.5 g-L?),
Vunloaded = 50 % and Fi = 0.035 L-mint.
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Summary of main results:

e Mean ethanol uptake rate: 1.8+0.1 g-L'*h2,

e  Acetic acid production rate: 17.1+0.5 g-h%.

e Length of loading phase: 1.8+0.1 h.

e Total length of cycle: 23+0.6 h.

e Maximum ethanol concentration reached at the end of loading phase: 48.8+0.8 g-L'%.
e  Maximum acetic acid concentration at the end of the cycle: 98+1 g-L™.

03 : , : 5] 0.35
o o o) o 8
0255 838 &% 8 . 030 ©  oc§
8 @ %%O % e Q o O
o §@ @%@g o og% e g o
o 02 8@% g Sov 8 8 1 ~025 & ® o% % g
z [ 88y © ° o B 000 g 5 0 o
= 0. ~oo® 2 B o 98 2 g O o
< 015f58 B & 8 X 0260 8 5!
. %Sg o 0.2 5 056 8 o
(@] e
O%O 03 g0 o
o®¥C o 8 go [¢)
01 o 8 1 0.15 @ 6
8%° ©
0.05 : : : ‘ 0.1 C% 0.8
0 5 10 15 20 25 0 5 10 15 20 25
t(h) t(h)

25

Figure S5. Time courses of the concentrations of the main variables from Experiment 2 (ten cycles)

Figure S6 shows viable cell (Xy/), total cell (X), ethanol (E) and acetic acid (A) concentrations from ten
cycles of Experiment 3, in which a continuous loading mode is used with Eunioad = 2 % (v/V) (15.5 g-L1),
Vunloaded = 25 % and Fi = 0.035 L-minL,

Summary of main results:

e Mean ethanol uptake rate: 1.7+0.2 g-L'%h2,

e  Acetic acid production rate: 17.3+£0.4 g-h%.

e Length of loading phase: 0.9+0.1 h.

e Total length of cycle: 11.2+0.2 h.

e Maximum ethanol concentration reached at the end of loading phase: 31+0.8 g-L™.
e  Maximum acetic acid concentration at the end of the cycle: 97+1 g-L.
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Figure S6. Time courses of the concentrations of the main variables from Experiment 3 (ten cycles)

Figure S7 shows viable cell (Xy/), total cell (X), ethanol (E) and acetic acid (A) concentrations from ten
cycles of Experiment 4, in which a continuous loading mode is used with Eunioad = 3.5 % (v/v) (27.1 g-L}),

Vunloaded = 50 % and Fi = 0.035 L-min™.

Summary of main results:

e  Mean ethanol uptake rate: 1.7+0.2 g-L'*h2,
e  Acetic acid production rate: 16.3+0.4 g-h%.

e Length of loading phase: 2+£0.1 h.
e Total length of cycle: 19.2+0.4 h.
e Maximum ethanol concentration reached at the end of loading phase: 55+0.8 g-L%.

e  Maximum acetic acid concentration at the end of the cycle: 78+5 g-L%.
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Figure S7. Time courses of the concentrations of the main variables from Experiment 4 (ten cycles)

20

Figure S8 shows viable cell (Xy,), total cell (X), ethanol (E) and acetic acid (A) concentrations from ten
cycles of Experiment 5, in which a continuous loading mode is used with Eunioad = 0.5 % (v/v) (3.9 g-L?),

Vunloaded = 50 % and Fi = 0.035 L-min™.

Summary of main results:

e Mean ethanol uptake rate: 1.7+0.5 g-L'*h2.,
e Acetic acid production rate: 14.7+0.3 g-h%.

e Length of loading phase: 2.1+0.1 h.
e Total length of cycle: 30+0.3 h.

e  Maximum ethanol concentration reached at the end of loading phase: 45.7+0.8 g-L'.
e Maximum acetic acid concentration at the end of the cycle: 111+1 g-L%.
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Figure S8. Time courses of the concentrations of the main variables from Experiment 5 (ten cycles)

Figure S9 shows viable cell (Xy/), total cell (X), ethanol (E) and acetic acid (A) concentrations from ten
cycles of Experiment 6, in which a continuous loading mode is used with Eunioad = 0.5 % (v/v) (3.9 g-L?),

Vunloaded = 75 % and Fi= 0.01 L-min‘?

Summary of main results:

e Mean ethanol uptake rate: 1.5+0.1 g-L'*h2,
e  Acetic acid production rate: 14.3+0.3 g-h%.

e Length of loading phase: 9.6+0.1 h.
e Total length of cycle: 46+0.9 h.

e Maximum ethanol concentration reached at the end of loading phase: 62+0.8 g-L.
e Maximum acetic acid concentration at the end of the cycle: 110+1 g-L.
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Figure S9. Time courses of the concentrations of the main variables from Experiment 6 (ten cycles)

Figure S10 shows viable cell (X}/), total cell (X), ethanol (E) and acetic acid (A) concentrations from ten
cycles of Experiment 7, in which a continuous loading mode is used with Eunioad = 3.5 % (v/v) (27.1 g-L'}),
Vunloaded =25% and Fi=0.06 L'min_l.

Summary of main results:

e Mean ethanol uptake rate: 1.8+0.2 g-L'*-hL,

e  Acetic acid production rate: 17.8+0.3 g-h%.

e Length of loading phase: 0.6+0.1 h.

e Total length of cycle: 9.1+0.1 h.

e Maximum ethanol concentration reached at the end of loading phase: 42.6+0.8 g-L%.
e Maximum acetic acid concentration at the end of the cycle: 81+1 g-L%.
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Figure S10. Time courses of the concentrations of the main variables from Experiment 7 (ten cycles)

Figure S11 shows viable cell (X}/), total cell (X), ethanol (E) and acetic acid (A) concentrations from ten
cycles of Experiment 8, in which a semi-continuous ethanol-controlled loading mode is used with Eunioad =
1.5 % (v/v) (11.6 g-L'Y), Vunioaded = 50 %, Emax =5 % (v/v) (38.8 g-L'Y) and Fi = 0.02 L-min%.

Summary of main results:

e Mean ethanol uptake rate: 1.6+0.2 g-L'*-hL,

e  Acetic acid production rate: 14.8+0.4 g-h.

e Length of loading phase: 2.1£0.1 h.

e Total length of cycle: 8.3+0.7 h.

e Maximum ethanol concentration reached at the end of loading phase: 27.3+0.4 g-L%.
e Maximum acetic acid concentration at the end of the cycle: 10142 g-L%.
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Figure S11. Time courses of the concentrations of the main variables from Experiment 8 (ten cycles)

Figure S12 shows viable cell (X}/), total cell (X), ethanol (E) and acetic acid (A) concentrations from ten
cycles of Experiment 9, in which a semi-continuous ethanol-controlled loading mode is used with Eunload =
0.5 % (v/v) (3.9 g-LY), Vunloaded = 50 %, Emax = 5 % (v/V) (38.8 g-L'Y) and Fi = 0.02 L-min™%.

Summary of main results:

e Mean ethanol uptake rate: 1.5+0.1 g-L'*h2,

e Acetic acid production rate: 13.8+0.4 g-h%.

e Length of loading phase: 2.5£0.1 h.

e Total length of cycle: 6.8+0.4 h.

e Maximum ethanol concentration reached at the end of loading phase: 31.9+0.8 g-L'.
e Maximum acetic acid concentration at the end of the cycle: 11042 g-L%.
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Figure S12. Time courses of the concentrations of the main variables from Experiment 9 (ten cycles)

S3. Simplified model simulation results

In this section, the considered model outputs (viable cell, non-viable cell, ethanol and acetic acid
concentrations) from the simplified model, the initial model and the corresponding experimental data are
shown in Figures $13-S21 for all the analysed experimental conditions (Table 1 in the main manuscript).
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Figure S17. Simulation of outputs from initial and simplified models (Experiment 5)
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Figure S18. Simulation of outputs from initial and simplified models (Experiment 6)
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Figure S19. Simulation of outputs from initial and simplified models (Experiment 7)
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Figure S21. Simulation of outputs from initial and simplified models (Experiment 9)
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