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ABSTRACT

In this study a new approach for the modeling of a biotransformation process of crude glycerol to formation 
of 1,3-propanediol by the help of bacteria Pseudomonas denitrificans 1625 is proposed. Results obtained from the 
experimental studies of the process are presented for the first time. For the purpose of modeling dynamic Nonlinear 
AutoRegressive with eXogenous inputs – NARX Artificial Neural Networks are developed. They are used for predic-
tion of the change in the time of the concentration of the substrate and the product as a function of their previous 
values. The models are trained and validated with real data samplings, obtained from parallel batch experiments 
carried out at three different initial concentrations of the substrate selected for this purpose. The obtained results 
show an acceptable coincidence between the measured and the predicted from the model values.
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INTRODUCTION 

Crude glycerol is obtained as a by-product from 
biodiesel production. Its utilization with strains of 
microorganisms leads to valuable chemical reagents as 
1,3-propanediol. 

Numerous experimental investigations of the pro-
cess of biotransformation of crude glycerol to 1,3-pro-
panediol by different bacteria strains have been carried 
out in order to evaluate their performance [1]. However, 
up to now there are no known results in the literature for 
the crude glycerol biotransformation by using a strain 
from the genera Pseudomonas. In this study, for the first 
time results obtained in the experimental investigation 
of the process of biotransformation of crude glycerol to 
1,3-propanediol with Pseudomonas 1625 are presented.

Mathematical models have been developed to de-
scribe the process kinetics in a large range of values for 
feed glycerol concentrations into the medium [2 - 6].

Having in mind that the kinetics of biotransfor-

mation of crude glycerol to 1,3-propanediol, with the 
help of Pseudomonas 1625 is not clear enough, for the 
purpose of modeling, the application of models based 
on Artificial Neural Networks appears more suitable. 

The aim of this study is to develop a dynamic re-
current ANN (Artificial Neural Networks) model for 
prediction of the obtained amounts of 1,3-propanediol 
and glycerol degradation, at different initial concentra-
tions of the glycerol substrate. 

The study is structured as follows: Section 2 pro-
vides description of the experimental work carried out. 
Section 3 is devoted to the developed ANN model of 
the process and its validation. Finally, short conclusions 
are formulated.

MATERIALS AND METHODS
Biotransformation of glycerol is affected by different 

factors such as: the specification of the producer strain; 
the composition of  the used bacterial culture medium; 
and conditions under which the fermentation is carried 
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out like temperature, initial concentration of substrate, 
aeration, pH, etc.

Bacterial Strain. Pseudomonas denitrificans 1625 
was used. It has a wide industrial application mainly in 
the production of vitamin B12. An effective method for 
its production is by using of beet molasses, obtained as 
a by-product in the sugar industry [7].

Bacterial Culture medium. The bacterial strain of 
Pseudomonas denitrificans 1625 was cultivated batch-
wise with two culture media for seeding and for opera-
tion. Their compositions are listed in Table 1.

Cultivation conditions. The culture media were 
sterilized in an autoclave at a pressure of 1 atm and 
temperature of 1210C for 20 minutes. Inoculums have 
been grown for 24 hours on a rotary shaker at 200 rpm 
and temperature of 30ºС with stirring. During the process 
the initial concentration of glycerol has been varied in 
between 10 - 30 g/l.

Fermentation conditions. The main factors of 
the glycerol fermentation are: temperature, substrate 
concentration, aeration and pH.  The fermentation of 
the glycerol was conducted at temperature of 300C. 
The process was carried out at initial concentrations of 
the glycerol of 10 to 30 g/l. The optimal pH for Pseu-
domonas sp. is in the range of 7.0 - 7.5.

Analytical methods.  Qualitative and quantitative 

analysis of the dissolved product from the fermentation 
and the substrate glycerol by HPLC were carried out to 
determine metabolites concentrations. 

The concentration of biomass was determined dur-
ing the experiments by measuring the extinction of the 
sample at a wavelength of  λ = 660 nm. For this purpose, 
a  spectrophotometer „Specol” was used. The concentra-
tion of biomass was calculated from a calibration curve.

DYNAMIC ANN FOR FORECASTING OF 1,3-PRO-
PANEDIOL FORMATION AT DIFFERENT INITIAL 
CONCENTRATIONS OF THE SUBSTRATE GLYCEROL

Formulation of the proposed model
Artificial Neural Networks are mathematical models 

inspired from the way the biological neurons transmit 
and process information. They are flexible computing 
techniques that can be applied to a wide range of time 
series, forecasting problems solution with a high degree 
of accuracy. 

Generally, a feed-forward ANN consists of inputs 
(like synapses through which natural neurons receive 
the signals from other ones), outputs and one or more 
hidden layers with multiple neurons in them. Connec-
tions between them are modified by weights (strength 
of the respective signals), which represent the model 

Seed culture medium Operation culture medium 

Component Amount Component Amount 

Yeast extract 1.0 g/l MgSO4.7H2O 0.2 g/l 

Pepton 10  g/l CaCl2.2H2O 0.2 g/l 

NaCl 10  g/l NaCl 5.0 g/l 

Agar 15  g/l KH2PO4 379 ml 

Distilled water 1000 ml Na2HPO4 621 ml 

Medium pH 7.2 - 7.4 Saline solution  5.0 g/l 

  Glycerol 2-6  g/l 

 

Table 1. Compositions of bacterial culture media.
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parameters. In addition, each neuron has an extra input 
that is assumed to have a constant value of one. The 
weight that modifies this extra input is called the bias. 
All data propagate along the connections in the direction 
from the network inputs to the network outputs, hence 
the term feed-forward ANN.

Then, the neurons of hidden layers aggregate these 
weighted values to single values, as follows:

 ∑ +⋅=
j

jjii bxwnet ,  	                             (1)

ki,i ∈∀ ,      lj,j ∈∀  ,  

where:
i  are indices for the neurons;
j  are indices for the inputs;

j,iw  are the weighted coefficients of input-to-hidden 
connections and hidden-to-output connections;

jx  are the inputs of the neural network;
b  are the bias inputs for each one of the neurons from 
the hidden layers.

Then, an activation function is applied to the aggre-
gated weighted value to produce an individual output for 
the specific neuron (like activated natural neuron which 
emits a signal through the axon which might be sent to 
another synapse, and might activate other neurons). For 
the purpose of modeling the following sigmoid function 
is used:

inetai e
)x(F ⋅−+
=

1
1

                                                     (2)

where
a  is a coefficient which determines the slope of sigmoid 
function. In our case we have chosen 2=a  as most 
frequently used value.

The most widely used feed-forward dynamic ANN 
models for the time series modeling and forecasting are 
Nonlinear AutoRegressive with eXogenous inputs – 
NARX models [8 - 9]. The NARX is a recurrent dynamic 
network, with feedback connections, enclosing several 
layers of the network. A two-layer NARX feed-forward 
is represented in Fig. 1. It is fed with a sequence of ad-
jacent values of time series of input parameters forming 
a tapped delay line. This input is usually referred to as 
a time window since it provides a limited view on part 
of the series. The NARX also involves a delayed con-
nection from the output of the second layer to input - a 

second tapped delay line. 
Thus, the general prediction equations for computing 

the next value of time series )1( +ty  as the NARX out-
puts, are functions of the past observations of the inde-,
pendent (exogenous) inputs )(),...,1(),( xntxtxtx −−  
and past values of )(),...,1(),( yntytyty −−  which are 
already considered as inputs:

),())(),...,1(),(),(),...,1(),(()1( tvntxtxtxntytytyFty xy +−−−−=+       	

),())(),...,1(),(),(),...,1(),(()1( tvntxtxtxntytytyFty xy +−−−−=+                                   (3)

where: 
yn  and xn - the maximum time delays for the inputs;

)(tv  - the noise of the data.
Using a least-square function (LSF) as an optimiza-

tion criterion, the weights of the artificial neurons are 
adjusted in a way so as the required outputs for specific 
inputs are thus obtained to minimize the optimization 
criterion. For this purpose a powerful optimization algo-
rithm should be used. This process is called supervised 
learning of ANN.

The performance of ANN is influenced substantially 

Fig. 1. The two-layer NARX feedforward ANN.
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by the number of inputs and time delays for each one of 
the inputs, as well as its architecture, i.e. the number of 
hidden layers and neurons in each hidden layer. 

Determination of the inputs and outputs of the 
model

For the purpose of the ANN modeling, data obtained 
from the parallel experiments conducted at three initial 
concentrations of crude glycerol, respectively 10 g/l, 
20 g/l and 30 g/l, have been used. Concentrations of 
the product - 1,3-propanediol and the degraded crude 
glycerol were measured in the interval of 20 - 24 h dur-
ing the experiments. 

The ANN modeling of the process of biotransforma-
tion of crude glycerol aims to predict the next values of 
the concentrations of both, the glycerol and the product 
1,3-propanediol, as a function of their past concentra-
tions values. Due to the fact that the process is led in the 
initial stage of biomass growth, the concentration values 
of the biomass are very small and almost unchangeable. 
For that reason they are used as exogenous (independ-
ent) inputs, which permit us to select the required inputs 
and outputs for the modeling. They are listed in Table 2.

Using available data, the patterns for training and 
validation of ANN models have been selected.

ANN Architecture 
Based on the available data and number of inputs 

and outputs, we have selected the most promising archi-
tecture consisting of one input layer with 3 inputs, one 
hidden layer with 5 neurons and one output layer with 
2 outputs. The dynamic recurrent ANN is constructed 

so as to be fed with 7 time series of the inputs forming 
tapped delay line of 1. 

Training and validation of ANN
We have implemented the BASIC genetic algorithm 

[10] to obtain the values of the weighting coefficients at 
which the criterion LSF has a minimal value.

As a result of multiple calculations, two equally 
optimal solutions with different values of ANN model 
parameters have been selected. These solutions were 
validated with selected data samplings. The Root Mean 
Square Error (RMSE) was used to estimate their effi-
ciency and ability to make precise predictions: 

( )∑
=

−=
n

i
ii QP

n
RMSE

1

21 	                                  (4)

where iP  and iQ are calculated and measured values for 
the concentrations of the glycerol and 1,3-propanediol, re-
spectively, and n  is the number of data for the time series. 

The RMSE values obtained for the two best solu-
tions are summarized in the Table 3.

RMSEs summarized in Table 3, show that the bio-
transformation of the glycerol is modeled better than the 
1,3-propanediol formation.

Fig. 2 demonstrates the comparison between meas-
ured and calculated data for the three groups of experi-
ments at the concentrations of the substrate - 10 g/l, 20 
g/l and 30 g/l. 

It can be seen from the Fig. 2 that the degradation of 
the glycerol is modeled better at initial concentration of 
the glycerol of 10 and 20 g/l, than at 30 g/l.

Table 2. Inputs and outputs for ANN modelling.

Inputs Outputs 

Concentrations of the biomass, g/l - 

Exogenous (independent) inputs, generated 

by using first delay line 

- 

Past in the time series values of the 

concentrations of the glycerol, g/l, generated 

by using tapped delay line 

Next in the time series values of the 

concentrations of the glycerol concentration, 

g/l 

Past in the time series values of the 

concentrations of the 1,3-propanediol, g/l, 

generated by using tapped delay line 

Next in the time series values of the 

concentrations of the 1,3-propanediol, g/l 
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Concerning the 1,3-propanediol formation, a very 
good coincidence between measured and calculated data 
is seen at 30 g/l initial concentration of the glycerol, 
while at initial concentrations of 10 and 20 g/l, a good 
coincidence between measured and calculated data for 
the product formation exists only in the beginning of the 
process until the first 24 hours. After that a discrepancy 
between measured and calculated data is observed. We 
accept that the latter is due to the lack of information 
about the process of biotransformation, because the 
process is very new and not well studied.

CONCLUSIONS 

In this study, the process of biotransformation of 
crude glycerol to 1,3-propanediol by help of the bacteria 
Pseudomonas denitrificans 1625 is discussed for the first 
time. Short description of the operational conditions is 
provided. The results obtained from the parallel experi-
ments conducted at three different initial concentrations 
of the glycerol were used for its mathematical modeling. 
Taking into account that the process is not sufficiently 
studied an ANN model has been used. Dynamics of the 

7 time series  RMSE  

Glycerol, g/l 1,3-propanediol, g/l 

Solution 1 2.3953 0.7788 

Solution 2 2.4058 0.7784 

 

Table 3. Values of RMSE for obtained optimal solutions.

Fig. 2. Comparison between measured and calculated data for glycerol and 1,3-propandiol. 
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glycerol biotransformation and product formation have 
been modeled by a Nonlinear AutoRegressive with 
eXogenous inputs – NARX ANN. An ANN architecture 
comprising three layers - one input layer, one hidden 
layer and one output layer has been chosen. The NARX 
ANN is constructed to be fed with 7 time series of the 
inputs forming a tapped delay line of 1. The model is 
validated and the Root Mean Square Error is used to 
estimate the efficiency of the obtained solutions. The 
obtained results show that designed ANN model pre-
dicts with suficient degree of accuracy the processes of 
biotransformation of the glycerol to 1,3-propanediol. 
Observed differences between measured values for the 
concentrations of the glycerol and the product 1,3-pro-
panediol and those predicted from the model, can be 
explained by the fact that the process is very new and 
not well studied, which requires further investigations. 
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