Journal of Process Control 23 (2013) 1471-1479

journal homepage: www.elsevier.com/locate/jprocont

Contents lists available at ScienceDirect

Journal of Process Control

Journal of
Process Control

Nonlinear model predictive control of biodiesel production (B

CrossMark

via transesterification of used vegetable oils

Ana S.R. Brasio”, Andrey RomanenkoP®, Jodo Leal®, Lino O. Santos ®*,

Natércia C.P. Fernandes?

3 CIEPQPF, Department of Chemical Engineering, Faculty of Sciences and Technology, University of Coimbra, 3030-790 Coimbra, Portugal

b Ciengis, SA, 3030-199 Coimbra, Portugal

ARTICLE INFO ABSTRACT

Article history:

Received 27 March 2013
Received in revised form

24 September 2013

Accepted 25 September 2013
Available online 26 October 2013

The economic performance of an industrial scale semi-batch reactor for biodiesel production via transes-
terification of used vegetable oils is investigated by simulation using nonlinear model predictive control
(NMPC) technology. The objective is to produce biodiesel compliant to the biodiesel standards at the
minimum costs. A first-principle model is formulated to describe the dynamics of the reactor mix-
ture temperature and composition. The feed oil and mixture composition are characterized using a

pseudo-component approach, and the thermodynamic properties are estimated from group contribution
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methods. The dynamic model is used by the NMPC framework to predict the optimal control profiles,
where a multiple shooting based dynamic optimization problem is solved at every sampling time. Simu-
lation results with the economic performance of an industrial scale semi-batch reactor are presented for
control configurations manipulating the methanol feed flow rate and the heat duty.

© 2013 Elsevier Ltd. All rights reserved.

1. Introduction

The biodiesel production process has received a great deal
of attention from both industry and academia. Several literature
reviews on the biodiesel resources and production technology are
available (e.g., [1,2]). The technical aspects of production and of
the quality analysis of biodiesel from used cooking oil have been
reviewed in [3], the biodiesel production using catalyzed transes-
terification has been reviewed in [4]. Several works address the
process plant design and its economics. Examples of these are the
development of a biodiesel production and refining process using
rape seed oil in [5], the economic analysis of biodiesel produc-
tion processes using fresh and waste vegetable oil and supercritical
methanol in [6], and the economic assessment of four biodiesel
production processes with different levels of complexity in [7].

According to a review of available process technologies [8], the
alkali-catalyzed transesterification remains so far one of the main
production routes for biodiesel production. Conventional biodiesel
process plants involve batch reactors or continuous stirred tank
reactors (CSTRs). The use of batch production technology is quite
frequent in small and/or medium scale biodiesel companies. This is
the case of companies that produce biodiesel from used vegetable
oils, such as recycled vegetable cooking oils, where the flexibility
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of a plant layout based on batch reactors is a key asset to handle
local market raw material fluctuations.

The study of the dynamics and control of the biodiesel produc-
tion process has also been addressed in various research works.
For instance, the dynamics and control of biodiesel production in
a CSTR have been investigated in [9]. The mechanistic model of
the reactor is formulated assuming a constant holdup. It includes
the coolant fluid dynamics, and it uses the kinetic transesterifica-
tion model of palm oil of [10]. The variation of the overall heat
transfer coefficient is modeled as a function of the coolant flow
rate and of the stirrer speed. The closed loop simulation results
show that a multi-model control strategy outperforms a conven-
tional proportional-integral-derivative (PID) controller because of
the nonlinearity of the dynamic system. The design of two con-
trol loops has been considered in [9]. In one of the control loops
the concentration of fatty acid methyl esters (FAME) is controlled
by manipulating the feed rate of the reactant (a mixture with a
methanol to triglyceride molar ratio of 6:1). In the other con-
trol loop, the temperature of the reacting mixture is controlled
by manipulating the coolant flow rate. Different control system
algorithms have been tested for these two control loops [11]. An
instantaneous linearization technique is used to extract a linear
model from a neural network nonlinear model for a general predic-
tive control (GPC) algorithm. The comparison with the performance
of adaptive self-tuning regulators algorithms, favors the application
of the predictive algorithm to control the biodiesel reactor produc-
tion. In [12], a recursive least square algorithm has been applied
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to adapt the settings of the internal model controllers of the same
dynamic system. The design and control of a biodiesel production
process with phase separation and recycle in the reactor system has
been investigated in [13]. The resulting plant-wide control system
uses decentralized PID controllers. The reactor dynamics of the soy-
bean oil transesterification with methanol are modeled using the
kinetic model of [14].

In [11-13], the biodiesel production is carried out in CSTRs.
The problem of optimal control for biodiesel production in a batch
reactor to calculate the optimal temperature profile in order to
maximize the final concentration of FAME has been addressed in
[15]. The reactor model uses the kinetic model of [ 14]. This work has
been extended to the study of the effect of uncertainty in the reactor
feed [16], and to solve the optimal problem for both the maximum
concentration and minimum time of operation using a two layered
optimization strategy [17]. The control of advanced biodiesel pro-
duction plant designs has been also investigated. Examples of these
are the temperature control of a biodiesel microwave reactor [18],
and the control of biodiesel production with reactive absorption
process technology [19].

In this work nonlinear model predictive control (NMPC) tech-
nology based on a first principle model is applied by simulation to
control the transesterification reaction in a semi-batch biodiesel
reactor. The main control objective is to comply with the final
biodiesel product quality specifications while minimizing the con-
sumption of methanol and the use of energy to cool or to heat the
reactor mixture. The NMPC controller is seen here as an impor-
tant contributor to the economic performance of the semi-batch
biodiesel reactor. NMPC can be advantageous in processes that
exhibit nonlinear behavior in the operating region of interest,
with changes in the gains sign, input and/or output multiplicities,
and processes where a trajectory needs to be tracked such as in
batch and semi-batch processes. The literature available on Model
Predictive Control (MPC) is quite vast, with reviews on indus-
trial applications [20], several books [21], and research works in
various domains of application [22], to cite but a few. A recent
review on the major developments of MPC during the past three
decadesis givenin [23]. The NMPC framework applied in this work,
Plantegrity®, features a predictive control formulation with a mul-
tiple shooting strategy to perform the state predictions [24,25].
This method is also referred to as direct multiple shooting [26,27].
The Plantegrity framework features as well a plant simulator mod-
ule, and a state and parameter estimator based on the Unscented
Kalman Filter (UKF) formulation [28]. The simulator, NMPC, and
UKF modules communicate through a database, with data exchange
synchronization. There is a computational delay associated with
the UKF estimator and NMPC controller calculations that is taken
into account in the simulation platform as it would occur in the
case of areal implementation. Algorithmic solutions have been pro-
posed to reduce this computational delay (e.g., see [29,27,30-32]
and references therein). Several examples of NMPC applied to batch
or semi-batch processes can be found in the literature, where
different NMPC algorithm variants make use of a first principle
dynamic model, such as batch fermentation processes (e.g., [33]),
timber drying [34], batch or semi-batch polymerization reactors
(e.g., [35-38]), batch reactive distillation column (e.g., [39]), tem-
perature control of an industrial semi-batch pilot-plant reactor
[40], and of an industrial batch polymerization reactor [27].

The feed oil mass composition used in the present work is taken
from [41]. It is made of a mixture of 10% of Jatropha curcas oil
with 90% of waste food oil. A pseudo-triglyceride approach [42]
is applied to characterize the feed oil and reactor mixture. This is
done to simplify the description and modeling of the transesterifi-
cation system, because it would be too complex or even impossible
to characterize quantitatively its dynamics in terms of all possible
combinations of different fatty acid chains present in the feed oil.

This approach has been used, for instance, by [43,44] in the con-
text of phase equilibrium studies of oils. In [5] the same approach
has been applied in the development of a biodiesel production and
refining process using rape seed oil. One emphasizes that this same
approach is commonly used in the modeling of the transesterifica-
tion reaction kinetics.

The paper is organized as follows. The semi-batch reactor model
is presented in Section 2, along with the methodology to compute
the thermodynamic properties of the reactor mixture. The prob-
lem statement and the nonlinear model predictive control (NMPC)
framework description are given in Section 3. Operating condi-
tions for the semi-batch reactor for biodiesel production, using one
ton of used vegetable oil, and the dynamic profiles are presented
in Section 4. First, open loop profiles in batch mode of operation
are presented for operating conditions similar to those described
by [41]. Then, results of the application by simulation of NMPC
are given for control configurations where the methanol feed flow
rate and the heat duty are manipulated to comply with the final
biodiesel product specification at a minimum cost.

2. Reactor model
The transesterification reaction of triglycerides (TG) with
methanol yields esters of fatty acids (E) and glycerol (G), and can

be described by three reaction steps [14]:

k

TG + CH30H=DG +E
ko
k

DG + CH3OHI:3MG +E
kg

k
MG + CH30H=G + E

ke
where MG and DG stand for mono and diglyceride, respectively. The
specific reactions rates are calculated from the Arrhenius equation,

ki = ko exp | 23 i=1,...,6 (1)
Ojep RT ’ J_ 9ty My

where ko; is the pre-exponential factor, E;; is the energy of acti-
vation, R is the ideal gas constant, and T is the temperature of the
mixture. The overall reaction rates are

r1 = kGG — krG3Gs,
I = k3C3C1 — k4C4C6,
r3 = k5C4Cy — kgCs5C,

where C; =x; p/M;, is the molar concentration of componenti,i=1,
..., 6.x; and M; are respectively the component mass fraction and
molar mass, and p is the density of the liquid mixture. The dynamic
model of the reactor is obtained from mass and energy balances. It
describes the time evolution of the liquid components mass frac-
tions, x;, reactor level, h, and temperature, T. Assuming a perfect
mixing, and that heat exchanges through the wall reactor with the
surrounding air are negligible, it follows that

m% =F(xpi—x)+¢;, i=1,...,6, (22)
dh d d 6 1 dx
dh . dp . dap _ 2\ 1 9
PAG =F -V with g =-, Zpi de’ o
i=1
dT :
)OCpVE =FCur (T —T)+ (=AHr); 1V + Qw, 2o
=1
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Table 1
Kinetic parameters [41].

Ey 16,377 19,202 17,867 19,383 4282 15,302  J/mol

kj 0.0730 0.0528 0.3347 0.1655 0.3869 0.0080 L/(mol min)
Table 2

Feed oil fatty acid mass composition in % [41].

Lauric Myristic Palmitic Palmitoleic Stearic Oleic Linoleic Linolenic

0.01 0.16 10.51 0.39 2.44 44.09 36.61 5.79

where m is the total mass of liquid in the reactor, T¢ and F are the
feed temperature and the mass flow rate of methanol, and Qy is
the heat duty. The generation reaction terms are given by

¢1=—(r1+1r2+13)VM1, ¢ =-11VMy,
¢3 =(r1 —12)VMs3, g = (r2 —13)VMs4,
¢5 =13VMs, g = (r1 + 12 +713)VMp.
The density, p, average molar mass, M, and specific heat capacity of

the liquid mixture, Cp, are calculated assuming the liquid mixture
is ideal, such that

6 -1 6 -1 6
_ Xi Xi
r= Zpi » M M;

i=1 i=1 i=1

The kinetic parameters E,; and k;, j=1, ..., 6, in Table 1 were
obtained by [41]. The energies of activation were determined for
experimental reaction temperatures ranging from 30°C to 60°C,
with a mixing speed of 900 rpm, a methanol to oil molar ratio of
6:1, and a catalyst mass concentration of 1.0%. The specific reac-
tion rates were obtained for a temperature of 50 °C, with the same
methanol to oil molar ratio. The pre-exponential factors in (1) can
be computed from these data.

2.1. Thermo-physical properties

It should be noted that the simulation of (2) requires the com-
putation of the thermo-physical properties. A recent overview
on prediction methods for thermo-physical properties for pro-
cess modeling and product design of biodiesel manufacturing has
been given in [45]. Also, a thermo-physical property calculation
framework in support of process modeling, simulation, design,
and optimization of biodiesel production processes has been
proposed in [46-48]. The transesterification reaction dynamics
are simulated using a pseudo-triglyceride (pseudo-TG) approach
to characterize the reactor mixture composition. This is done
by calculating the average number of CH, and CH=CH groups
of the pseudo-triglyceride molecule from the oil fatty acid
chains composition. Hence, the transesterification reaction sys-
tem composition is described in terms of pseudo-monoglycerides,
pseudo-diglycerides, pseudo-triglycerides, and of pseudo-fatty
acid methyl ester. The rationale behind the pseudo-TG approach is
described for instance in [42]. For the oil composition in Table 2, the
resulting average number of CH, and CH=CH groups in the pseudo-
fatty acid chain are respectively 13.08 and 1.34 (see Appendix A).
The thermo-physical properties for both the feed oil and the reactor
mixture are calculated using this pseudo-component approxima-
tion. The calculation of the density, specific heat capacity of each
component, as well as of the heat of reaction, are explained in
Appendix B.

2.2. Biodiesel product characterization

The final biodiesel product characteristics have to comply with
the standard requirements for the fatty acid methyl esters (FAME)
for biodiesel engines. In this work the European standard is used
[49]. This standard sets a minimum mass content of FAME (with-
out using any additives) of 96.5%, and several upper concentration
limits for various components. The cost function of the NMPC for-
mulation includes the fatty acid methyl ester mass percentage, xg,
which is calculated in function of the mass of only MG, DG, TG, and
E (FAME),

Mg

= x 100%. 3)
mrg + Mpg + My + Mg

XE

A required minimum value of xg of approximately 98.8% in the
final biodiesel product can be estimated from the data provided in
the standard EN 14214:2008 (Appendix C). It is set as the setpoint
in the NMPC control problem.

3. NMPC framework

The main goal is to control the transesterification process that
occurs in the semi-batch reactor by manipulating the methanol
feed flow rate and the heat duty. The control objective is to target
the desired fatty acid methyl ester mass composition calculated
from (3), with a minimum usage of methanol, and of heat duty.
The NMPC framework uses the first principle model (2) and the
observation model (3). The dynamic and observation models can
be represented respectively by

x=f(x,u,d,0), (4a)

y = g(x), (4b)

with fand g twice continuously differentiable, where x € R"s is the
vector of state variables, u € R™ is the control vector, d € R™ is
the disturbance vector, 6 € R™ is the parameter vector, and y € R
is the vector of output variables. The discrete form of (3) can be
represented by xj =f(x,_1, Ur_1, dr_1, 0, At) and y;, =g(x,), where
At is the sampling period, and k is the time instant index.

The NMPC framework with predictive horizon p and control
horizon m, m < p, involves the solution at every time index k, given
initial states x;,, of the following discrete-time constrained dynamic
optimization problem:

min. (¥, Ug) (5a)
st Ry = fxpgio1, Upyio1, d, 0, AL), Jryi = 8(Reyi), i=1,...,p
(5b)
Ugtio1 = Ugpm—1, M<i<p (5¢)
Xppi —Xi=0, i=1,...,p-1 (5d)
X=X =Xu, Y=V =Wy, (5e)
XL <X <Xy, UL=<Ug<Uy, (5f)

where ¥, is the vector of the output predictions, Y[ =
Fher o j/Lp], and X, is the vector of the state predictions, X} =
[X{H,m,i{w]. The dynamic model is solved using a multiple
shooting approach. This leads to p—1 equality constraints (5d)
in order to ensure the continuity of the state variables profiles
over the predictive horizon. In (5d) ¥,; is the state vector at k+i
obtained through the integration of the dynamic model inside
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each sampling time interval, with te [tp.i_1, ty+], using as ini-
tial conditions the nominal states and controls, Xg+;j_1 and Uy.i_q
respectively. The decision variables of problem (5) are both the
state and control trajectories denoted by X[ =[x, -- "Xqu]

and Ul = [uf, - uf, | respectively. The subscripts | and y in
the nonlinear constraints (5e) and in the decision variables bounds
(5f) stand for lower and upper limit value respectively.

The nonlinear programming problem (5) is solved using a
successive quadratic programming method with the line search
algorithm of [50], and the quadratic programming framework
implemented in HQP [51]. The dynamic model is integrated using
the solver CVODES, which includes Backward Differentiation For-
mulas (BDF) method [52]. The automatic differentiation package
ADOL-C [53] is used to obtain the Jacobian of the dynamic model.
The sensitivities required by the QP-solver to compute the gradi-
ent and Hessian of the cost function are obtained by sensitivity
integration of CVODES.

3.1. Control problem setup

The cost function (5a) is formulated with one output variable,
the fatty acid methyl ester mass composition as defined in (3). Two
different control configurations are considered in this study: one
where the controller manipulates only the methanol feed flow rate
F, and another where both the methanol feed flow rate F and the
heat duty Qu are manipulated variables. Hence, (5a) is defined by

p m

m
WYy, Up) = @1 Z(XE,sp,k-H‘ ~ Xe ki) + @2 Z(Qw,k-u'—l ~ Qurefksio1) + 03 Z(Fk+i—l — Frefei-1)%

i=1 i=1

where ¢4, g3, and g3 are weighting scalars, respectively with units
of %72, kW~2, and (s/kg)2. The reference values of the manipu-
lated variables over the control horizon are set to zero in order to
penalize the consumption of methanol and heat duty usage. Phys-
ical limits on the reactor mixture components mass fraction, level,
temperature, methanol feed rate, and heat duty are incorporated
in the problem such that: 0 <x;<1;0m<h<3m; 15°C<T<65°C;
Okg/s <F<5kg[s; —20kW < Qw <36 kW. The lower limit of Qy is
negative such that the reactor mixture can be either heated (Qy > 0)
with electrical heating equipment, or cooled (Qw <0) with fresh
water, as needed. The upper and lower limit values are the same
for both the predictions of the state variables in (5e) and the bounds
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of the nominal profiles of the states in (5f). At every time index, the
eight state variables are provided by the UKF state estimator to the
predictive controller, in order to initialize the model (2). The out-
put vector of the filter includes the concentrations of the mixture
pseudo-components (monoglycerides, diglycerides, triglycerides,
and fatty acid methyl ester), and of the reactor temperature.

The plant simulator, the predictive controller and the UKF state
estimator use the same model formulation and are run in sepa-
rate programs communicating to each other. The plant simulator
provides measurements to the state estimator, which in its turn
provides the complete state vector estimate to the NMPC controller.
The latter returns the values of the manipulated variables to the
plant simulator. This simulator does integrate the model over a
time period that does include the computational delay time. The
computational framework is implemented in c++, and runs on a
GNU Linux operating system.

4. Simulation results

The simulation study is performed with a mass of 1000 kg
of used vegetable oil with the composition given in Table 2. It
is assumed that the reactor diameter is 1m, and the initial oil
and methanol are at the ambient temperature of 20°C. Several
assumptions are considered here to simplify the description of
this reacting system. As mentioned before, it is assumed that the
mixing is perfect, and that there are no heat losses to the reactor

(6)

i=1

surroundings. The pseudo-triglyceride approach is adopted to char-
acterize the reactor mixture contents and the reaction system. The
thermo-physical properties of each component in the mixture are
considered to be constant and equal to their values at a temperature
of 50°C (Appendix B).

4.1. Open loop response
First of all, the open loop simulation of the reactor is considered
in batch mode, with an initial oil mixture and operating conditions

similar to those of [41], except for the presence of water and of free
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Fig. 1. Mass fractions of the components, x;, FAME mass percentage xg as calculated from (3), level and temperature open loop responses.
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Fig. 2. Closed loop profiles of FAME mass percentage, as calculated from (3), mixture mass fractions, temperature, methanol feed rate, and heat duty, for various values of

gs: (a) 2000 (s/kg)?; (b) 3500 (s/kg)?; (c) 6000 (s/kg)?; and (d) 9000 (s/kg)?.

fatty acid which is not considered in the initial oil mixture here.
Thus, using the data of [41] the initial oil mixture mass composition
isas follows: 90.90% of TG, 6.67% of DG, and 2.43% of MG. The reactor
operates at atmospheric pressure, and the total mass of methanol
added to the oil corresponds to a molar methanol/oil ratio of Ryg = 6.
For 1 ton of used vegetable oil characterized by a pseudo-TG with
a molar mass of 873.06 g/mol (Table B1), a mass of 234.34 kg of
methanol is obtained for the above molar methanol/oil ratio, with
the number of moles of oil given by the sum of the moles of initial
pseudo-TG, pseudo-DG, and pseudo-MG. It is assumed that both
methanol and oil are pre-heated from 20°C up to 50 °C. Fig. 1 shows
the evolution of the transesterification reaction over 60 min. The
final reactor mass composition is: 10.28% of methanol; 0.40% of TG;
0.46% of DG; 0.62% of MG; 8.82% of glycerol; and 79.41% of fatty acid
methyl ester.

Considering a complete separation of methanol and glycerol,
the FAME mass percentage calculated from (3), xg, is 0of 97.2%. In a

similar manner, one obtains the values of xtg =0.50%, xpg =0.56%,
and yyg =0.77%. It can be concluded that for these scenarios only
the value for MG does comply with the standard Appendix C. Slight
variations in the mixture level and temperature are observed at
the beginning of the reaction because of the effect of composition
changes on the mixture density and on the overall heat of reaction.
These open loop results were obtained with a GNU Octave program
using the solver CVODES [52].

It takes approximately 29 min to pre-heat one ton of used veg-
etable oil with the reactor electrical heating equipment delivering
its maximum power of 36 KW. To pre-heat the mass of methanol
it would require approximately 9 min. Considering an industry
cost of electricity of €0.13 per kWh, the cost to heat the oil is
of €2.48, whereas it costs €0.76 to heat the methanol. For the
above molar methanol/oil ratio the methanol costs €60. This value
is obtained for an estimated cost of €10 per molar methanol/oil
ratio unit and one ton of oil. The total cost for this open loop
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scenario accounting for the methanol and the heating of the mix-
ture is of €63.24.

4.2. Closed loop response

The predictive and control horizons are chosen such that p=60
and m =20, respectively. The sampling time period is At=1 min.
These were defined through several simulations trials. The length
of the predictive horizon of 1h is defined from the observation
of the dynamic profiles in open loop (Fig. 1). Several runs were
made in order to assess the length of the control horizon, and the
weighting scalars in (6) are tuned by trial and error through the
analysis of various closed loop simulations. Their tuning is made
to balance the controller effort in manipulating the methanol feed
flow rate and the heat duty. The weighting parameter ¢, is fixed
to 1% 72, and g, =10-10 kW2, The difference in orders of magni-
tude is determined by the scaling of the corresponding terms in the
cost function. Fig. 2 shows closed loop profiles of xg, of the mixture
mass fraction composition and temperature, and of the manipu-
lated variables over 70 min of operation for four values of g3: (a)
2000 (s/kg)?; (b) 3500 (s/kg)?; (c) 6000 (s/kg)?; (d) 9000 (s/kg)?.

One emphasizes that the used vegetable oil and the methanol
are not pre-heated as in the open loop case (Section 4.1). The

controller manipulates the heating power to heat the reactor
mixture. Moreover, the addition of methanol at 20°C along the
reaction process has a cooling effect on the reactor mixture. One
observes that the heat duty effort decreases with the increase of
the penalty parameter g3. To compensate for this, the controller
increases the total mass of methanol added to the reactor in order
to comply with the desired value of xgsp =98.8%. Nevertheless, this
objective is not fulfilled with higher values of g3 such as in cases
c) and d). Also, remark that profiles show operating conditions
during certain periods of time where the manipulated variable
Qw is either at its upper or lower limit. Fig. 3 provides additional
performance control indicators for seven different values of gs,
varying from 2000 to 9000 (s/kg)?. The open circles are values
obtained after 100 min of operation, and the filled circles represent
values obtained for the time when the setpoint of xg is attained.
The setpoint of 98.8% is reached within the time period of 100 min
only for g3 equal to 2000, 3000, and 3500 (s/kg)?, respectively at
time (tsp in Fig. 3) 41, 48, and 56 min. However, one can observe
that for g3 equal to 4000, 6000, 8000, and 9000 (s/kg)?, xE is still
very close (less than 0.1%) to the setpoint. The relaxation of g3
favors an aggressive control action that results in an increase of
methanol consumption (see the mass of methanol added, mye,
and its mass fraction, xjje) and an increase of energy spent to heat
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Table 3
Parameter g3, mass (mye ) and cost (Cye ) of methanol, volume of fresh water (Viyater), and energy (Cpeat and Ceoo1), and total (Ceorar ) COSES.
q3 (S/kg)2 mye (kg) Cyve (€) Cheat (€) Viater (m3) Ceool (€) Crotal (€)
2000 322.38 87.84 3.63 0.00 0.00 91.47
3000 283.54 77.26 2.99 0.01 0.02 80.27
3500 270.67 73.75 2.82 0.06 0.11 76.68
4000 260.13 70.88 2.80 0.19 0.32 73.99
6000 232.21 63.27 2.84 0.65 1.11 67.22
8000 214.99 58.58 2.86 0.99 1.69 63.13
9000 208.94 56.93 2.88 1.14 1.93 61.74

the mixture (Eje,¢). On the other hand, higher values of g3 increase
energy usage to heat up the reactor mixture as well as, later
on during the operation, to cool down the reactor mixture with
fresh water (Eqo)- It is noticeable that a higher rate of methanol
consumption reduces the time needed to attain the setpoint, (tsp
in Fig. 3). The average computational delay, tgelay, varies between
4 and 8 seconds on a 3.2 GHz processor, running GNU Linux.

Table 3 summarizes the operation costs associated to methanol
and energy usage over a time of operation of 100 min. The energy
cost to cool the reactor mixture is calculated from the amount of
fresh water that would be needed assuming a sensible heat of 10°C
and that the cost of fresh water is of €1.70/m3.

Table 3 shows the effect of the tuning parameter g3 on methanol
and heat duty costs. As it can be observed in Fig. 3, an increase of
g3 decreases the amount of methanol added to the reactor. On the
other hand, it increases the usage of fresh water, with more than
one cubic meter for g3 =9000 (s/kg)? (Table 3). As for heating the
mixture, the cost of energy usage decreases up to a certain point
and then it increases slowly with gs. Overall, the total cost of these
three components decreases with g3 (Table 3), but above a certain
value of g3 it is not possible to attain the desired value of xg (Fig. 3).
Considering the presented analysis, the methanol constitutes here
the major contribution for the cost of the transesterification pro-
cess. Obviously, additional costs need to be taken into account to
provide a thoroughly analysis of the process performance, but are
beyond the scope of this work. These would include for instance the
costs of the separation of the residual methanol, and of the glycerol.

5. Conclusions

Nonlinear model predictive control (NMPC) is applied by simu-
lation to the control of a transesterification semi-batch reactor. The
controller uses a first principle model to predict the dynamics of the
reactor. The performance of the closed loop system is demonstrated
with a control configuration where both the methanol feed rate
and heat duty are manipulated. In particular the effect of tuning the
control parameters is shown to be of paramount importance to bal-
ance the multi-variable control effort and the consequent operating
costs.

This work may be further developed with an experimental study
on the effect of plant/model mismatch present in real production
facilities. This would enable a thorough study of the performance
of the state estimator and of the issue of model observability and
their impact on the overall closed loop performance of the system.
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Appendix A. Pseudo-triglyceride approach

The average number of CH, groups, n, and CH=CH groups, m, of
the pseudo-fatty acid chain are calculated as follows:

N N
n= E anj, m= E ijj,
j j

where N is the number of fatty acid chains in the oil composition,
n; and m; are respectively the number of CH, and CH=CH groups
in the jth fatty acid chain, and x; is its molar fraction in the feed
oil composition. For the feed oil composition in Table 2, N=8, and
it follows that n=13.08 and m=1.34 (see Table A1). This means
that the feed oil composition could be represented approximately
by a pseudo-fatty acid chain with one double bond and 13 CH,
groups. Nevertheless, since this is an approximative representation,
the calculated values of n and m are used to compute the properties
of the corresponding pseudo-monoglyceride, pseudo-diglyceride,
pseudo-triglyceride, and pseudo-fatty acid methyl ester molecules
(see Appendix B). The molar mass of these pseudo-components is
given in Table B1.

Appendix B. Feed oil and reactor mixture thermo-physical
properties

The thermo-physical properties of the feed oil and reactor
mixture are evaluated in function of the composition and of
the temperature, assuming that the mixture is ideal. The reactor
mixture content representation is approximated with the pseudo-
components listed in Appendix A. The density of the pseudo-fatty
acid methyl ester (FAME), pseudo-monoglyceride (MG), pseudo-
diglyceride (DG), pseudo-triglyceride (TG), and glycerol (G) are
calculated with the group contribution method GCVOL [54]. The
density of methanol is calculated using a Rackett based equation,
as described by [55]. Table B1 gives the density for temperatures of
40°C, 50°C, and 60 °C. The density of the pseudo-MG and pseudo-
DG are the average density of the pseudo 1-monoglyceride and
pseudo 2-monoglyceride, and of the pseudo 1,2-diglyceride and
pseudo 1,3-diglyceride, respectively.

Table A1
Feed oil fatty acid mass and molar fraction composition.
Fatty acid No. of No. of Molar %(m/m)  %(mol/mol)
CH=CH CH, mass (Table 2)
groups groups (g/mol)
C12:0 Lauric 0 10 200.32 0.01 0.014
C14:0 Myristic 0 12 228.37 0.16 0.195
C16:0 Palmitic 0 14 256.42 10.51 11.408
C16:1 Palmitoleic 1 12 25441 0.39 0.427
C18:0 Stearic 0 16 284.48 2.44 2.387
C18:1 Oleic 1 14 282.46 44.09 43.446
C18:2 Linoleic 2 12 280.45 36.61 36.335
C18:3 Linolenic 3 10 278.43 5.79 5.788
m=134 n=13.08
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Table B1

Molar mass, density, and specific heat capacity of pseudo-components*, glycerol, and methanol.

Molar mass (mol/g) Density (g/L)

Heat capacity (J/(gK))

40°C 50°C 60°C 40°C 50°C 60°C
TG* 873.06 922.15 914.37 906.88 2.008 2.052 2.097
DG* 612.74 949.61 941.90 934.45 2.065 2.119 2.174
MG* 352.42 998.71 990.56 982.57 2.204 2.284 2.364
E* 292.36 863.62 856.37 849.25 2.034 2.084 2.134
G 92.09 1352.18 1346.60 1339.96 2.462 2.509 2.556
Methanol 32.04 780.85 769.00 756.91 2.632 2.705 2.785
TableB2 from composition I with the mass of only E, TG, DG, and MG. The
Heat of reaction in kj/mol. resulting mass percentage of E in the biodiesel of approximately
T(°C) AH;; AH;, AH,3 AH, 98.8% is used in the NMPC formulation as a control target for xg.
40 15.046 36.246 -57.761 —6.468
50 15.338 36.538 -58.275 -6.399 References
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