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This study focuses on using modern engineering tools to consistently produce spirits with low methanol
content in Charentais alembics. The method involves developing a dynamic model, formulating a multi-
objective dynamic optimization problem, and implementing an automatic process control system.
Optimization yielded a variable temperature in the partial condenser, which was tracked by an automatic
control system that manipulated the heat addition in the boiler. The procedure was experimentally
validated in triplicate using a ternary mixture. With the optimal operation, distillates with 12% less
methanol than standard distillates were reproducibly obtained, with a moderate reduction (2.4%) in the

© 2017 The Korean Society of Industrial and Engineering Chemistry. Published by Elsevier B.V. All rights

Spirits reserved.
Simulation
Introduction composition of the final product. Hence, it is still difficult to

Distilled alcoholic beverages are produced worldwide from
local raw materials. For example, whisky (UK, Ireland) is produced
from cereals, cachaga from cane juice (Brazil), tequila from agave
(Mexico), cognac/brandy (France, Spain) and pisco (Peru, Chile)
from grapes [1]. Young distillates are characterized by a delicate
aroma that resembles the original fruit. In addition, high quality
spirits should be free from off-flavors and toxic compounds. In
spirits production processes, distillation plays a key role to ensure
that the standards of quality of the product are met. This is an
operation already used by ancient cultures to produce medicines
and perfumes, and nowadays are used in almost every chemical
processing plant. Distillation is a method for separating substances
of different volatility. Most spirits production processes use either
batch distillation columns or Charentais alembics. The latter are
most frequently used in small-scale production facilities. In this
system, three cuts (head, heart and tail) are collected sequentially;
high quality spirits are produced from the heart cut. Even though
the operation of alembics is relatively simple compared to batch
distillation columns, it is subjected to many uncontrolled and
unmeasured disturbances that generate variability in the
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ensure that the produced spirit consistently meets a defined
quality criterion. It is even more difficult to adapt the production
process to meet changing market trends.

There are many published studies dealing with the production
of fruit distillates in Charentais alembics and distillation columns
[2-9]. Many of these studies were concerned with the impact of the
fruit variety or the distillation equipment on the aroma composi-
tion of the spirit. In addition, in these studies distillation strategies
were not changed and were defined heuristically. Recent studies
have explored the impact of different operating strategies on the
composition of Muscat wine distillates obtained in a packed batch
distillation column [10,11]. It was found by trial and error that low
reflux rates at the beginning of the heart cut could produce
distillates with an enhanced floral aroma. Although establishing
suitable alembic distillation strategies by trial and error is a valid
option that has been used for centuries in the production of spirits,
medicines and perfumes, these strategies can be developed much
faster and reliably using model based optimization [12,13].

Several techniques have long been applied to design optimal
operating strategies for batch distillation processes relevant in
chemical engineering. Most of these methods transform the
strategy design into an optimal control problem, where the usual
goals are to minimize time, maximize distillate, maximize
concentration of a key component or maximize profit [14,15]. As
aresult, most of the time, difficult nonlinear programing problems
(NLP) should be solved numerically, either by the sequential
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approach (partial discretization) or the simultaneous approach
(full discretization) [16]. The sequential approach is relatively easy
to code and apply, especially if a reliable process model is already
available. In this formulation, the control variables are discretized
as piecewise polynomials and optimization is performed with
respect to the polynomials’ coefficients [17-19]. Alternatively, the
simultaneous approach is faster and can handle many more
decision variables and constraints than the sequential approach.
This method does nevertheless require sophisticated optimization
routines for handling large-scale problems as well as additional
techniques to avoid numerical difficulties and to guarantee
convergence. In this formulation, the control and state variables
are discretized in time, using for example collocation on finite
elements.

Although the sequential approach [20-23] and the simulta-
neous approach [24-28] have been widely used to solve batch
distillation optimization problems, few of these studies include
experimental validation. Previous studies with experimental
validation involve distillation of binary mixtures [29-31], distilla-
tion of ternary mixtures [32] and reactive distillation [33].
Nevertheless, studies involving optimization with experimental
validation in the distillation of alcoholic beverages are scarce. Fruit
wines are complex mixtures where water and ethanol represent
around 96% of the total mass, and the delicate aroma of the spirit is
defined by the remaining 4% made up of hundreds of volatile
compounds [34]. Osorio et al. [12] solved a multi-objective optimal
control problem for the distillation of a spirit in a tray column,
finding a suboptimal path for the cooling flow rate in the partial
condenser that simultaneously maximized the recovery of
terpenes (floral aroma in Muscat wines) and minimized the
recovery of fatty acids (off-flavors). The process model was
complex, with many differential and implicit algebraic equations;
therefore, the formulation and solution of a full optimization
problem was difficult. To simplify the numerical solution of the
optimization problem, the control path was parametrized using a
smooth time-varying function with variable coefficients. With
their method, Osorio et al. [12] were able to experimentally obtain
a distillate with three times more linalool (floral aroma) than
commercial piscos (Muscat grape brandies) and six times more
linalool than a distillate obtained by applying a standard
distillation policy to the same batch distillation column. In
addition, the optimum distillate contained on average four times
less octanoic acid (off-flavor) than commercial and standard
distilled piscos. More recently, De Lucca et al. [35] explored by

TEMPERATURE CONTROLLER

POWER CONTROLLER

N<& F-——

simulation several operating policies to minimize the methanol
content in the distillate obtained in a batch packed bed column
[36]. These authors used the same predefined function with
variable coefficients of Osorio et al. [12] to find an optimal cooling
flow rate path. Simulations showed that the best operating
strategy could not reduce the relative methanol concentration in
the distillate more than 23% compared with the relative methanol
concentration in the wine.

Our long-term aim is to apply model-based techniques to
design and implement batch distillation strategies to produce
young fruit distillates that consistently meet a given standard of
quality, i.e., rich in fruity and floral aromas and low in off-flavors
and toxic compounds. Specifically, in this paper we focus on
designing a distillation strategy that minimizes the methanol
content in a distillate obtained in a Charentais alembic, without
sacrificing ethanol recovery. Methanol metabolizes slowly in the
human body, producing formaldehyde and formic acid, which are
extremely toxic in high concentrations. Excessive intake of
methanol generates various ailments such as fatigue, thirst,
headache, stomachache, nausea, vomiting, sensitivity to light
and noise, lack of concentration and attention, tremors, excessive
sweating and hypertension [37]. Hence, in many countries,
methanol content in alcoholic beverages is regulated.

First the calibration procedure of a dynamic alembic model
adapted from [38] is described. Then, a suitable multi-objective
dynamic optimization problem is formulated and solved using
both the sequential and simultaneous approaches. Finally, the
obtained experimental results are shown and discussed.

Materials and methods
Distillation system

The automatic Charentais copper alembic (Fig. 1) used in our
experiments consists of a 4.8 L capacity boiler, a natural convection
partial condenser (head), a swan neck and a total condenser.
PT100 sensors measured the boiler, head and room temperatures.
The heating power (1200 W) applied to the boiler was manipulated
using a PAC2 regulator module that controls the phase angle of the
AC supply. A S7-200 Siemens PLC (Programmable Logic Controller)
received the temperature data from the PT100 sensors and sent the
controller output to the PAC2 module to adjust the heating power.
The human-machine interface (HMI) and the control algorithms
were coded in MATLAB®/Simulink™ using the OPC Toolbox in a PC

TOTAL CONDENSER

REFRIGERANT

DISTILLED

Fig. 1. P&ID of the distillation system.
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(Intel® Core™ 2 Hewlett-Packard). A cascade control system was
applied: the primary controller (outer loop) read the head
temperature and provided the heating power set point for the
secondary controller; the secondary controller (inner loop)
adjusted the applied heating power to follow the set point
provided by the primary controller. Both controllers used an
internal model control (IMC) algorithm [39].

Experiments

In this study, a synthetic ternary mixture was prepared with a
composition usually found in wine, i.e., 13% v/v of ethanol and
1.37 g/L.a.a. of methanol (grams of methanol per liter of absolute
alcohol). The solution was prepared once and in sufficient amount
before all the experimental distillations. The Alembic was initially
loaded with 1.8 L of synthetic wine in each experiment. Distillation
strategies were defined in terms of the heating power applied to
the boiler. Three strategies (performed in triplicate) were assessed:
(i) slow distillation at constant low heating power (230 W); (ii) fast
distillation at constant high heating power (400W); and (iii)
optimal distillation applying a variable heating power. The first two
strategies are common practice in small-scale spirits production
facilities: slow distillations tend to increase spirits quality while
fast distillations tend to increase ethanol recovery. The third
strategy was defined to balance two objectives; low methanol
content and high ethanol recovery (see section 2.7). In all
distillation runs, three fractions were collected according to
predefined volumes: 85 mL of head, 375 mL of heart and 115mL
of tail. The corresponding total distillation times were 168, 67 and
87 min for the slow, fast and optimal distillations respectively.

Chemical analysis

Ethanol content was determined (in triplicate) with a
pycnometer, correcting the density to 20°C. Methanol content
was determined (in duplicate) using the method proposed by the
International Organization of Vine and Wine (OIV) [40]. Distillate
samples were diluted up to an ethanol content of 5% v/v and the
methanol in the diluted samples was oxidized to formaldehyde
with a solution of 3% w/v potassium permanganate and 15% v/v
phosphoric acid. Then, the diluted oxidized samples were bleached
with dry sodium bisulfite. The amount of formaldehyde was
defined by the intensity of the violet color followed by the reaction
of 5% w/w chromotropic acid in a sulfuric medium. This intensity
was determined by spectrophotometry UV-vis (T70 UV/VIS
spectrometer PG Instruments) at 575nm. All reagents were
analytical grade. We used these low cost analytical techniques
instead of gas chromatography (GC) or high-pressure liquid
chromatography (HPLC), since these are too expensive to be
implemented in small-scale distilleries.

Data reconciliation

Total mass, alcoholic strength and methanol concentrations were
measured in the synthetic wine initially charged in the boiler, in all
the distillate samples and in the residue left in the boiler after
distillation. Discrepancies were found in the global mass balances
due to measurement errors. Therefore, measurements were
corrected with a standard data reconciliation procedure normally
applied in the process industries [41]. Hence, reconciled values
closed the global mass balances (total mass, ethanol and methanol).

Modelling

A simplified version of the model presented in Sacher et al. [38]
is used here, which considers a mixture of water, methanol and

ethanol. The model comprises total mass, ethanol and energy
dynamic balances in the boiler, as well as total mass, ethanol and
energy stationary balances in the partial condenser. Several
constitutive equations were included to describe the heat loss to
the environment and the vapor/liquid equilibrium. The complete
model is given in Appendix A and further details and specific
assumptions can be found in Sacher et al. [38].

Model calibration

The data obtained in the constant heat rate distillations (see

Section 2.2) were used to calibrate the dynamic alembic model. Q3

The fitting parameters were:
0 = [UAy, UAc, Mo, x5, X' | (1)

where UA, and UA. represent the global heat transfer coefficient
multiplied by the corresponding heat transfer area in the boiler
and head respectively. Mo, x§ and x{J' are the initial total moles,
ethanol molar fraction and methanol molar fraction in the boiler
just at the moment when the first drop of distillate is recovered.
These unmeasured values were different from those of the initial
mixture. For the optimal strategy, the heat transfer parameters
(UA) were not fitted; instead, they were modeled as linear
functions of the heat transfer parameters fitted with the constant
heating experiments.
The calibration cost function was:

JO)=>>" ) 2)
max(yij)

Ji=1
where index j represents the measured variables and index i the
sample times. The measured variables were: alcoholic strength GA,
methanol concentration M., distilled volume V and head
temperature T.. Max (y;;) corresponds to the maximum measured
value of variable j during the distillation run. The optimization
problem was solved within MATLAB® R2015a with the scatter
search metaheuristic code (SSM) [42].

Egs. (A.20), (A.21) and (A.22) in Appendix A, that represent the
instant concentration of ethanol, methanol and relative methanol
respectively, were modified. Hence, Eqs. (3)-(5) represent the
average concentration of the distillate stream leaving the system at
the corresponding time interval where the sample was collected:

AGA _ (M (tepi) — M (texpi_1) 1
GA = —F— = P Dexpt -PMg-— -100 3
' AV < V(texp,i) - V(texp,i—l) £ e ( )
AMet MIrDH (texp i) - 1\/11’7)1 (texp ifl) 6
M, — - ~ : “PMy-1-10 4
et Av V(texp.i) - V(texp.i—l) M ( )
AC
Cmethj = meth

_ < M (txp) — M3 (toxpi 1)
(V(texp.i) - V(texp,i—l)) : (GAi/lOO)

Finally, the heart cut of the three distillation strategies were
compared. In model calibrations, the cut times of head/heart and
heart/tail for each strategy were defined by the volumes collected,
i.e,, 85mL of head and 375 mL of heart (see Section 2.2).

> -PMy -1000  (5)

Dynamic optimization

A multi-objective cost function, J(u), was defined to get a good
compromise between low relative methanol concentration in the
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distillate and high ethanol recovery.

Cmeth (tf) .Receth (tf)
15~ 1=9350 )

here, « is an arbitrary positive scalar (<1) that defines the relative
weight of each objective [43,44] and Cp,eq, is the relative methanol
concentration. Ethanol recovery was defined by:

tf
(Vb () -Xeen (1))dt

t0
Mo 'Xeth(rO)

where Vp is the molar flow rate of distillate, x., is the ethanol mole
fraction, My is the initial mass, and finally, t, and ¢ are the initial
and final distillation times respectively. Both objectives were
scaled by their maximum values: the maximum methanol
concentration in spirits allowed in the Chilean law [45] is 1.5g/
L.a.a, while the maximum ethanol recovery is 100%.

The only input variable that could be manipulated in the
alembic was the heating power. Hence, the optimization problem
looked for a heating path that minimized the relative methanol
concentration in the distillate and simultaneously maximized
ethanol recovery.

Only the heart cut was considered in computing the cost
function (Eq. (6)). Based on experience, the head/heart cut was
fixed at 5.5min and the heart/tail cut was set at 120 min.
Additional optimization constraints were: (i) the heating power
varied between 230 and 400 W; (ii) the minimum distillate flow
rate was 2 mL/min.

Two numerical methods were applied to solve the optimization
problem [46]: the sequential solution/optimization method (SEM)
and the simultaneous solution/optimization method (SIM). In SEM,
the control variable was discretized into 18 equally spaced time
steps where the control value was kept constant:

mjn](u) =«

Receth =

7

u(At) =a 8)

where index i represents the 18 time intervals and a; represents the
value of the control u in the i-th time interval. The scatter search
code mentioned above was used to solve the resulting optimiza-
tion problem within MATLAB® R2015a. The dynamic model of the
alembic was solved with MATLAB’s solver odel5s [47]. In turn, in
SIM, the control and state variables were discretized in time using

70

3 Radau collocation points on 18 finite elements [16,27]. The
resulting optimal control problem was:

minJ(u) 9

Subject to,
vi=1...ne,j=1...ncp

L, dx
Xij =Xi1+ hiZQj (TJ)F (10)
= i
g("u#m”uﬁ) =0 (11)
up < ujj < uy;x <Xij <Xusyp < Yip <Yy <0< 0y (12)
dx
e, — (xig-yig. 3. 6) (13)

where ne represents the number of finite elements (18), ncp the
number of collocation points (3), x the state variables, y the
algebraic variables, u the control variables, 6 the model parameters
vector, h; the length of the finite elements (total process time
divided by the number of finite elements), and finally, {) the
interpolation polynomial functions in each finite element. The
optimization problem was coded in AMPL [48] and solved with the
IPOPT code [49].

Results
Model calibration

Figs. 2 and 3 show measured values and model outputs of the
head temperature, alcoholic strength, methanol concentration,
distillate volume and distillate flow rate of the three replicates of
the constant high heating rate distillation. The 95% confidence
intervals shown in the figures were obtained by simulation,
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Fig. 2. Head temperature, alcoholic strength and relative methanol concentration for a constant heating power rate of 400 W. Experimental data: run 1 (x), run 2 ([J) and run
3 (A). Simulation (solid line) and confidence interval (dashed line).
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Fig. 3. Distillate volume and distillate flow rate for a constant heating power rate of 400 W. Experimental data: run 1 (x), run 2 (1) and run 3 (A). Simulation (solid line) and

confidence interval (dashed line).

considering the standard deviation in the estimated parameter set
(04 20y). Table 1 shows the fitted parameters for the two constant
heating distillations (230 W and 400 W); for the optimal strategy,
the initial concentrations were fitted only, since heat transfer
parameters were defined by linear functions (see section 2.6).
Model fitting was better for the high heating rate distillation
(Figs. 2 and 3) than for the low heating rate distillation (data not
shown). At low heating, distillate flow rates were extremely low
(less than 6mL~') and distillation times were high (180 min);
consequently, measurements were more sensitive to disturbances.
The alcoholic strength and the distilled volume were the best-
fitted variables in both distillation experiments. Simulated values
did not represent well the measurements of relative methanol
concentrations at the end of the distillation, especially for low
heating operation (data not shown). In this case, low concentration
and flow rate values were observed. Absolute errors of these
measurements were approximately constant; hence, relative
errors were higher at low concentration and flow rate values.
Table 1 shows that under low heating, the heat transfer
parameters (UA) were practically the same for the boiler and the
partial condenser. In turn, under high heating, the heat transfer
parameter of the head was higher than that of the boiler. Sacher
et al. [38] found the same behavior in a similar system; however,
our heat transfer parameters were higher due to differences in the
heating methods used. Sacher et al. [38] applied a hot plate to heat
the boiler; hence, they could not measure the effective heat
supplied, which was estimated instead. They argue also that low
heating powers induced low convective air streams, reducing the
heat transfer in the head. This explains why we observed a low heat
transfer parameter of the head at low heating powers. The heat

transfer parameter of the boiler was less dependent on the heating
power in our case, since the heating element is inside the boiler.

Optimal operation

Tables 2 and 3 show the optimization results with the SEM and
SIM methods respectively, including the optimal values of relative
methanol concentration (Cpe:n), ethanol and methanol recoveries (
ReCeth, ReCimern), as well as alcohol strength (GAy) for different values
of the weight of the cost function (0 < « < 0.5). For values of & > 0.5,
the same results were obtained, where the heating power was the
lower limit. In the case of SIM, the optimization routine did not
converge for some « values. Fig. 4 shows the optimum trajectories
of the heating power, the head temperature and alcoholic strength
variation for «=0.05 and «o=0.06 obtained by SEM and SIM
respectively. Fig. 5 shows the optimum trajectories of the heating
power, the head temperature and alcoholic strength variation for
o =0.2 obtained by SEM and SIM. Fig. 6 shows the Pareto front
yielded by both dynamic optimization methods.

Both optimization methods provided different heating trajec-
tories, where the SIM heating trajectories were easier to
implement in real time experiments since they were much
smoother. Even though different evolutions of head temperature
and distillate alcoholic strengths were obtained for the same
values of «, both methods yielded practically the same values of
relative methanol concentration and ethanol recovery (Fig. 6, and
Tables 2 and 3). Therefore, the optimal solutions found were
reliable, since both methods, using different discretization
techniques and optimization solvers, reached the same objective
values. In addition, SEM was easier to apply than SIM, since the

Table 1
Fitted parameters for distillation strategies.
Strategy UA, UA; My Xg Xy
(W[°C) (W/°C) (mol) (mol/mol) (mol/mol)
230W 0.824+0.06 0.81+0.10 90.4+1.2 37.1e-3+0.7e-3 10.12e-5 +0.13e-5
400W 0.37 +£0.10 148 +£0.13 90.4+0.9 38.5e-3+2.0e-3 10.41e-5 +0.16e-5
Optimal a b 89.5+1.7 36.6e-3 + 1.4e-3 9.40e-5 +0.53e-5

2 Linear function between UA, values obtained from 230 and 400 W.
> Linear function between UA. values obtained from 230 and 400 W.

Chem. (2017), http://dx.doi.org/10.1016/].jiec.2017.08.018
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Table 2

Results obtained with the sequential solution/optimization method for head/heart cut at 5min and heart/tail cut at 120 min.

Adjustable weight (o)  Objective function Relative methanol concentration

Ethanol recovery Methanol recovery Alcohol strength (GA4)

U) (Cmeth) (Receth) (Recmeth)
0 -0.915 1.40 91.5 94.3 24.8
0.05 —0.823 1.40 91.5 941 26.7
0.10 —0.730 139 91.4 93.5 29.9
0.15 —0.638 138 914 92.8 32.0
0.20 —0.547 137 91.2 91.9 34.2
0.25 —0.456 1.36 91.0 90.9 36.1
0.30 —0.365 135 90.6 89.5 38.2
0.35 —0.276 133 90.2 88.2 40.0
0.40 —0.186 131 89.5 86.3 42.0
0.45 —0.0985 1.30 88.5 84.2 44.1
0.50 —0.0116 127 86.7 80.5 471

Table 3

Results obtained with the simultaneous solution/optimization method for head/heart cut at 5min and heart/tail cut at 120 min.

Adjustable weight (o)  Objective function Relative methanol concentration

Ethanol recovery Methanol recovery Alcohol strength (GA4)

() (Crnetn) (Recern) (ReCmetn)
0.06 —0.805 1.40 91.5 94.0 27.6
0.10 —0.731 139 91.5 93.5 29.9
0.15 —0.639 1.38 914 92.8 324
0.20 —0.547 1.37 91.2 919 345
0.25 —0.456 1.36 91.0 90.8 36.6
0.30 —0.366 135 90.7 89.6 385
0.36 —0.258 133 90.1 87.8 40.8
0.40 —0.187 131 89.5 86.3 42.4
043 -0.134 1.30 89.0 85.1 43.6
0.45 —0.0987 129 88.6 84.2 44.4
0.48 —0.0465 1.28 87.8 82.7 45.6
0.50 —0.0120 1.27 87.2 81.5 46.5

model was already coded in MATLAB® and the DAE system was
efficiently solved with the ode15s routine. Therefore, we only had
to add the optimization routine, code the multi-objective cost
function and discretize the control variable. For the SIM approach,
the code was adapted to AMPL language (which was rather
difficult) and the model was fully discretized, generating many
equations, variables and inequality constraints in the state
variables and the control variable.

SEM solved the optimization problem much slower than SIM
(5-10h for SEM and 1-5s for SIM). The SEM approach solved the

numerical integration of the DAE system at each iteration step.
Instead, SIM solved the optimization problem once at the optimal
point. However, in many cases the SIM method could not solve the
optimization problem since the model did not converge due to
numerical limitations.

For o =0.06 for SEM and 0.05 for SIM, the high-limit heating rate
(400 W) was obtained, resulting in the highest ethanol recovery
(objective 1) at the expense of the highest methanol concentration
(objective 2).In turn, for o > 0.5, the low-limit heating rate (230 W)
was obtained, yielding the lowest ethanol recovery and lowest
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Fig. 4. Heating power, head temperature and instant alcoholic strength optimal curves obtained by SEM (« =0.05, dotted line) and SIM (o =0.06, dash-dot line).
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Fig. 5. Heating power, head temperature and instant alcoholic strength optimal curves obtained by «=0.2. SEM (dotted line) and SIM (dash-dot line).

methanol concentration. In this case, it was possible to reduce the
relative methanol concentration 7.3% compared to the concentra-
tion in the initial mixture (1.37 g/L.a.a.), recovering 87.2% of the
ethanol (Table 3). De Lucca et al. [35] were able to reduce the
relative methanol concentration in the distillate by 22.7% in
relation to the initial mixture, recovering 75% of the ethanol in a
simulated packed column. In addition, these authors observed that
smaller head/heart and heart/tail cut times yielded lower
methanol concentrations, independently of the distillation strate-
gy. Thus, to compare both distillation methods (Charentais alembic
and packed distillation column) in their ability to reduce the
distillate methanol content, we solved the optimization problem
with o =1, reducing the head/heart cut time and fixing the ethanol
recovery at 75%. We were able to reduce the methanol content in
the distillate by 16.8% (1.14 g/L.a.a) in relation to the initial mixture.
A batch packed column distillation system has a much higher
rectification capacity than a Charentais alembic; therefore, it can
reduce the methanol concentration in the distillate 35% more than
the Charentais alembic.

1.42

Experimental validation

A good compromise between both optimization objectives was
achieved with «o=0.2, where the methanol concentration was
below the legal limit without sacrificing ethanol recovery. Hence,
we performed the validation experiments (in triplicate) with this
solution, using the SIM head temperature as a variable set point to
be tracked by the control system. Fig. 7 shows the temperature set
point (optimal path), the measured head temperature, the room
temperature (disturbance) and the heating power (manipulated
variable).

The measured head temperature evolutions were the same in
the three experimental runs, closely tracking the optimal path
despite the different evolutions of the room temperature. Small
variations in the manipulated variable efficiently compensated
these disturbances. It is worth noticing that the optimal experi-
ment finished earlier than predicted by the model. In the
experiments, the cuts were defined by the recovered volumes,
in order to simplify the comparison with the constant heating
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Fig. 6. Relative methanol concentration (objective 1) vs ethanol recovery (objective 2). Sequential method (A) and simultaneous method (+).
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Fig. 7. Experimental optimal strategy in triplicate. Top figure: head temperature set point (solid line) and measured temperatures (dotted lines). Bottom figures: room

temperature (thin lines) and heating power (thick lines).

strategies (see Section 2.2). Moreover, the final distillate corre-
sponds to the tail fraction cut which was not part of the
optimization objective.

Figs. 8 and 9 show a good agreement between simulations and
measured values, where most of them lie within the confidence
interval. Like in the model calibration experiments, alcoholic
strength and distilled volume were the best-fitted variables.

We compared the heart cut ethanol recovery and relative
methanol concentration obtained in the three distillation strate-
gies. Simulations of all strategies considered 85 mL of head and
375 mL of heart (see Section 2.2), and these were compared with
experimental values (Fig. 10). Experiments confirmed that the
optimal strategy achieved the lowest methanol concentration in
the heart cut (1.23 g/L.a.a.).

The experimental relative methanol concentrations were
practically the same for high and low heating power strategies,

while simulated values (based on cut times) were significantly
different (see Tables 2 and 3). In the experiments, for simplicity, the
fractions were defined by volume, while in the simulations the
fractions were defined by fixed cut times. Nevertheless, simu-
lations of methanol concentrations in the heart fractions based on
volumes were quite accurate in all experiments (see Fig. 10).
Simulations of ethanol recovery were inaccurate only for the
optimal heating strategy, which was overestimated by 9%. This
overestimation can be due to differences between simulated and
experimental heating, where the latter covered a wider range of
values (0-500 W) to provide the control system more flexibility to
cope with unmeasured disturbances. In addition, our model
included several approximations regarding the energy balances: (i)
the heat transfer parameters in the optimal strategy (UA) were a
linear function of the heating power applied in the boiler between
230-400W; (ii) the energy balances did not consider the thermal

Head temperature (°C)
Alcoholic strength (%Vv/v)

Relative methanol concentration (g/L.a.a)

86 . . . 0 .
0 20 40 60 0 20

Time (min)

Time (min)

40 60 0 20 40 60
Time (min)

Fig. 8. Experimental optimal strategy: head temperature, alcoholic strength and methanol concentration. Experimental data: run 1 (x), run 2 ([J) and run 3 (A). Simulation

(solid line) and confidence interval (dashed line).
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Fig. 10. Relative methanol concentration and ethanol recovery in the heart cut for each distillation strategy: predicted values (M) and experimental data ([]).

inertia contribution of the 2.5 kg of copper of the alembic; and (iii)
the accumulation term in the energy balance in the head of the
alembic (partial condenser) was neglected. Since ethanol content
in the distillate depends strongly on the equilibrium temperature
and varied widely in all distillation runs (between 5 and 65%),
simulations of the heart cut ethanol recovery were quite sensitive
to the small errors in the simulated instantaneous values due to the
assumptions above. In turn, relative methanol concentrations were
less dependent on the equilibrium temperature and varied in a
much narrower range (between 1.23 and 1.45); hence, those small
errors due to the energy balance assumptions had much less
impact on the predictions of the relative methanol concentration
in the heart cut. Nevertheless, by applying the methodology
described above, we were able to reproducibly obtain in
experimental runs a distillate with 12% less methanol than
standard strategy distillates, with a moderate reduction (2.4%)
in the ethanol recovery.

Conclusions

A reliable method was presented to develop optimal operating
strategies for Charentais alembics that simultaneously achieved
high ethanol recoveries and low methanol concentrations in the
distillate. The developed model accurately reproduced the
experimentally observed methanol concentrations in the optimal
strategy. Experimental ethanol recoveries were 9% lower than
simulated for the optimal strategy, due to model approximations
and the wider operating range of the control variable of the
experimental system. With the optimal strategy tested experi-
mentally, we were able to reduce the methanol concentration in
the distillate by 12% compared with standard operating strategies
(constant heating rates), without a significant reduction in the
ethanol recovery. In particular, our results showed that a volatile
impurity such as methanol could be reduced in the spirit by
applying a low heating power during the head cut. In addition,
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increasing the heating power at the beginning of the heart cut will
favor the recovery of ethanol. Much better distilled spirits can be
obtained by applying model-based engineering tools than those
achieved by trial and error experimentation or intuitively. In
addition, the methodology proposed in this study could be easily
applied to tackle objectives that are more challenging. For example,
to produce spirits with enhanced floral aroma and reduced off-
flavors. This technology can be applied in small and medium
distilleries since the system implementation is relatively simple
and low cost.
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Appendix A. Alembic model

Mass (total, ethanol, methanol) and energy balances in the
boiler,

d(Ms) _
a =L-Vs (A1)
e
AWM %) _ Lo — Vi (A2)
de
i
AMsX5) _ | n _ vy (A3)
dt
% =Lhy — Vg-Hp + Qg (A.4)

Mass (total, ethanol, methanol) and energy balances in the
partial condenser (negligible liquid holdup),

Vg—L—Vp=0 (A.5)
Ve —Lx[ = Vpyp =0 (A.6)
Veyg —Lx[' = Vpyp =0 (A7)
Vg-Hg — L-hy — Vp-Hp — Qc =0 (A.8)

Thermodynamic equilibrium relationships for methanol,

Vg =Ko (A9)
Vg = Kg"xg

m e ye\. e e
Kie (3, %) :yB_n;D _ Pm (X5 X[) ¥ (X5, X)

Xgy P

(A11)

The activity coefficient for methanol y,, is estimated using the
UNIFAC contribution groups method. Given the assumption of a
quasi-binary mixture, the activity coefficient only depends on the
ethanol concentration since an infinite dilution of methanol in a
mixture of water-ethanol is assumed.

Heat transfer model

Qp = Qeal — UAy-(Tg — Temy) (A12)

Qc = UAc-(Tc — Temy) (A.13)

Where Q. and T.,, are input variables corresponding to the
control variable and disturbance of the system respectively. This
model has only one empirical parameter, U - A, which can be easily
fitted with data normally available in commercial distillation
facilities [50].

Simulation

To simulate the model, a reordering of equations is convenient.
The distillate molar flow rate is obtained from mass and energy
balances in the partial condenser (Egs. (A.5), (A.6) and (A.8))

Qc Qc

Vo= =) - G 7%)
(Hp —Hp) + +2=2¢+-(Hp —h,_) (hL—HD)—FM{HD—HB)
(A14)

(x-v5)

To calculate the volume of distillate, an empirical correlation
which calculates the density of the mixture from ethanol
composition is used [51],

 Y8-PMg+ (1 —y5)-PMy
y5 + (1 —y8)-PMw/ py

PL(Yb) (A.15)

¢ =f(vb.Tp)

To simulate the model outputs, the distilled volume (V), as well
as the accumulated ethanol and methanol, must be calculated by
three differential equations.

dV  Vp- (v4-PMg + (1 - y5)-PMw)

(A.16)

av _ A17
dt PL(p) ( )
dMe

a = Yb Vo (A.18)
dM™

M v (A.19)

where M}, and M[] are the ethanol and methanol moles in the
accumulated distillate, respectively. However, the ethanol concen-
tration was measured in alcoholic strength (GA), the methanol
concentration in mg/L (M,s) and relative methanol concentration
in g/L.a.a (Cueth)-

€
GA = %ﬂ/pﬁ‘) .100 (A.20)
m
Moy = 22281 1076 (A21)
_ M - PMy
Cineth = V- (GA/100) 1000 (A.22)

Finally, to calculate the composition of ethanol in the partial
condenser, a rearrangement of the energy balance (Eq. (A.4)) from
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mass balances in the boiler (Egs. (A.1) and (A.2)) is required,

ohg  OhgdT
(16 ) ~ Vol — %) (Ge+ e

= L(h, — hg) — Vp(Hp — hp) + Qs (A23)

This equation is an implicit function that depends on the value
of x¢. This equation was solved iteratively using MATLAB’s fsolve
routine (in the sequential method) and in the AMPL code was
included as an additional constraint in the optimization problem
(in the simultaneous method).
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