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This study characterised the behaviour of congeners during the multi-
stage discontinuous distillation of whisky using a Stupfler-type still. It 
investigated the influence of recycling the head and tail fractions on 
the composition of the unaged spirit and, for the compounds with 
known equilibrium data, to validate the capability of software tools to 
simulate their behaviour during distillation. To this end, profile curves 
of ethanol (% ABV) and 45 aroma compounds (mg/L) during distillation 
are reported, with 27 compounds compared to simulated data using 
ProSim® BatchColumn software.  Further, the mass distribution of each 
compound in the fractions of discarded head, recycled head, heart, 
tail and residue are estimated. Assuming that this distribution was 
maintained during each distillation, it was shown that for the wash, 
a pseudo-steady state was achieved in less than five distillations with 
the true recovery rate of each compound in the heart assessed. This 
study demonstrates that during distillation, the congeners behave 
according to the ethanol content of the boiling liquid in the column. 
It provides information on the separation of volatile compounds in a 
batch still with a distillation column above the heater. Additionally, 
the data highlights the importance to the unaged spirit of recycling 
the head and tail fractions. These results provide useful information 
for distillers to choose the appropriate way of collecting the heart 
fraction.
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The wash was obtained from an all-malt barley wort 
fermented with a distilling yeast. The fermentation 
(100 h cycle time) was performed by the Uberach 
brewery in Alsace, France. 656.3 L (at 20°C) of wash 
was loaded into the boiler. The density, measured 
with an Anton Paar density meter® DMA 35, was 
997.3 g/L at 20°C with an alcoholic strength by 
volume at 20°C or ABV (Alcohol by Volume) of 
7.54% v/v after a laboratory distillation with an 
Anton Paar density meter® DMA 4500. Ignoring 
dissolved solids, this is equivalent to an ethanol 
mass fraction of 0.06016, a density of 987.8 g/L at 
20°C and a mass of 648.2 kg (Table 1). To this were 
added water (31.42 L at 40°C (31.16 kg)) previously 
used to flush the system and 33.23 kg mixture of the 
head and tail fractions from the previous distillation 
(35.07% ABV). Overall, considering only the volatile 
molecules, the initial solution weighed 712.62 
kg with an ethanol mass fraction of 0.06833. This 
data was used for the simulation and the material 
balance calculations.

The distillation used a Stupfler® type column still 
made of copper (Figure 1). In this set-up, the three 
main parts include: (1) direct fired boiler; (2) packed 
column (height 1.3 m and diameter 0.3 m) with 
reflux by a coiled cold-water flow in the packing. 
Below the column, a level control system limits the 
amount of liquid by sending any excess back into 
the boiler and (3) a total condenser consisting of 
a coil immersed in about 1000 L of water. Leaving 
the condenser, the distillate flows through a beaker 
with temperature sensor and alcoholometer before 
being collected in tanks.

Different parameters were monitored over time 
including pressure and volume of the heating gas, 
the flowrate, inlet and outlet temperatures of the 
water, the temperature at different locations of the 
distillation (dome of the boiler, bottom and top of 
the column), and the mass and ethanol content of 
the distillate, using a scale and Anton Paar density

In the spirits industry, understanding the behaviours 
of volatile flavouring compounds (congeners) during 
distillation is important (Luna et al. 2019). Batch 
distillation performed in a column is commonly used 
to produce fruit spirits (Spaho 2017), which allows, 
the production of unaged spirit in a single run from 
the fermented mash (‘wash’). The distillate is split 
into three fractions: head, heart and tail. The head 
and tail fractions are fully or partially recycled in the 
following distillation.

Most studies in the literature relate to laboratory 
scale multi-stage batch distillation of spirits and 
compare the effect of different operating conditions 
on the composition of the heart fraction. Recently, 
Esteban-Decloux et al (2022) reported a laboratory- 
and industrial-scale study (750 L boiler) to analyse, 
by simulation, the behaviour of 57 congeners from 
five chemical families (alcohols, aldehydes, esters, 
acids, and terpenes) at the same initial mass fraction 
of 10-6. The results of this study were qualitative as 
it did not consider the composition of the solution 
loaded into the boiler.

Further, most studies do not consider the total 
or partial recycling of the head and tail fractions 
from the previous distillation. Da Porto et al (2010) 
considered the single recycling of the head and tail 
fractions during the steam distillation of grappa and 
Esteban-Decloux et al (2021) conducted pilot plant 
experiments to study the influence of recycling 
heads and tails in the double batch distillation of 
cider. With the limited number of experimental 
distillations in both studies, a steady state was 
unlikely to be reached.

This study was devised to compensate for the limits 
of the previous reports. Here, the composition of 
the solution loaded into the boiler (wash + recycled 
fractions) is considered. The objectives are (i) to 
compare the experimental concentration of the 
distillate over time with those from the simulation 
and (ii) to quantify the evolution of heart fraction 
compounds with the number of successive 
distillations with recycling.

Introduction
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Materials and Methods

Initial boiler load

Distillation equipment

Distillation of whisky



increased. This was to maintain a constant ethanol 
concentration in the heart, since increasing the 
cold-water flowrate increased the condensation in 
the column and the reflux rate, ensuring a better 
separation of compounds, which declined over 
time. The choice between the heart and the tail 
fractions was made from two parameters (i) high 
flow rate of the cooled water resulting in a low 
distillate flow rate and (ii) notes of overripe fruit 
mixed with leather in the distillate.

The ethanol content of distillates was measured 
using an Anton Paar density meter® DMA 4500 at 
20°C, with an accuracy of ± 0.00005 g/mL. Outputs 
were the density of the solution, temperature and 
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meter® DMA 45. Due to the pipeline connection, the 
final mass of the residue could not be determined. 
Duration and operating parameters (gas pressure 
and cold-water flow) are shown in Figure 2.

After heating and filling the column, the distillate 
was separated into several fractions. At the 
beginning of the head distillation, the first litre (HdD) 
was discarded, then about 6 L of the head collected 
before the heart distillation step. The choice of the 
cut was made by the distiller according to sensory 
criteria. The second part of the head fraction (HdR) 
and the tail fraction (TR) were recovered and recycled 
to the boiler for the next distillation. During the 
heart distillation (Ht), constant heating power was 
maintained (through constant heating gas pressure) 
while the cold-water flowrate was gradually

194J Inst Brew 2023,129:192-208

Table 1.

Mass balance of the initial boiler load.

Figure 1.

Ergaster distillation column.

Measurement of ethanol content
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% ABV. To obtain the mass balance and calculate 
concentrations for the simulation, ethanol 
mass fractions were determined from density 
measurements using the mathematical model 
reported by the International Organization of Legal 
Metrology (1975).

The samples were sent to the BNIC (Bureau National 
Interprofessionnel du Cognac) laboratory for 
analysis by GC-FID (Gas Chromatography – Flame 
Ionisation Detector).

For the main compounds (higher alcohols, 
aldehydes, esters), the samples were adjusted 
to 40 or 70% v/v depending on ABV and related 
calibrations. 4-methylpentan-2-ol (CAS 108-11-
2) at 28 g/L in absolute alcohol was used as an
internal standard. The analysis was performed using
gas chromatography (Agilent 7890A) equipped
with a flame ionisation detector and a polar
chromatographic column (CPWax 57 CB, 50 m x
0.25 mm, 0.25 μm). Hydrogen was the carrier gas
with a flowrate of 1.4 mL/min. The detector flame
was maintained with a constant flow of hydrogen
and compressed air at 30 mL/min and 320 mL/min,
respectively. The injector and detector were set to
220°C. Sample (0.4 μL) was injected in split mode

(25:1 ratio). The oven temperature was maintained 
at 35°C for the first 5 minutes and increased by 
4°C per minute until 220°C. This temperature was 
maintained for 10 minutes. Compounds were 
identified by comparing their retention times to 
those of standards. Calibration was established 
from standard solutions in hydroalcoholic mixtures 
at 40 and 70% (v/v).

After adjustment of samples to 40% ABV, volatile 
fatty acids were extracted from 25 mL with 4 mL 
of 50/50 dichloromethane/hexane.  Three internal 
standards (4-methylpentanoic acid, undecanoic 
acid, heptadecanoic acid) at 600 mg/L in the 
extraction solvent were added (200 μL). A reference 
solution prepared with analytical standards in a 
hydroalcoholic mixture at 40% v/v, as well as an 
internal control (brandy at 70% v/v) were included 
from the extraction phase to validate the procedure. 
After extraction, the GC analysis was performed 
using an Agilent 6890N equipped with a flame 
ionisation detector. The device had a polar capillary 
column type STABILWAX (30 m x 0.25 mm, 0.25 μm) 
coupled with a column type RTX1 (15 m x 0.25 mm, 
0.25 μm) on the detector side. The latter was added 
to allow better separation of acids. Hydrogen, the 
carrier gas was used at a flow rate of 1.4 mL/min. 
The flame of the detector was maintained by a 
constant flow of hydrogen and compressed air. 

Figure 2.

Distillation parameters.

Analysis of volatile compounds
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(Eqn.3)

ProSim® BatchColumn software was used for 
simulation and a heterogeneous approach was 
selected for the thermodynamic model. The NRTL 
activity coefficient model was chosen to represent 
the non-ideality of the liquid phase while the 
ideal gas model was used for the gas phase with 
the exception of the acids whose gas phase was 
represented by an association model, as suggested 
previously (Esteban-Decloux et al. 2014; Puentes et 
al. 2018a, b). The NRTL coefficients were obtained 
from the database with checking of consistency of 
the selected coefficients (Esteban-Decloux et al. 
2014; Puentes et al. 2018b; Douady et al. 2019). 

The construction of the simulation modules aimed 
to represent the evolution over time of the mass 
and the ethanol mass fraction of the distillate. The 
simulation module consisted of a boiler, a column 
and a total condenser. The boiler and condenser 
had an efficiency of 1. The column was represented 
by 13 plates: 12 plates having an efficiency of 0.8 
and a retention of 0.25 L to represent the packed 
column, and 1 plate having an efficiency of 0.35 
and a retention of 2.4 L to represent the area 
under the column where the steam from the boiler 
bubbles into the volume of liquid coming down 
from the packed column. The flow in the condenser 
(coil immersed in water) is piston-like, but, in the 
simulation, the condenser is defined as a theoretical 
stage with perfect mixing. Accordingly, the volume 
of condenser (0.1 L) was chosen and the time 
between the exit of the vapour from the top of the 
column and the arrival of the distillate liquid into 
the alcoholmeter was determined according to the 
distillate flow. The pressure was set to 1 atm and 
any pressure drop was neglected. Heat losses were 
considered along the column to represent the cold 
water circulation and the losses through the wall.

The injector and detector were at 250°C, with 
sample (0.5 μL) injected in splitless mode. The oven 
temperature was maintained at 45°C for 1 min, then 
increased by 15°C per minute until 80°C and 4°C per 
minute until 250°C, which was maintained for 15 
min. The compounds were identified  by comparing 
their retention times to those of reference solutions.

Since the wash contains particles and insoluble 
solutes, a pre-treatment was necessary. First a 
known mass of wash (mwash) was taken. Its density 
was measured at 20°C (ρwash) in order to determine 
its volume at 20°C (Vwash). This mass of wash was 
determined by ensuring that all ethanol had been 
collected in distillate (D1) with a quantified mass 
(mD1). Its density at 20°C (ρD1), ethanol content 
(ABVD1) and the concentration of all volatile 
compounds (xi-D1) were measured. Thus, it was 
possible to determine the volume of ethanol in D1 
(VEth-D1) equivalent to that of the wash used (VEth-

wash), and therefore the ethanol content of the wash 
(ABVwash) as % v/v. Knowing that in simulation, it 
is not possible to take into account dissolved dry 
matter and it is necessary to have mass or molar 
fractions of the compounds, from the ABVwash, its 
density at 20°C (ρwash-only-volatiles) and its mass
(mwash-only-volatiles) without dissolved matter other than 
volatile compounds were deduced.

Then, distillate (D2) with a known composition was 
taken. This distillate D2 was diluted to the same ABV 
as the wash and distilled (D3). Knowing the masses 
of D2 used (mD2) and D3 (mD3), as well as the analysis 
of the compounds in both solutions (xi-D2) and (xi-D3), 
a recovery factor (Fi ) of the laboratory distillation 
(equation 1) was calculated for each compound i, 
as well as the initial mass present in the wash (mi-

wash) (equation 2), and therefore the mass fraction 
of each compound without taking into account non-
volatile compounds (xi-wash) (equation 3):

(Eqn.1)

(Eqn.2)

196J Inst Brew 2023,129:192-208

Pre-treatment of wash for analysis Simulation of the distillation



fraction, although highly concentrated in some 
compounds, does not necessarily result in an 
increase in concentration in the boiler. This reflects 
the dilution by the addition of rinse water (31.2 L)  
and recycled fractions (34.8 L).

The distillate mass and ethanol content were 
monitored over time. From these data, the ethanol 
balance during the distillation was established 
(Table 3). The total distillate mass was 88.83 kg with 
partition as ollows: discarded head (HdD), 0.9% -
recycled head (HdR), 5.7% - heart (Ht), 60.5% - and 
recycled tail (TR), 32.9%. In the distillate 95.0% of 
the initial ethanol content was recovered.

Table 4 presents the balance calculated for each 
volatile compound, based on the sum of fifteen 
samples whose mass and composition were 
measured. For some compounds (meso-2,3-
butanediol, ethyl formiate and some acids), the 
figures are not reliable due to laboratory difficulties. 
On the other hand, it is normal that 2-phenylethanol, 
2-hydroxypropanoate, diethyl butanedioate, furan-
2-carbaldehyde and acetic and propanoic acids are
not 100% recovered in distillate fractions as these
compounds are of low volatility and remain in the
residue or waste (W) (Douady et al. 2019; Esteban-
Decloux et al. 2022).
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© 2023 Institute of Brewing & Distilling jib.ibd.org.uk 197J Inst Brew 2023,129:192-208

As compounds can have different names, each 
molecule is reported with its CAS number (Chemical 
Abstracts Service) and IUPAC name (International 
Union of Pure and Applied Chemistry) followed by 
the common name in italics. The concentrations 
of the main volatile compounds quantified in the 
wash and the recycled solution from the previous 
distillation (HdR+TR) are shown in Table 2. Considering 
the respective masses of the wash and the recycled 
solution, the composition of the solution loaded 
into the boiler was calculated. Table 2 also reports 
the molecules that could be simulated as well as 
their mass fraction in the boiler.

For the wash, the main compounds are the higher 
alcohols (3-methylbutan-1-ol, 2-methylpropan-
1-ol, propan-1-ol and 2-methylbutan-1-ol).
2-phenylethanol is also concentrated while
methanol was at a very low concentration. The
two main esters were ethyl acetate and ethyl
2-hydroxypropanoate (ethyl lactate). With ethyl
acetate, return of the recycled solution leads to a
sharp increase in the concentration in the boiler.
The concentration of acetic acid is suggested by the
BNIC laboratory to be a concern. The recycled

Results and discussion

Volatile compounds in the wash and 
boiler

Table 2.

Composition of the wash, recycled head and tail mixture (HdR + TR) and the solution loaded in the boiler with an 
indication if the compound is considered for simulation and its mass fraction.

Distillation balance
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Table 3.

Global and ethanol mass balance.

198J Inst Brew 2023,129:192-208

Table 4.

Experimental mass balance of the volatile compounds.



Nevertheless, both high volatility acetaldehyde 
and ethyl butanoate should be fully recovered, 
suggesting some may have been lost through 
evaporation at the beginning of the distillation.

The simulation was based on experimental data. 
Two modules with the same scenario were 
constructed: (i) the simulation of 29 compounds 
(other than acids) that have known NRTL 
coefficients to represent their equilibrium data (see 
Table 2), and (ii) seven acids for which the model 
must consider the dimerisation phenomenon. The 
initial composition of the boiler was determined as 
mass fractions (see Table 2). In total, 27 steps (Table 
5) were established for the distillation scenario
to consider the changes in parameters and fit the
profiles of ethanol concentration and cumulative
distillate mass. Figure 3 presents a screenshot taken
during the simulation of the heart distillation step.

The experimental and simulation results of distillate 
characteristics (ethanol and total mass, ethanol 
concentration) are presented in Figure 4. Overall, 
there is a good fit of the experimental data to the 
simulation curves. From this, the heart fraction is 
extracted at 75.3% ABV. However, there are some 
variations due to sudden changes in the cold-water 
flow. 
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Subsequently, using the experimental and 
simulation data, it was possible to plot the changes 
over time in the volatile compounds.

The behaviour of each volatile compound during 
distillation is directly related to its volatility 
coefficient (ki) as a function of the concentration 
of ethanol in the  boiling liquid (Esteban-Decloux 
et al. 2022). The volatility coefficient named in the 
figures ‘absolute volatility’ (ki) is defined by the 
ratio of the molar concentration of the compound 
in the saturated vapour phase (yi) to that in the 
boiling liquid phase (xi) in equilibrium: ki = yi/xi. The 
variation in volatility as a function of ethanol content 
is known for all compounds where their equilibrium 
data has been measured. These volatilities decrease 
with increasing ethanol concentration of the 
boiling liquid. Puentes et al (2018a) suggested the 
classification of volatile compounds in spirits with 
known data into three categories: light compounds 
more volatile than ethanol, heavy compounds less 
volatile than water and intermediate compounds. 
Therefore, the behaviour of the compounds 
depends on the ethanol concentration of the boiling 
liquids in the distillation unit.

Ethanol concentration and distillate mass 
simulation

Figure 3.

Simulation screenshot.

Changes in volatile compounds during 
distillation and comparison between 
experimental and simulation values

Absolute volatility
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Figure 4.

Changes over time in 
distillation parameters: 
experimental data (points) 
and simulation values (lines) 
of ethanol concentration (red), 
cumulative distillate (brown) 
and ethanol mass (green).

Figure 5.

Changes over time in the ethanol 
concentration of the distillate (red 
line) and the boiling liquid at the 
top of the column (blue dotted 
line).

Table 5.

Simulation steps.
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Volatile compounds during batch multi-stage distillation of whisky

It is then possible to distinguish compounds that 
have volatilities > 1 in the boiling liquid above 
30% ABV but have a volatility < 1 above 85% ABV 
(Figure 7). These compounds are delayed because 
their volatility becomes > 1 only at lower ethanol 
concentrations. But, with the sharp decrease in the 
ethanol concentration in the boiling liquid at the top 
the column, the volatility increases sharply as does 
the concentration in the distillate. Most compounds 
have a peak due to their partial exhaustion from the 
boiler. Most alcohols are present in this category 
(except methanol and 2-phenylethanol), three 
esters (3-methylbutyl acetate, ethyl octanoate, 
ethyl decanoate and 2-methylpropyl acetate 
which were not simulated), an aldehyde (furane-2-
carbaldehyde) and an acid (hexanoic acid). Alcohols 
peak during the recycled head fraction or at the 
beginning of the heart extraction. This is due to 
their volatility being > 1. For these alcohols, there 
is a good match between the experimental and 
simulation data with a small overestimation for 
hexan-1-ol.

Esters, with higher volatilities than the alcohols, are 
quickly exhausted from the boiler, and concentrate 
in the first distillate fractions. Nevertheless, 
for ethyl octanoate and ethyl decanoate, the 
simulation predicted a later exit than found with 
the experimental data. Accordingly, their volatility 
may be underestimated in the range of 75-85% 
ABV. The experimental concentration of furan-2-
carbaldehyde and hexanoic acid increases with time 
contrary to what is predicted by the simulation. This 
suggests that the volatility of furan-2-carbaldehyde 
and hexanoic acid is lower than that obtained from 
the equilibrium data. Accordingly, their behavior is 
closer to that of congeners with low volatilities.

From the simulation, changes in the ethanol 
concentration of boiling liquid at the top of 
column was determined (Figure 5). This goes 
from a maximum of around 85% ABV during the 
extraction of the discarded head fraction (HdD), 
falls progressively for 40 minutes to reach 30% ABV 
where it stabilises throughout the recovery of the 
heart fraction. At 274 minutes, with the increase 
of heat and the decrease of cold-water flow in the 
column, the ABV decreases sharply. Therefore, 
it was chosen to interpret the behaviour of the 
quantified and simulated congeners by considering 
three categories according to their volatilities in 
three bands of ethanol concentration in the boiling 
liquid (> 85, 85-30 and < 30% v/v).

Among the congeners, the compounds with a 
volatility greater than one (> 1) at 85% ABV in 
the boiling liquid are an alcohol (methanol), 
three esters (ethyl acetate, ethyl butanoate, ethyl 
hexanoate) and three aldehydes (acetaldehyde, 
2-methylpropanal and 1,1-diethoxyethane). Figure
6 shows the variation in volatility with the ethanol
concentration of the boiling liquid (A), and their
concentration profile in the distillate over time
(B). Ethyl acetate and the three aldehydes are
concentrated in the first distillate fractions (HdD and
HdR). Given the high concentration of ethyl acetate
and acetaldehyde, interest in removing a small
fraction of the head is understandable. The other
two esters follow the same profile but with much
lower concentration factors because their volatility
in the liquid between 85 and 75% ABV is low.

Methanol has a volatility > 1 whatever the 
ethanol concentration but, with a very low value 
in comparison with the other compounds in this 
category.  Therefore, methanol never concentrates 
strongly in the vapour phase and is present in all 
distillate fractions and as well as the residue (see 
Table 4). This confirms that the separation of the 
head fraction does not remove methanol but rather, 
aldehydes and ethyl acetate. For all compounds 
in this category, the simulation represents the 
experimental data well. 

Profile of congeners with intermediary 
volatility

Profile of congeners with high volatility

Ethanol concentration in the boiling 
liquid at the top of the column
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Figure 6.

Volatility curves of compounds with (A) volatilities > 1 at an ethanol concentration over 85% ABV and (B) concentration 
profiles of compounds in the distillate over time.

ethyl acetate -exp

ethyl acetate -sim

Profiles of congeners with low volatility

Compounds that have low volatilities of < 1 at 
30% ABV are considered (Figure 8). These are 
acids (acetic, propanoic  etc),  2-phenylethanol, 
ethyl 2-hydroxypropanoate and diethyl 
butanedioate. Both 2-phenylethanol and ethyl 
2-hydroxypropanoate exhibit high concentrations
in the boiler, where their concentrations slightly
increase during extraction of the heart and then
decrease during the tail fraction. This is due to the
increase in heating and reduced flow of cold water
in the column. Here, the simulation generally

represents the experimental data well. However, the 
simulation of acetic acid is poor reflecting analytical 
difficulties. Indeed, in previous studies (Puentes 
et al. 2018b; Douady et al. 2019) simulations of 
acetic acid are good. All other acids in this category 
and diethyl butanedioate follow a similar trend to 
2-phenylethanol and ethyl 2-hydroxypropanoate,
but at a much lower concentration. For these
compounds, the simulation predicts the correct
profiles but at the wrong concentration.
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Figure 7.

Volatility curves of compounds with (A) 
volatilities < 1 at over 85% ABV and > 1 at 
less than 30% ABV and (B) concentration 
profiles of compounds in the distillate over 
time.

Volatile compounds during batch multi-stage distillation of whisky

Table 6 shows the distribution of the volatile 
compounds in the different fractions. The discarded 
head fraction (HdD), which represents 0.8 wt.% of the 
ethanol distribution, removes a significant amount 
of 2-methylpropanal (35.6%), ethyl acetate (30.2%), 
ethyl butanoate (25.2%), acetaldehyde (21.1%) 
and 1,1-diethoxyethane (17.1%). In addition, this 
fraction eliminates the dead volume from the end 
of the previous distillation and products coming 
from reactions between volatile fatty acids and 
the copper of the coil in the condenser-cooler 
solubilised at high ethanol concentration.

The residue (W), which represents 5.0 wt.% of 
the ethanol distribution, removes compounds 
having a negative impact on spirit quality (acids, 
diethyl butanedioate and 2-hydroxypropanoate) 
but, unfortunately, also more than 80% of 
2-phenylethanol which has a positive organoleptic
impact. The recycled fractions (HdR and TR)
represent respectively 8.1% and 10.8% of the
ethanol distribution. This supports the recycling
of 2-phenylethanol (11.9%) and a high proportion
of esters of interest such as 3-methylbutyl acetate
(71.1%), ethyl hexanoate (86.9%), ethyl octanoate
(74.3%) and ethyl decanoate (70.9%). Unfortunately,
compounds contributing negative notes are also
recovered including ethyl butanoate (60.8%),

Distribution of volatile compounds in 
different fractions
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Figure 8.

Volatility curves of compounds with (A) 
volatilities < 1 at over 30% ABV and (B) 
concentration profiles over time. 

ethyl acetate (45.5%), acetaldehyde (40.0%), 
2-methylpropanal (36.8%) and 1,1-diethoxyethane
(23.3%). However, this recycling is mandatory as
the ethanol yield of the distillation must comply
with regulations that specify the maximum loss of
alcohol allowed (Official Journal, 2012).

There are few studies that consider the influence of 
recycling of the head and tail fractions.  Accordingly, 
data was used to characterise the concentration 
of the compounds in the heart with recycling of 
the head and tail. To achieve this, a mathematical 
model was developed with - at each run - a constant 
distribution of the compounds in the head, heart, 
tail and residue fractions (see Table 6) with a

constant total mass in the boiler (712 kg). The first 
distillation started only with wash, with subsequent 
distillations considering recycled fractions and 
less wash to maintain the mass in the boiler. At 
each distillation run, the mass of compounds was 
calculated in each fraction according to distribution 
and recovery rate into the heart, based on the 
amount in the wash and the heart. Table 7 shows 
the recovery rate of each compound in the heart 
compared to the initial input of the wash as a 
function of 15 successive distillations in the mass 
balance streams reported in Figure 9.

For all compounds, including ethanol, the recycling 
of fractions allows an increase in their extraction 
rate compared to their initial input from the wash. 
For most compounds, a pseudo-steady state is 
achieved in less than five distillations. However, this 

Influence of recycled fractions on the 
composition of the heart fraction
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Table 6.

Distribution of compounds in different fractions.

Volatile compounds during batch multi-stage distillation of whisky

is not the case for ethyl butanoate, 3-methylbutyl 
acetate, ethyl hexanoate, ethyl octanoate and ethyl 
decanoate whose recovery rates increase across 
15 successive distillations. This is explained by the 
proportion in the recycled head fraction (HdR), at 
respectively 60.8, 71.1, 86.9, 73.3 and 69.2%.

Additionally, the composition of the first calculated 
heart produced only with wash (Ht1-cal), the calculated 
15th heart (Ht15-cal) and experimentally (Htexp) were 
compared (Table 8). Unlike the first calculated heart 
from the wash (Ht1-cal), the composition of the 
calculated heart in pseudo-steady state (Ht15-cal) is 
similar to experimental data from the distillation of 
the raw wash and recycled fractions mixed in the 
boiler. This is why, in studies to characterise the heart 
obtained from a given wash, it is recommended to 
perform several distillations with the addition of the 
recycled fractions.

Finally, sensory analysis of the heart fraction was 
performed using the odour active value (OAV) which

is the ratio of the concentration of the molecule to its 
cut-off threshold, taken from Poisson and Schieberle 
(2008), Gao et al (2014) and Wang et al (2014). The 
concentration of the volatile compounds in pseudo-
steady state (Ht15-cal) and the experimental heart 
(Htexp) were assessed after dilution to 46% ABV. Due 
to its very low threshold, ethyl octanoate presents 
the highest OAV, confirming the importance of the 
recycling of HdR fraction. However, several sensory 
negative compounds have important OAVs (ethyl 
acetate, acetaldehyde and 1,1-diethoxyethane) 
despite their partial elimination in the discarded 
head fraction (HdD). Perhaps, depending on the 
composition of the wash, it may be necessary 
to increase the amount of the discarded head.  
Alternatively, the flow of cold water could be 
increased during the extraction of the discarded 
head fraction (HdD) to retain a higher concentration 
of compounds with a volatility always > 1 at 85% 
ABV, while delaying the loss of the compounds of 
interest.

Table 7.

Recovery rate of compounds based on the composition of 
the wash loaded in the boiler as distillation progresses.
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Figure 9.

Mass balance after 15 distillations. 

Table 8.

Composition and Odour Active Values of the simulation and experimental hearts. 
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This   study   reports   experimental   data   on   the 
evolution of volatile compounds during the 
discontinuous distillation of wash (from fermented 
malted barley) with a Stupfler-type column.  Data 
is compared with simulation with most compounds 
well represented. The main outlier is acetic acid which 
reflects analytical issues. Although the simulation of 
other acids was consistent, the concentration can 
be overestimated or underestimated depending on 
the compound.

The percentage distribution of the compounds 
between the different distillate fractions (discarded 
head, recycled head, heart, tail) and waste were 
assessed using simulation and experimental data. 
Assuming that these distributions are maintained 
during each distillation and the mass in the boiler 
remained constant, 15 distillation runs were 
calculated, initially with only the wash and then with 
recycling of head and tail fractions. A pseudo-steady 
state was achieved in less than five distillations, and 
it was possible to estimate the true recovery rates 
of compounds in the heart. The difference between 
the first and fifth heart drives the  recommendation 
to perform several distillations with the recycled 
fractions to better characterise the heart.

Using  previously  reported  perception  thresholds, 
the odour active values of the compounds in heart 
were determined. This confirmed the necessity 
to recycle the head fraction (HdR) to improve 
the recovery of esters of interest.  Further, it 
is necessary to modify the parameters at the 
beginning of distillation to increase the difference 
between the high volatile compounds at high 
ethanol concentration (ethyl acetate, acetaldehyde 
2-methylpropanal and 1,1-diethoxyethane) and
compounds with volatility > 1 when the ethanol
concentration of the boiling liquid is < 75% ABV.
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