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Modeling and Prediction of Evaporative Ethanol Loss 
During Wine Fermentations 

LYNN A. WILLIAMS'' and ROGER BOULTON* 
A kinetic model for batch alcoholic fermentations, such as those employed in winemaking. has been modified to 
calculate evaporative losses of ethanol. Computer generated solutions exhibit good agreement with reported 
experimenlal measurements. The model is used to illustrate the effects of inoculum level, sugar utilization, must 
temperalure, non-isothermal conditions and cap temperature on evaporative ethanol losses. A master 
correlation is presented for estimation of losses under any combination of temperature and sugar utilization dur- 
ing entire, isothermal batch fermentations. 

Recent actions by regulatory agencies indicate a mnve 
toward classifying ethanol as a high reactivity phutoche- 
mica1 pollutant with very little technical substantiation. 
T h e  perceived need to quantify evaporative losses during 
wine fermentations has led to significant expenditures on 
large-scale fermentor emission measurements. A much 
more efficient, versatile, and useful appruach is to  employ 
computer fermentation modeling to predict evaporative 
losses under any set of fermentation conditions. T h e  
results of this approach are presented below. 

T h e  question of evaporative losses of ethanol during 
wine fermentations and proposed methods of recovery 
has been a subject of interest in the enology literature 
since a s  far hack as 1821 when Gay-Lussac addressed the 
problem (8). Several authors have reviewed the literature 
(1,14,16,18), some of which is replete with both theoreti- 
cal and experimental error. 

dimensions for the ordinate which indicates that  the 
reported ethanol losses range frnm 0.1 to 1.5 percent by 
volume (% vol/vol). This  can only be interpreted to  mean 
the expected decrease in wine ethanol concentration ('70 
vnl/vol) due to losses during fermentatiun. In fact, the 
original data they have plutted from the literature express 
the loss in terms of ethanol lust as a percent uf ethanol 
furmed. This  quantity is independent uf the dimensions 
of ethannl concentration. The ordinate of their plot 
should read "Ethanol lost a s  a percentage of ethanol 
formed.'' T h e  actual decrement in wine ethanol (% vol/ 
vnl) would be apprnximately a factor uf ten smaller. Thus, 
actual wine alcohol content decreases should range from 
0.01 to 0.15 percent by volume (96 vol/vol). 

In addition, Ough and Amerine (12) have assumed 
that  the initial sugar concentrations ("Brix)  were com- 
pletely fermented. This was almost currect in sume uf the 

Table 1. Summary  of lilerature results on ethanol losses. 

Ethanol losl as Vessel Sugar Ethanol formed Ethanol lost 

Reference Year L OC 9/L g/L % VOl/VOl e % VOl/VOl g/L ethanol formed 
size Temperature Initial Used percent of 

- -  ~ _ _  - -  
22 216 (a) 216 10 79 0.06 0.47 0.6 10 1946 - 

7 1949 2.5 35 182 
20 182 

5 1951 4000 27-30 204 

16 1963 10 26-28 - 
284091 29-31 - 

5 182.8 

26.5 220 
32 220 
34 276 

6 1974 121120 27-32 (c) - 

180.3 10.85 
180.0 10.82 
179.4 10.84 

202.7 12.1 

265 (b) 13.21 
115 (b) 6.07 

220 (c) 11.2 (b) 
270 (c) 11.2 (b) 
240 (c) 12.1 (b) 
240 (c) 12.1 (b) 
220 (c) 11.2 (b) 
220 (c) 11.2 (b) 
240 (c) 12.1 

177 (d) 10.8 

85.6 
85.2 
85.5 

95.5 

104.2 
48.0 

88.5 
88.5 
95.5 
95.5 
88.5 
88.5 
95.5 

85.6 (d) 

0.13 1.03 1.2 
0.07 0.55 0.65 
0.02 0.15 0.18 

0.06 0.52 0.54 

0.11 0.86 0.83 
0.07 0.56 1.17 

0.012 0.097 0.11 
0.053 0.416 0 47 ~~ 

0.07 0.554 0.58 
0.086 0.678 0.71 
0.073 0.575 0.65 
0.10 0.796 0.90 
0.165 1.30 1.36 

0.009 0.07 0.083 

11 1980 340909 11.3 160 140 7.3 57.6 0.023 0.18 0.313 
a. Calculated assuming 20"Erix yields 10% vol/vol ethanol. 
b. Calculated assuming l%rix yields 0.55% vol/vol ethanol. 

Ough and Amerine (12), and more recently, Amerine 
and Ough (21, have presented graphical illustr ti t .ions ' 

which summarize reported values of ethanol losses frum 
Lhe literature. However, their graphs are in error and 

c. Estimated from the original reference. 
d.  Calculated from C02 production. 

repurted cases, but not i n  others. 111 addition. they 
normalized all of the experimental values uf ethanol loss, 
d ~ t a i n e d  with diverse values of "Hrix. to a standard value 
u f  22.S"Brix. This was dune assuming direct i)roi)orti<lI1- . .  

contribute t o  the cunfusion. T h e  major error concerns the ality hetween ethanol loss and initial "Brix. I t .can he 
easily shown mathematically (17) that this assumption is 
only correct i f  loss is expressed as a percentage (or  
fraction) o1' furmatiun for an entire isiithermal juice 

'?:%'I 
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EVAPORATIVE ETHANOL LOSS - 235 

fermentation. Therefore, the assumptiiin was correct for 
the actual data they were attempting to adjust. However, 
i f  loss is expressed as the decrement i n  liquid phase 
ethanol concentration (% vol/vol, % wt./wt, or g/L), 
which their graph erroneously suggests for the data, then 
direct proportionality does not apply. In this case, for 
entire isothermal juice fermentation, the ratio must em- 
ploy the second powers of the respective sugar concentra- 
tions utilized (or the secnnd power of initial "Brix, 
assuming complete fermentatim) (1 7). 

A complete tabulation of reported literature values for 
ethanol loss during fermentation is presented in Table 1. 
All pertinent information is given, either from the origi- 
nal literature, or else it has been calculated or assumed as 
specified in the table's footnotes. I t  can be seen that  the 
values of wine ethanol (% vol/vol) loss range from 0.012 
to 0.165 % vol/vol. The  values of ethanol loss, as  a 
percentage of ethanol formation, range from 0.11 to 1.36 
percent. 

-- 

Mater ia l s  a n d  Methods 
-- T h e  model: The  computer model used in this work 

(17) is built upon the fermentation kinetic model of 
Boulton (3,4). This  model assumes that  the only impor- 
tant mechanism for ethanol loss is equilibrium evapora- 
tion into the escaping CO, stream. Physical entrainment 
of small droplets was shown to be insignificant in modern 
closed fermentation vessels (17). The  careless use of the 
term "entrainment" by some authors (16,18) has perhaps 
derived from the French meaning. In modern engineering 
terminology, entrainment can only mean actual suspen- 
sion of small liquid droplets in a gas. Although such 
droplets are readily formed, their escape from closed 
vessels should be insignificant. 

Reliable recent experimental data (13) for pure eth-  
anol-water mixture phase equilibrium thermodynamics 
were fitted to functions in the regions of temperature (0- 
40°C) and ethanol concentration (0.14% vol/vol) which 
pertain to wine fermentations. Although actual data for 
fermenting musts and wines or their model solutions, 
which contain considerable amounts of dissolved sugar 
and other solids, would be preferable, such data are not 
available. This  information was incorporated into the 
fermentation model to allow calculation of ethanol and 
water vapor concentration in the CO, stream. The  model 
calculates the rates of loss throughout the fermentation 
and integrates these rates to give the total amount lost. 
The model has been used to verify experimental measure- 
ments made in the past and to predict ethanol losses for a 
variety of cases based on changes in fermentation condi- 
tions which are under the control of the winemaker. 

A typical result of the computer simulation for a 
20"Brix juice a t  21.1"C is shown in Figwre I .  This  figure 
displays not only the liquid phase sugar and ethanol 
concentrations, hut also the vapor phase ethanol concen- 
tratiiins in the CO? stream. In addition. the rates of CO, 
evolution and ethanol evaporative loss are shown. The  
areas under the two bell-shaped rate curves correspond to 
tlle tiital CO, produced and the tiital e thnnd lost, respec- 
tively. It may be seen that the maximum rate 01 ethanol 

- -  

-_ 

I 
30,ow 

24,OW 

T I M E  IHOURSI 

Fig. 1. The predicted rates of CO, evolution and ethanol emis- 
sion and liquid and vapor phase ethanol concentrations. (Initial 
sugar content of 20"Brix. isothermal T=21 . I C )  

loss does not coincide in time with the maximum rate of 
CO, production, which corresponds to the maximum 
fermentation rate. This  result clearly refutes the arbitrary 
assumption that maximum ethanol loss occurs simulta- 
neously with maximum fermentation rate (12). Although 
not typical of most wine fermentations, this case results 
in a vapor phase ethanol concentration of 8300 ppm, a 
maximum CO, production rate of 0.6 liters per liter of 
must per hour and a maximum ethanol loss rate of 6 mg/ 
L of must/hour. Total ethanol loss was 475 mg/L or 3.96 
Ih per 1000 gallons. 

Results and Discussion 
Model validation: The  model has been used to fit 

sugar depletion curves reported in the literature. Once an 
acceptable fit is obtained, a comparison of other predict- 
ed quantities, with their measured values should indicate 
the degree of validity of the model. 

In one case, an industrial scale (90000 gallons) mea- 
surement by a regulatory agency (11) was modeled (Fig. 
2). The  irregular sugar depletion curve was fitted approxi- 
mately, and the resulting predicted vapor phase ethanol 
concentration compared reasonably well with the mea- 
sured values, especially later in the fermentation when 
most of the sugar is used up. The  disparity early in the 
fermentation is due partly to under-estimation of sugar 
depletion (and thus liquid phase ethanol concentration) 
with this particular fit. In addition, the high sugar 
concentration initially present probably exerts some ef- 
fect on increasing the ethanol activity coefficient (and 
therefore, partial pressure). This  effect could be built into 
the model as  well if the experimental data were available. 

The  ethanol emission rate curves in Figure 2 predict- 
ed by the model and measured experimentally differ 
somewhat from one another, being close in magnitude but 
not coinciding i n  time of peak occurrence. Such rate 
curves are very sensitive to the exactness [if  fit of the 
sugar depletion curve, so this small disparity is not 
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peak rate region. but are close late in the fermentation. 
This  discrepancy is again partly due to inaccuracies in 
translating the published information and  fitting the 
sugar depletion curve. The  possibility of some initial 
ethanol present due to a large percentage inoculum may 
also be a factor. The  effect of the early high sugar 
concentrations on ethanol volatility should also contrib- 
ute to the discrepancy. Finally, the extent to which the 
experimental fermentations deviated from the reported 
temperature could also contribute to the differences. 

Although these validation comparisons are not per- 
fect, they indicate that the model does a reasonable job of 
simulating fermentation, and evaporative ethanol loss 
behavior, both qualitatively and quantitatively. The  ex- 
act  shape of the emission rate curve, which depends 
strongly on the sugar depletion curve, is not as important 
as the integrated area under it, which represents total 
emission with fair accuracy. I t  seems likely that  more 
rigorous and complete experimental measurements 
should result in even better agreement with the model. By 
employing this computer model, it is possible to examine 
the effects of several fermentation variables on the total 
ethanol emissions. 

Ef fec t  of fe rmenta t ion  rate: Some previous work- 
ers have suggested that  the amount of ethanol lost due to 
evaporation is somehow dependent on rate of fermenta- 
tion. Fermentation rate is related to temperature, so it is 
necessary to separate true rate effects from the effect of 
temperature, which also greatly affects ethanol volatility 
behavior. Rate of fermentation can be manipulated by 
adjusting the size of yeast inoculum used, with all other 
variables held constant. 

The  computer model results for a series of fermenta- 
tions with 20"Brix a t  21.1"C. with inoculum levels rang- 
ing from one half up to eight percent by culture volume 
but disregarding any initial ethanol added with the 
inoculum, is shown in  Figure 4. The  rates of sugar 
depletion follow the expected behavior. The  final vapor 
phase ethanol concentration approaches almost the same 

Although the temporal occurrence and peak values for the 
ethanol loss rate curves depend on rate, the model 
predicts almost exactly the same final ethanol loss, 475 
mg/L or 3.96 lb/1000 gallons for all of the inoculum levels. 
This  indicates that  the areas under the various loss rate 
curves are numerically equal. 

It is entirely reasonable to expect that  total ethanol 
loss will be independent of rate. The  phenomena of CO, 
release and ethanol formation and accumulation in the 
liquid phase are stoichiometrically linked. In order to get 
to any given liquid phase ethanol ciincentration in a 
fermentation, it must pass through a stoichiometrically 
determined trajectory of CO, release and liquid phase 
ethanol concentration. Provided the assumption of va- 
por-liquid equilibrium is valid, it makes no difference at  
what rate the fermentation traverses this trajectory. the 
ethanol lost should always be the same. 

EFfcct of s u g a r  utilization: The  effect of the quanti- 
ty of sugar utilized during t'ermentatim on the amount of 
ethanol lost due to evaporatii)n has nnt been properly 

.- - 

- -  

value in all cases, ranging from 8293 to 8318 ppm. -- 

-._ 

Am. J. Enol. Vitic., VoI. 34, No. 4, 1983 -_ 



30,000 
300 r 

I 

z 
a 
a 
L 

240 z 24,000 
I t ?  
J I- . 4 
0 r 

I- z z 
z 
0 I- 

(L u 
J i- 
0 z 
z W u 

0 
V 

CT 
U 
0 VI 

VI 

- 
0 180 - 18,000 

a 
- 

z 120 - 2 12,000 
+ 
W 

W 

3 a 
60 - 2 6,000 

CT 
0 
a 
U > 

0 
0 60 I 2 0  I80 2' 

EVAPORATIVE ETHANOL LOSS - 237 

15 

- 
Lz 

12 I: 
_1 

0 
. 
z - 

9 :  
2 
2 

Fig, 4. The influence 01 initial inocu- 
lum level on the rate 01 fermentation. the 
rate of ethanol emission and the  vapor 
phase ethanol concentration. (Initial su- 
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appreciated by previous workers. In a recent paper cover- 
in0 thonretiril asnert,s 117). i t  has been shown tha t  

tionai to the concentration of sugar utilization. 
This  effect is  dramatically demonstrated by the com- ...~ __r .... ~~ ,, 

ethanol loss from the fermenting liquid phase (g/L, 96 
vol/vol, or 76 wt/wt) during an  entlre batch fermentation 
is proportional to  the  square of the concentration of sugar 
utilized, If ethanol loss is expressed as a percentage of 
ethanol formation, then this quantity is directly propor- 

puter model results shown in Figure 5. A series of 
fermentations a t  21.1-C with initial sugar contents rang- 
ing from 10"Brix to 30"Brix were simulated. Sugar and 
ethanol inhibition effects on yeast growth were sup- 
pressed in this run, allowing simulation of complete sugar 

300 

- 
240  

z 
c 
U n 
c z 
W u z 120 
0 " 

0 180 - 

LL 
Q 
0 
3 
v, 6C 

Fig, 5. The influence 01 initial sugar 
content on the rate 01 fermentation, the 
rate 01 ethanol emission and the vapor 
phase ethanol concentration. (Isothermal 
T=21.1 "C.) 
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- 
utilizatiiin o S  even the high sugar values. It can be seen 
that the final vapor phase ethanol concentration in- 
creases more o r  less proportionally with sugar utilization. 
However, the area under the ethanol loss rate curves 
increases much more dramatically. Comparison of the 
:10"Brix curve with the 10"Brix curve shows a loss much 
larger than three times a s  great, in fact, more in  the range 
of  nine times a s  great. A plot of the computer generated 
values of total loss against the square of the "Brix utilized 
(Fig. F) results in almost a straight line, verifying the 
previously derived theoretical relationship (17). The  mi- 
nor deviation from linearity is the result of assumptions 
built into the model. I t  should be emphasized that  the 
results i n  Figure 6 only apply to entire fermentations of 
juice a t  21.1"C. Other temperatures would produce lines 
with different slopes. 

Effects of fe rmenta t ion  tempera ture :  As previous- 
ly discussed, the effects of temperature on fermentation 
rate per  se have no bearing on ethanol evaporative loss. 
The  overwhelming effect of temperature is on the partial 
pressure exerted by ethanol from aqueous solutions. Two 
separate temperature dependencies are involved; that of 

Antoine equation, and that  of the ethanol activity coeffi- 
cient, as described by solution thermodynamic relation- 
ships. I t  has been shown (17) tha t  both of these depen- 
denc ies  can  be  approximated  in  t h e  region of 

- 

the pure component vapor pressure, as  described by the .- 

5 C 

.- 

I,&.,- , a , . - , , * , . . \  
I HWC I n U U K 3 J  

Fig. 7. The influence 01 fermentation temperature on a) the 
lermentation rate. b) the vapor phase ethanol concenlration. and c) 
the rate 01 ethanol emission. (Initial sugar content of 22.5°Brix. 
isothermal fermentation at  indicated temperature.) 
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fermentation interest, 0-40°C. by a single t.erm whose 
logarithm is inversely proportiunal tii absolute tempera- 
ture. With other conditions constant, a plot of the 
logarithm of ethanol loss against the reciprocal absolute 
temperature will yield a straight line. 

A series of isothermal fermentations. all a t  22.5"Brix 
was simulated for temperatures ranging from 10°C up to 
295°C. The resulting curves, shown in Figures 7a, 7b. 7c, 
follnw the expected trend regarding fermentation rates. 
However. the importantpoint to  note is the large increase 
of vapor phase ethanol concentration with temperature, 
going from about 4000 ppm a t  10°C to over 16000 ppm a t  
29S"C.'Likewise. the total ethanol loss went from 280 
mg/L to 1064 mg/L, corresponding to 2.34 and 8.85 Ib/ 
1000 gallons, respectively. 

As shown i n  Figure 8, the losses predicted by the 
computer simulation for 22.5"Brix sugar utilization in- 
deed fall in  a straight line on a semi-log plot against 
reciprocal absolute temperature. A t  nther values of "Brix, 
the respective lines would be parallel and either higher or 
lower a s  indicated. 

4 0  . -  
4000 ;::: 0 - i -. E '\ '. j Z O  <, 5 4 

: 1000 

2 700 
z 600 
4 
I 500 
+ 
W 4 0 0  
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4 c 300 - 
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0032 0 0 3 3  0034 0035 

' ( O K , . ,  

Fig. 8. The linear relationship between the reciprocal absolute 
temperature and the logarithm of the total ethanol lost for the initial 
sugar contents indicated. 

Effect  of s u g a r  and t empera ture :  In fact, it is 
possible tu simultanenusly correlate both the effects of 
temperature and sugar concentratinn utilized, resulting 
in a single linear currelation fnr  all isothermal entire 
fermentatinns (17). I t  is merely necessary tu plnt the 
quantity 
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against reciprucal absolute temperat.ure. and all of the 
parallel lines in Figure 8 shoul(l collapse into a single 
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Fig. 9. The general linear relationship between the reciprocal 
absolute temperature and the logarithm of the ethanol lost divided 
by the square 01 the sugar concentration utilized. Model predic- 
tions (0). data from Table 1 (0). €PA equation (1 5) lor 20.4"Brix (--- 
) and 2S9Brix (--). 

- 

straight linc. This plot is shown in Figure 9, which 
contains points from several isothermal fermentation 
simulation cases and also the reported literature values 
based on the information in Table 1. 

I t  may be seen that the computer simulation points all 
fall on a straight line. The dispersed cluster of calculated 
pnints a t  2l . l"C corresponds to isothermal cases with 
sugar utilization ranging from 10"Brix to  30"Brix. 'rhus, 
all uf the'parallel lines in Figure 8 did not collapse exactly 
into a single line on this plot. This  is due tu  snme 
assumptions made in the computer model'and the thenry 
behind this form of plot. However. the predicted lnss 
values come very close to one another, even over such a 
wide range nf sugar utilization values. 

I he regression line through 13 reported literature 
da1.a pnints from Table I ,  is almost parallel to and slightly 
below the predicted values. Data points which only 
pertained to partial fermentations were excluded. a s  was 
the m e  report on a grain fermentation (S), which seems 
tn he in error by a t  least an order of magnitude. 

Also shuwn i n  Figure 9 are curves generated by a 
recently published EPA prediction equation (15). which 
has nu theoretical basis. This  equation deviates from 
linearity (in a plot such as Figure 9 and generally underes- 
timtit,es ethanol losses, especially a t  lower temperatures. 

'I'he hest available estiinates fur  ethanol evaporative 
losses during entire, isothermal juice fermentations a t  
any combination nf sugar utilizat.inn and temperature 
should he obtainable from the computer line in  Figure 9. 

r /  
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Non-isothermal cases: I t  sometimes happens in 

fermentation practice that  the capacity of cooling sys- 
tems in not sufficient to maintain fermentations at 
constant temperatures. The  versatility of this modeling 
approach is that it is also capable of describing behavior 
in these complex non-isothermal cases. Figure 10 shows 
the result for a series of 22.5"Brix fermentations, initially 
at 15"C, which reached peak temperatures of 17.3"C, 
20.0'C and 248°C due to varying deficiencies in cooling 
capacity. I t  can he seen that this condition results in a 
skewing of the ethanol emission rate curves toward later 
times. In addition, the vapor phase ethanol concentration 
often peaks during fermentation rather than at the end. 
Figure 11 shows the corresponding result of fermenta- 
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tions initially at 20°C which reached temperatures of 
21.6"C, 23.3"C and 26.8"C. The ethanol emission rates 

Table 2. Effect 01 non-isothermal fermentation. 
Percent of 
maximum Temperature 'C vapor ethanol Total ethanol loss 

cooling load Initial Maximum ppm g/L Lb/l000 gal 
100 15 15 5330 0.310 2.59 
50 15 17.3 5512 0.346 2.88 
25 15 20.0 6454 0.437 3.65 
12.5 15 24.8 10037 0.656 5.48 

100 20 20 8395 0.531 4.43 
50 20 21.6 8516 0.585 4.88 
25 20 23.3 8943 0.659 5.50 
12.5 20 26.8 11607 0.829 6.92 

Maxi m u m 

1 3 0  1 ' 5  

Fig. 11. The influence of non-isother- 
mal fermentation on the rate of ethanol 
emission and the vapor phase ethanol 
concentration. (Initial sugar content of 
22.5"Brix. initial temperature of 20°C. 
maximum fermentation temperature as 
indicated.) 
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are higher due to the higher peak temperatures. The  
maximum vapor phase ethanvl concentration can again 
reach a maximum before the end of fermentation provid- 
ing the temperature rise is of the order of 5°C. The  total 
losses also increased greatly, as shown in Table 2. 

Effect of cap: All nf the previous simulations have 
been for cases o i  batch juice fermentations which as- 
sumed homogeneity throughout the fermenting liquid. 
The  presence of a partially submerged cap of grape skins 
in red wine fermentations is known to introduce rather 
large inhomogeneities in both temperature and the con- 
centrations of sugar and ethanol. Guymon and Crowell 
(9) observed temperatures in caps as  much as  8" to 11°C 
higher than the liquid temperature. This  was attributed 
to a more rapid rate of fermentation associated with a 
much larger accumulation vf yeast cells mass adhering to 
the skin surfaces in the cap. They also found that  the 
liquid pressed from the cap had a higher alcohol concen- 
tration and lower reducing sugar concentration than the 
bulk liquid. but the degree of disparity varied throughout 
the batch. Clearly, the phenomena occurring in the  cap 
are complex and would require a much better knowledge 
of the cap microstructure before an  accurate model could 
be developed. 

However, a simplified simulation model, which prob- 
ably underestimates ethanol losses, can be developed and 
examined. I t  is assumed that  the cap is wetted with liquid 
a t  the same ethanol concentration as  the bulk liquid. but 
is a t  a higher temperature, ranging from 0" to 10°C higher 
than the bulk liquid. Thus,  fermentation proceeds a t  the 
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bulk liquid temperature. but ethanol vapor equilibrium 
concentrati(ins are calculated a t  the higher cap tempera- 
ture. 

The  results of this simulation for 22.5"Brix sugar 
utilization are shown in Figure 12. I t  can be seen that 
increasing liquid-cap temperature differentials signifi- 
cantly increase vapor phase ethanol concentrations and 
total ethanol loss. The  numerical results are summarized 
in Table 3. 

Table 3. Effect01 captemperature T,,,, = 21 .1"C 
Cap A T  Vapor ethanol Ethanol loss 

OC ppm s/c Lb/1000 gal - 
0 9325 0.61 5.09 
2~5 11019 0.72 6.01 ~~ ~ . .  
5.0 12980 0.85 7.09 
1.5 15242 1.01 8.43 

10.0 17844 1.18 9.85 
Because of the fact that liquid present in the cap may 

contain ethanol concentrations twice as  large as  the bulk 
liquid (9), the results in Table 3 could be low by a t  least 
50%. On the other hand, if the CO, passing through the 
cap does not attain equilibrium with the cap temperature 
and ethanol concentrations, then the values in Table 3 
could be too large. 

Clearly, if reduction of evaporative ethanol loss is one 
goal for fermentation management, then more intensive 
cap management by pumping over or other means will 
minimize temperature differentials, and advancing the 
time for cap removal would significantly reduce evapora- 
tive ethanol emissions. 
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Fig. 12. The influence of elevated Skin 
cap temperature on the rate of ethanol 
emission and the vapor phase ethanol 
concentration. (Initial sugar content of 
22.5'Brix. liquid temperature of 21.1"C. 
temperature differentials as indicated.) 
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Conclusions 
A batch alcoholic fermentation model has been devel- 

oped and demonstrated to accurately predict expected 
losses of ethanol due to evaporation. Agreement with 
experimental results is good, with the model probably 
being more accurate than the experimental measure- 
ments available. 

Fermentation rate per  se has no effect on amount of 
ethanol loss. The  concentration of sugar utilized has a 
strong effect, with the loss proportional to the square of 
the concentration utilized. Temperature also has very 
important effects as  manifested in the results for non- 
isothermal simulations and for isothermal simulations at  
various temperature differentials in the presence of a skin 
cap. 

T h e  prediction of ethanol evaporative loss is much 
more complex than previous treatments have indicated. 
The  use of single value emission factors or of empirical 
regression equations with no theoretical basis will gener- 
ally not result in a correct value for ethanol loss. The  only 
reliable approach involves application of theory and 
mathematical modeling supported by reliable physical 
property data to the given situation. The  master correla- 
tion plot presented here, which includes the effects of 
both temperature and sugar concentration utilized, con- 
stitutes the best available method for estimating ethanol 
evaporative loss in wine fermentations. 
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