
Int. J. of Thermodynamics
ISSN 1301-9724

Vol. 13 (No. 3), pp. 111-118, 2010
www.icatweb.org/ijot

Cooling of Ethanol Fermentation Process Using Absorption Chillers∗

Felipe Costa Magazoni, Julieta Barbosa Monteiro∗∗, José Miguel Cardemil, Sergio Colle
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Abstract

Ethanol fermentation is an exothermic process, where the kinetics depends on temperature. This study
proposes an alternative cooling system for use in ethanol fermentation using a single-effect water/lithium
bromide absorption chiller, powered by waste heat from sugar and ethanol production processes, with a
temperature range of 80 to 100 ◦C. The aim of this study is to model, simulate and analyze the behavior of
an absorption refrigeration machine, according to the required cooling capacity of the fermentation system.
A comparative analysis with and without the chiller is performed. The introduction of a chiller allowed
a reduction in the temperature of the medium of around 1 ◦C and an increase of around 0.8 % in the
fermentation efficiency. Under these conditions less cellular stress occurs and cellular viability is kept at
higher levels. The results show that this reduction in temperature can increase the ethanol content of the
wine. In the recovery of ethanol, a lower thermal load will be needed at the distillation, with a smaller
amount of vinasse produced and consequently the energy efficiency of the plant will increase.
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1 Introduction

In industrial ethanol fermentation the yeast cells are
submitted to stresses, such as ethanol and sugar concen-
trations and those originating from environmental fac-
tors, operating conditions and physico-chemical factors
such as temperature, pH and salts concentration. Of
these factors, temperature has the greatest effect on the
fermentation kinetics of the process and cell viability
(Phisalaphong et al. 2006). Temperature and ethanol
can have synergistic effects on the dynamic behavior of
the fermentation process. Another consideration with
regard to thermal stress is the formation of by-products,
such as glycerol and organic acids, mainly succinic and
acetic. Studies have shown that the ideal fermentation
temperature for increased productivity and maintenance
of cell viability is around 32 ◦C (Aldiguier et al. 2004;
Phisalaphong et al. 2006).

Currently, the Brazilian ethanol and sugar plants use
cooling towers to chill the fermentation process, but
these fail to reduce and maintain the temperature of
the fermentation medium, since they are dependent on
the climate of the region, and this is detrimental to
the good performance of the equipment. A small de-
viation in temperature can affect the kinetic behavior
of the fermentation as well as the degree of contam-
ination by bacteria and the development of new Sac-
charomyces cerevisiae strains, as well as wild yeast, and
non-Saccharomyces species (Torija et al. 2003). There is
also a correlation between the ethanol tolerance of yeast
cells and fermentation temperature (Aldiguier et al.
2004). The temperature also affects the osmotolerance
of yeast cells. This factor should be considered especially
when cane molasses is used as the substrate. Thus, a
cooling system capable of removing the heat released in

order to reduce and keep the fermentation temperature
at ideal values is required.

An absorption chiller is thermally driven cooling
equipment, which requires small external work. These
machines become economically attractive when there
is a residual thermal energy source available, such as
geothermal energy, solar energy and waste heat from
thermal processes (hot exhaust gas discharges, hot water
discharges and waste low pressure steam). Single-effect
absorption technology provides a peak coefficient of per-
formance approximately 0.8 , and it operates with heat
input temperatures in the range of 75 to 100 ◦C (Herold
et al. 1996). This study proposes an alternative cooling
system for use in ethanol fermentation using a single-
effect water/lithium bromide absorption chiller, pow-
ered by waste heat from sugar and alcohol production,
for example, the contaminated condensate (96 ◦C) from
the sugarcane juice evaporation process, vinasse (80 ◦C)
from distillation and flash saturated steam (100 ◦C).

The aim of this study is to investigate the behavior
of the fermentation process with the introduction of an
absorption chiller in the cooling system of the fermenta-
tion vats, in an industrial ethanol fermentation process
(Usina Cerradinho Açúcar e Álcool S/A).

2 Materials and Methods

2.1 System Description

A schematic diagram of the cooling system for ethanol
fermentation is shown in Figure 1. This figure represents
the fermentation module of the ethanol industrial pro-
cess and it consists of the following components: single-
effect absorption chiller and fermentation system.

The components of the single-effect water/lithium
bromide absorption chiller, shown in region slowroman-
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Figure 1. Schematic diagram of the cooling system for
ethanol fermentation using a single-effect absorption chiller.

capi@ of Figure 1, are: generator, absorber, condenser,
evaporator, solution heat exchanger, solution pump, ex-
pansion valve and throttling valve. Firstly, the weak so-
lution of lithium bromide is pumped from the low pres-
sure region in the absorber to the high pressure region in
the generator where heat is supplied by the waste heat
source (point 11) and the refrigerant water is separated
from aqueous lithium bromide solution by evaporation.
The superheated steam (point 7) goes through the con-
denser where it is condensed on the surface of a cooling
coil. The saturated water, that leaves the condenser, is
throttled through the expansion valve to the lower pres-
sure in the evaporator, where it evaporates by absorbing
heat and provides cooling capacity (point 18). The sat-
urated steam from the evaporator (point 10) flows to
the absorber where it is absorbed by the strong solu-
tion originating from the generator. The mixing process
in the absorber is exothermic and needs to reject heat
transferring it to the water from the condenser. The
weak solution, which leaves the absorber, is pumped to
the generator and goes through the solution heat ex-
changer where it is heated, and the refrigeration process
begins again.

One constraint of the single-effect water/lithium bro-
mide absorption chiller is the crystallization of the ab-
sorbent (lithium bromide) and the point of the cycle
most vulnerable in this regard is the stream entering the
absorber (point 6), because of its highly concentrated
solution and low temperature.

The absorption chiller has a nominal cooling capac-
ity of 3000 kW and it chills two fermentation vats. The
cooling capacity of the absorption chiller was selected

considering the availability of waste heat at the plant.
This study only shows the refrigeration of one fermen-
tation vat, thus the mass flow rate of the chilled water
from the evaporator is divided into two streams. The
volume flow rate and the temperature of some streams
in the absorption chiller are shown in Table 1. The con-
figuration of the water loop inlet in the absorption chiller
is: condenser (point 15) and evaporator (point 17) use
the water from the cooling tower, the absorber uses the
water that leaves the condenser (point 16) to reject heat.
Usually commercial absorption chillers use inverse con-
figuration (from absorber to condenser) in order to avoid
crystallization. As the operation temperature range
does not present risk of crystallization, it is reliable to
operate under the configuration described above, allow-
ing higher COP (Herold et al. 1996). The generator is
heated by the contaminated condensate from the juice
evaporation process during sugar production (point 11).
The water used to cool the fermentation vat is a mix-
ture os chilled water (point 18) and water from cooling
tower (point 23). The simulation of the cooling tower is
beyond the scope of this analysis.

Table 1. Volume Flow Rate and Temperature of Some
Streams in the Absorption Chiller.

Point V̇ T

( m3 h−1) ( ◦C)

1 26 –

11 350 96

13 800 T16

15 800 T23

17 450 T23

The ethanol fermentation (region slowromancapii@ in
Figure 1) is a biochemical process where the sugars are
transformed into alcohol by the industrial yeast Sac-
charomyces cerevisiae. The carbon source used is cane
molasses. The fermentation time ranges from 4 to 6 h
plus the wait time (1 to 3 h) and there are two fermen-
tation processes per day for each vat. At the end of the
fermentation, all sugars have been consumed and the
final fermentation product, called wine, has an ethanol
concentration of 60 to 90 kg m−3.

The heat released during the ethanol fermentation is
removed by means of a plate heat exchanger, where the
cold stream (point 19) is provided by both streams, wa-
ter from the cooling tower (point 23) and from the evap-
orator of the absorption chiller (point 18). The must
from the fermentation vat (point 21) flows to the fer-
mentation heat exchanger with a constant volume flow
rate and the flow rate of the cold stream (point 19) is
used as a manipulated variable to control the fermenta-
tion temperature.

The heat exchangers of the process are in a counter
flow arrangement. Plate heat exchangers are used at the
solution heat exchanger of the absorption chiller and fer-
mentation heat exchanger, while those of the absorption
chiller are shell and tube heat exchangers. The absorp-
tion chiller heat exchangers are made of copper while the
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fermentation heat exchanger is made of stainless steel
AISI 304. The overall thermal conductances UA of heat
exchangers are shown in Table 2.

Table 2. Overall Heat Transfer Coefficients of Heat Ex-
changers.

Component UA

( kW K−1)

Generator 165.0

Absorber 297.0

Condenser 198.0

Evaporator 371.3

Solution heat exchanger 31.6

Fermentation heat exchanger 966.4

2.2 Mathematical Modeling

2.2.1 Absorption Chiller The modeling of the ab-
sorption chiller is performed based on energy, mass
and species balances, considering a quasi-steady state
regime (the system moves quickly through a sequence of
steady states, even while subjected to varying conditions
over time), according to the theoretical fundamentals of
Herold et al. (1996).

The mass flow rate balance of the generator is calcu-
lated using the expression

ṁ3 = ṁ4 + ṁ7 (1)

Considering that there is no lithium bromide in the
superheated steam (point 7), the lithium bromide bal-
ance in the generator is given by

ṁ3 ·ξ3 = ṁ4 ·ξ4 (2)

where ξ3 is the lithium bromide mass fraction of the
weak solution and ξ4 is the lithium bromide mass frac-
tion of the strong solution.

The solution pump reaches the steady state flow rate
quickly and maintains a constant rate. The expression
for the work input of the solution pump is obtained as

Ẇp = 100 ·
[

ṁ1 · (P2 −P1)

ηp ·ρ1

]
(3)

where ηp is the solution pump efficiency and its value
is 72 % and ρ1 is the density of the aqueous lithium
bromide solution at point 1 in Figure 1.

The modeling of the heat exchanger-cycle cooling sys-
tem of the absorption chiller is carried out using the en-
ergy balance and the Logarithmic Mean Temperature
Difference (LMTD).

The coefficient of performance (COP) of the refriger-
ation machine is defined as follows

COP =
Q̇e

Q̇g +Ẇp
(4)

where Q̇e is the cooling capacity, Q̇g is the heat flow
input in the generator and Ẇp is the work input of the
solution pump.

2.2.2 Fermentation The mathematical model for
the ethanol fermentation is an unstructured model and
the modeling is performed based on kinetic rate models
coupled with mass balance equations for the cell, sub-
strate and ethanol and the energy balance, for an indus-
trial fed-batch fermentation process. It is assumed that
the feed is sterile (Xin = 0).

The global mass balance is described as

dV
dt

= Ḟ (5)

where Ḟ is the substrate feed volume flow rate and dV/dt
represents the variation in the volume during the fer-
mentation process.

The rate of cell growth is defined as follows

dX
dt

= µ ·X − Ḟ ·X
V

(6)

where µ is the specific growth rate and the factor Ḟ/V
is the dilution rate as the feed is added during the fer-
mentation process.

The substrate consumption is modeled by the equa-
tion

dS
dt

= −µ ·X
YX/S

−mX ·X +
Ḟ
V
· (Sin −S) (7)

where YX/S is the yield factor of the cell based on the
substrate consumption and mX is the maintenance coef-
ficient.

The ethanol formation is written as

dE
dt

=
YE/S ·µ ·X

YX/S
+ mE ·X − Ḟ ·E

V
(8)

where YE/S represents the yield factor of ethanol based
on substrate consumption and mE is the ethanol pro-
duction associated with growth.

The variation in fermentation temperature T21 during
the process is described by Eqn (9) and it is determined
through the energy balance of the fermentation system.

dT21
dt

=
Ḟ
V
· (Tin −T21)− V̇21

V
· (T21 −T22)

+

(
∆HS

ρin ·Cpin

)
·

(
µ ·X
YX/S

+ mX ·X

)
(9)

where ∆HS is the heat released during the fermentation
process and its value is 697.7 kJ per kilogram of substrate
consumed (Albers et al. 2002), the inlet temperature Tin
and the volume flow rate V̇21 are shown in Table 4.

In the model shown, the specific growth rate is ex-
pressed as a function of limiting substrate concentra-
tion S (Monod equation) and of the inhibitory effects of
substrate and ethanol concentration (Ghose and Tyagi
1979), as represented by the following equation

µ = µmax ·
(

S
KS + S

)
· exp(−Ki ·S) ·

(
1− E

Emax

)n
(10)

where µmax is the maximum specific growth rate, KS
is the substrate saturation constant, Ki is the substrate
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inhibition coefficient, Emax is the maximum ethanol con-
centration at which yeast cell growth is completely in-
hibited and n is the product inhibition power. Cell inhi-
bition and death are not taken into account in the model
due to the dilution effect in the fed-batch mode and
the short residence time. This inhibition occurs at high
yeast cell concentration, with cell recycling (Jarzebski
and Malinowski 1989; Lee et al. 1983). Under indus-
trial conditions, the microorganism is a yeast isolated
from the industrial environment and therefore adapted
to fermentation stress. In addition, in each fermentation
cycle the yeast receives an acid treatment for 2 to 3 h,
when nutrients are also supplied.

The parameters used in the model shown above were
taken from the literature Atala et al. (2001) and are pre-
sented in Table 3. These expressions were determined
for the temperature range of 28 to 40 ◦C, using an in-
dustrial yeast Saccharomyces cerevisiae (Pedra-2) and
cane molasses as the substrate.

Table 3. Kinetic Parameters as a Function of Temperature.

Par. Expression or Value

µmax 1.6 · exp

(
−

41.5
T21

)
−1.3 ·104 · exp

(
−

431.4
T21

)
Emax −0.4421 ·T 2

21 + 26.41 ·T21 −279.75

YX/S 2.704 · exp(−0.1225 ·T21)

YE/S 0.6911 · exp(−0.0139 ·T21)

Ki 1.393 ·10−4 · exp(0.1004 ·T21)

KS 4.1

mE 0.1

mX 0.2

n 1.5

The heat flow rate released during the fermentation
process Q̇ f is calculated as follows

Q̇ f = ∆HS ·
[

Vt−∆t · (St−∆t + Sin)−V ·S
3600 ·∆t

]
(11)

where St−∆t and Vt−∆t represent the substrate concen-
tration and the working volume of the fermentation vat
at time t −∆t, S and V being the substrate concentra-
tion and the working volume at the present time and ∆t
representing the time difference.

The fermentation heat exchanger is modeled using
the Logarithm Mean Temperature Difference (LMTD)
method and the energy balance as described in Bejan
and Kraus (2003).

The fermentation efficiency may be written as

η = 100 ·
{

E ·V −E0 ·V0
0.511 · [V · (Sin −S)−V0 · (Sin −S0)]

}
(12)

where 0.511 is the sugar to ethanol conversion factor
based on the theoretical maximum yield.

The ethanol productivity is calculated by the follow-

ing expression

φE =
E ·V −E0 ·V0

V · t
(13)

2.3 Simulation

The data collected in a sugar and ethanol produc-
tion plant (Usina Cerradinho Açúcar e Álcool S/A) are
shown in Table 4 and they are used as the initial con-
ditions for the simulation of the industrial fermentation
process. For the fermentation, the feed flow rate of the
must Ḟ and the inlet must temperature Tin change ac-
cording to the expressions given in the table. The val-
ues for the feed substrate concentration Sin, initial cell
X0 and ethanol E0 concentrations, initial temperature T0
and initial volume V0 are shown. The initial time of the
refrigeration process is 0.45 h. The water temperature
of the cooling tower T23 and volume flow rate V̇19 were
taken during the fermentation process under industrial
conditions at the above-mentioned plant and the tem-
peratures vary according to the expression shown.

Table 4. Fermentation Data Collected at Usina Cerradinho
Açúcar e Álcool S/A.

Parameter Expression or Value

Ḟ 8.73 · t + 76.29

Sin 200

E0 34.56

X0 71.6

T0 28.37

Tin 0.15 · t + 31.43

T23 −0.05 · t2 + 0.78 · t + 26.03

V0 210

V̇19 −60.0 · t + 1030.1

V̇21 1000

The simulations were performed using the software
Engineering Equation Solver (EESr, Klein and Al-
varado (2008)). The properties of the water are were
evaluated with the correlations given by IAPWS (1995).
The specific enthalpy of the aqueous lithium bromide
solution is was calculated in terms of the solution tem-
perature and lithium bromide mass fraction using the
correlation given by ASHRAE (2001). The density and
the heat capacity of the aqueous lithium bromide solu-
tion are given by the equations of Patterson and Perez-
Blanco (1988) and Yuan and Herold (2005), respectively.
The correlations of the heat capacity and density of the
sugarcane juice used in this work are were calculated by
Rao et al. (2009).

3 Results and Discussion

Figure 2 shows the behavior of the fermentation pro-
cess using only water from cooling tower to chill the
vat, where cell X , substrate S and ethanol E concen-
tration profiles are detailed. The fermentation temper-
ature profile (T21) is also presented. The final concen-
tration of ethanol in the simulated fermentation reaches
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73.60 kg m−3 against a value of 73.41 kg m−3 obtained
in the industrial fermentation under analysis, represent-
ing a difference of 0.3 %, and an ethanol fermentation
efficiency of 88.4 %. Considering 8 h of process (fermen-
tation time plus wait time), the ethanol productivity is
7.9 kg m−3 h−1. As seen from the figure, the fermenta-
tion temperature reaches a maximum of around 36 ◦C.
Thus, the use of water from the cooling tower as the
only cooling source is insufficient to keep the fermenta-
tion temperature at the ideal value (32 ◦C), which leads
to a lower efficiency.

Figure 2. Ethanol E, substrate S and cell X concentration
profiles for a fed-batch ethanol fermentation process using
only the cooling tower to chill the vat.

For the absorption chiller and cooling tower configu-
ration, the mass flow rate of the absorption chiller (point
18) is used to chill two fermentation vats and only half
of the mass flow rate from the cooling tower is used,
because some of this stream is used in the absorption
chiller. As seen from Figure 3, the fermentation tem-
perature decreases by around 1 ◦C with the absorption
chiller/cooling tower and the final ethanol concentration
is 74.17 kg m−3, increasing the ethanol concentration by
around 0.57 kg m−3, which represents an annual ethanol
increase of approx. 240 m3 per fermentation vat. The
fermentation efficiency of process is 89.2 % and ethanol
productivity is 8.0 kg m−3 h−1, considering 8 h of fermen-
tation.

Figure 3. Fermentation temperature profiles T21 using the
cooling tower and the absorption chiller/cooling tower.

With the cooling system shown in Figure 1, the cool-
ing capacity of the absorption chiller is not sufficient

to remove all the heat released during the fermenta-
tion. The fermentation temperature T21 continues to
vary and differs greatly from the ideal temperature
(32 ◦C). A simulation with the fermentation tempera-
ture kept constant at 32 ◦C during the whole process was
performed, and the final ethanol concentration reached
75.37 kg m−3, representing an annual ethanol increase of
around 770 m3 per fermentation vat. In this case, the
fermentation efficiency and the ethanol productivity are
90.9 % and 8.1 kg m−3 h−1, respectively. The fermenta-
tion efficiency increased 2.5 % in comparison with that
of the refrigeration system with only the cooling tower.

Thus, keeping the temperature at the ideal value can
readily give several improvements in the process in terms
of fermentation efficiency, productivity and cell viability.
At high temperatures, the specific growth rate of con-
taminant microorganisms is increased, thus increasing
the degree of contamination in the process. This con-
tamination causes flocculation of the yeast cells, lead-
ing to problems in the centrifugation and incurring high
costs for antibiotics. The high ethanol concentration
combined with the high temperatures submits the cells
to stress conditions. Under these conditions the yeast
has a higher tendency to produce glycerol, which is the
main by-product of ethanol fermentation. Thus, lower
temperatures reduce the glycerol production, increasing
the process efficiency.

Working with a lower fermentation temperature, the
inlet substrate concentration Sin of the vat can be in-
creased without adversely affect the fermentation pro-
cess. Thus, on increasing the inlet substrate concentra-
tion, the production of ethanol in the fermentation vat
increases and a wine with a higher ethanol concentration
is passed to the distillery, producing a smaller amount
of vinasse and requiring a lower thermal load (Camargo
et al. 1990). The optimization of the fermentation pro-
cess to increase the ethanol productivity, maintain cell
viability and decrease the fermentation time, is needed
when a higher inlet substrate concentration is used.

The heat flow released during the fermentation Q̇ f
and the heat flow of the fermentation heat exchanger
Q̇ f hx with the absorption chiller/cooling tower are shown
in Figure 4. As seen from the figure, the heat flow of
fermentation is greater than the heat flow of the heat
exchanger, thus the fermentation temperature increases
during the process. The ideal process would be when
the heat flow released and the heat flow of the heat ex-
changer are the same. This can be achieved by con-
trolling the fermentation temperature using the chilled
water flow valve as the manipulated variable or using
cold water with a high mass flow rate to maintain the
ideal temperature.

Pressures profile of the absorption chiller internal
flows is presented in Figure 5. High and low pressures
increase slightly because of the temperature variation of
cooling tower outlet, thereby internal temperatures are
also affected, as shown in Figure 6. Chiller’s COP vari-
ations during the fermentation process are negligible,
holding close to 0.81.

The lithium bromide concentrations of the weak so-
lution ξ3 and the strong solution ξ4 are shown in Fig-
ure 7. The concentrations and the concentration differ-
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Figure 4. Heat flow rate released during ethanol fermenta-
tion Q̇ f , heat flow rate of the fermentation heat exchanger
Q̇ f hx and fermentation temperature T21.

Figure 5. Pressure profile of absorption chiller internal
flows.

Figure 6. Temperature profile of absorption chiller internal
flows.

ence ∆ξ between the strong and the weak solution de-
crease during the ethanol fermentation. Thus the mass
flow rate of the superheated steam (point 7) decreases,
and the cooling capacity Q̇e of the absorption chiller
also decreases, as seen in Figure 8. The crystallization
line ξcryst presented in Figure 7 shows the value of the
lithium bromide mass fraction at point 6 from which the
crystallization process occurs. The difference between
the lithium bromide mass fraction of the strong solution
ξ4 and the mass fraction of the crystallization point ξcryst
is around 10 %, showing that the operational conditions
of the absorption chiller differ considerably from those

of the crystallization phenomenon.

Figure 7. Variation of the lithium bromide mass fraction
during the fermentation process.

Figure 8. Heat flows variation during the fermentation pro-
cess.

Similarly, the profile of the heat flow input in the ab-
sorption chiller was obtained during the fermentation
process and is shown in Figure 8. The cooling capacity
Q̇e decreases by around 4 % during the process. Thus,
it can affect the fermentation temperature and reduce
the fermentation efficiency. There are some alternatives
available to increase the cooling capacity of the machine
which include: increasing the water loop inlet tempera-
ture generator T11 or decreasing the temperature of the
water from the cooling tower T23 that enters in the con-
denser T15 and evaporator T17.

During the fermentation, the water loop outlet evapo-
rator temperature T18 increases by around 3 ◦C, because
of the temperature variation of the water from the cool-
ing tower. The water loop outlet generator temperature
T12 is around 88 ◦C. This stream can still be used in
another process to improve the energy efficiency of the
plant, either in a cooling capacity or to improve other
processes such as air conditioning systems, sugar dryers,
recovery of alcoholic gas in the distillery and cooling of
must or wine.

The temperature of the water from the cooling tower
T23 is an important parameter as it affects the perfor-
mance and the cooling capacity of the absorption chiller.
As seen in Figure 9, on increasing the water tempera-
ture, the heat flow input in the absorption chiller de-
creases. The cooling capacity Q̇e is affected by the cool-
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ing tower and it is essential to keep the water temper-
ature as low as possible. For each 1 ◦C increase in the
temperature of the water from the cooling tower, the
cooling capacity of the absorption chiller decreases by
around 35 kW, which is the cause of the reduction in
the cooling capacity shown in Figure 8.

Figure 9. Heat flow input to the absorption chiller with the
variation in the temperature of the water from the cooling
tower.

4 Conclusions

The introduction of an absorption chiller in the
ethanol fermentation cooling system has been investi-
gated in this paper. A dynamic model for the fed-batch
fermentation process coupled with a quasi-steady state
model for the absorption system was developed under
industrial conditions.

The simulation with the new configuration of the re-
frigeration system (absorption chiller and cooling tower)
showed that it is possible to reduce the fermentation
temperature by around 1 ◦C and increase the fermenta-
tion efficiency by around 0.8 %, representing an annual
ethanol increase of around 240 m3 per fermentation vat.
These results can be improved by decreasing the tem-
perature to an ideal value in terms of both fermenta-
tion kinetics and cell viability. To improve these results,
a refrigeration machine with a higher cooling capacity
should be used, under controlled operating conditions.
An increase in the ethanol concentration of the wine
can reduce significantly the energy consumption in the
downstream processes, such as distillation and vinasse
concentration. The industrial losses, especially those re-
lated to contamination of the fermentation medium, can
be minimized through a temperature control.

The results of this study demonstrate the potential
application of the absorption chiller in the fermentation
process. An absorption chiller powered by industrial
waste heat is an excellent energy saving option in a co-
generation system in a sugar and ethanol plant. This
may also promote an increase in the energy balance of
the ethanol production process, the value for which is
currently around 8.5. All of these advantages contribute
also to the competitiveness and sustainability of ethanol
industry.
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Nomenclature
COP coefficient of performance

Cp specific heat capacity, kJ kg−1 K−1

E ethanol concentration, kg m−3

h enthalpy, kJ kg−1

Ki substrate inhibition coefficient, m3 kg−1

KS substrate saturation constant, kg m−3

M molecular mass, kg kmol−1

ṁ mass flow rate, kg h−1

mE ethanol production associated with growth,

kg kg−1 h−1

mX maintenance coefficient, kg kg−1 h−1

n product inhibition power
P pressure, kPa
Q̇ heat flow, kW
S substrate concentration, kg m−3

t time, h
T temperature, ◦C
UA overall thermal conductance, kW K−1

V working volume, m3

V̇ volume flow rate, m3 h−1

X cell concentration, kg m−3

y mole fraction

Y yield factor, kg kg−1

Ẇ power, kW

Greek symbols

∆HS fermentation heat released, kJ kg−1

∆t time difference, h
η efficiency, %
µ specific growth rate, h−1

φ productivity, kg m−3 h−1

ρ density, kg m−3

ξ lithium bromide mass fraction, %
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