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Abstract—Fermentation is one of the most critical stages in the postharvest handling process of cocoa beans. Temperature changes
during the fermentation process characterize the success of the cocoa bean fermentation process. In general, aeration conditions
during the fermentation process effects changes in fermentation air temperature. This study aims to determine cumulative oxygen
uptake and cumulative carbon dioxide evolution during cocoa bean fermentation. Fermenter equipped with a controlled system of air
temperatures and aeration rates was used to determine changes in oxygen uptake rate and carbon dioxide evolution rate during the
fermentation process. The variables observed were including: length of pod storage time before fermentation (X₁; days), aeration rate
(X₂; l.min-1), and fermenter temperature (X₃; ℃). Response surface methodology was used to determine the relationship between
cumulative oxygen uptake as well as cumulative carbon dioxide evolution and the observed variables (X₁, X₂, X₃) The results shows
that cumulative oxygen uptake and cumulative carbon dioxide evolution obtained in various treatments during the fermentation
process are consecutive: 6.66-34.29 g O₂ kgvs-¹ and 12.15-50.97 g CO₂ kgvs-¹. Based on the variance analysis of response surface
methodology, R² value of the cumulative oxygen uptake is about 88.1%, while R² value of the cumulative carbon dioxide evolution
value is about 87.3 %. The highest amount of oxygen consumption and carbon dioxide production was obtained at X₁ = 5 days, X₂ =
0.25- 0.4 l.min-1, and X₃ ≤ 50℃.
Keywords— oxygen uptake; carbon dioxide evolution; fermentation cacao beans; aeration rate.

equipment, the amount of cocoa, changes in air temperature,
and stirring or reversal of cocoa beans. Increased
fermentation air temperature will occur optimally if the
fermentation air needs are met properly. It is known that
during the fermentation process there is generally a
temperature change between 25-52℃ [10]–[12]. Aeration
factor is the main thing that must be considered in a good
fermenter design to optimize the physical aspects of the
fermentation process [5].
Aeration and changes in air temperature during
fermentation affect the success of the fermentation process
so that the control of aeration and air temperature during the
fermentation process needs to be done. The purpose of this
study was to identify the effect of storing cocoa fruit before
fermentation, as well as the effect of aeration control and
fermenter air temperature on the amount of oxygen uptake
and carbon dioxide evolution during the fermentation
process of cocoa beans.

I. INTRODUCTION
The fermentation of cocoa beans is one of the critical
processes that must be performed to obtain high-quality
chocolate products [1]–[3]. Imperfectly fermented or
unfermented cocoa beans will have a distinctive lowchocolate flavor when roasted and even overwhelmed by the
dominant bitter and spicy taste [4], [5]. Cocoa bean
fermentation aims to form a distinctive flavor of chocolate,
hollow and brown pieces of seeds, reduce the bitter and
septic taste in cocoa beans, and produce seeds of good
quality and aroma [6].
The correct cocoa fermentation process is an essential
step in producing high-quality chocolate [6]. Even the
fermentation process is considered very important because it
can increase biochemical changes and the concentration of
flavor precursors in cocoa beans [7]–[9]. The success of the
cocoa bean fermentation process is generally influenced by a
variety of factors, including cacao ripening, fermentation
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II. MATERIALS AND METHOD
A. Research Equipment and Materials
The research equipment used in this study include a
fermenter equipped with an air temperature control system,
KOJIMA model RK1150 airflow meter, air pump,
oxygen/carbon dioxide analyzer Quantek Model 902D
instruments, Oxygen Meter DO5509, CO₂ Meter G2028, and
other supporting equipment. The material used in this study
is cocoa fruit obtained from farmers' gardens in Tanen
Hamlet, Hargobinangun Village, Pakem District, Sleman
Regency, Yogyakarta, Indonesia. Cocoa samples were
chosen with a uniform type and maturity level.
B. The Working Principle of the Fermenter
Fermentation was carried out using a reactor tube placed
in a chamber equipped with an air temperature control
system using a data logger and aeration system that refers to
references [13]. Control of the air temperature outside and
inside the reactor tube is carried out using a temperature
sensor provided that the fermenter temperature is controlled
continuously with variations of 40℃, 50℃, and 60℃
starting at 25 to 120 hours of fermentation.

Fig. 1 Respiratory system in cocoa bean fermentation.

1) Oxygen Uptake Rate (OUR) Measurement:
Measurement of the amount of oxygen consumption is
carried out to determine the amount of oxygen demand
during the fermentation process. Oxygen uptake rate (OUR)
during the cocoa bean fermentation process is calculated
using Eq. (1) and (2) [13].

C. Cocoa Bean Fermentation Process
Samples of harvested cocoa fruit are then stored in a pest
and weed-free area at room temperature for 1, 5, and 9 days.
Furthermore, 1 kg of cocoa beans which have been separated
from the skin and placenta, is put into a tightly closed
reactor tube, without the addition of air temperature and
aeration for 24 hours. Furthermore, the air aeration rate and
the temperature of the air inside the fermenter are set and
given constantly on the second day until the end of the
fermentation process (day 5). Aeration rate variations are
given as 0.2; 0.3; and 0.4 l.mnt-1, while variations in
fermenter air temperature: 40 ºC, 50 ºC, and 60 ºC. Some
criteria for the condition of the cocoa beans before the
fermentation process are listed in Table 1.

Initial moisture
content
(%)

Initial ash
content
(%)

Volatile
solid
(kg)

1

54.40

3.81

0. 962

5

51.79

4.06

0.960

9

47.18

3.68

0.963

(2)

!"#

2) Carbon Dioxide Evolution Rate (CER) Measurement
(3)

,

$

TABLE I
CONDITIONS OF COCOA BEANS BEFORE THE FERMENTATION PROCESS

Storage of
cocoa fruit
(days)

(1)

,

%

&'

(4)

!"#

E. Analysis of Research Data
The research consisted of 20 treatments. The data were
analyzed using response surface methodology (RSM) to
determine the effect of pod storage before fermentation (X₁),
aeration rate (X₂), and fermenter temperature (X₃) on
cumulative oxygen uptake and cumulative carbon dioxide
evolution during the fermentation process. Experimental
design, limits, and level of variables, as shown in Table 2.

D. Respiratory Rate of Cocoa Beans During the
Fermentation Process
The measurement of the respiration rate during the cocoa
bean fermentation process is carried out by continually
flowing air into the reactor tube during fermentation.
Respiration rate is calculated based on differences in the
concentration of gas (O₂ and CO₂) between the inlet and
outlet when the system is in steady-state [14]. Respiratory
system scheme for cocoa bean fermentation, as shown in Fig.
1.
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TABLE II
LIMITATION AND VARIABLE LEVEL OF CHANGE/INDEPENDENT VARIABLES
FOR COCOA BEAN FERMENTATION

Variable (X)
Pod storage before fermentation, X1
(days),
Aeration rate, X2 (l.min-1)
Fermenter temperature, X3 (ºC)

Batasan dan Level
-1
0
+1
1

5

0.2
40

0.3
50

9
0.4
60

The results of data analysis using RSM are produce
mathematical equations [15], [16] as follows:
(5)

cocoa bean fermentation process, as shown in Fig. 2 and Fig.
3. The highest OUR and CER respiration rates were
obtained on days 2 and 3 of the fermentation process. Then
the value continues to decline until the end of the
fermentation process. The increase in OUR during
fermentation is accompanied by an increase in the amount of
CER as well. As it is known that the higher the level of OUR,
the CER is also increasing.

III. RESULTS AND DISCUSSION
A. Respiration Rate in Cocoa Beans Fermentation
The results showed that the oxygen uptake rate (OUR)
and carbon dioxide evolution rate (CER) values during the

Fig. 2

Fig. 3

Oxygen uptake rate (OUR) during fermentation of cocoa beans

Carbon dioxide evolution rate (CER) during the fermentation of cocoa beans
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OUR and CER values are used to determine the
cumulative value of oxygen uptake and cumulative carbon
dioxide evolution. The experimental values and predictions
of the models for cumulative oxygen uptake and cumulative
carbon dioxide evolution during fermentation for each
treatment are shown in Table 3. Based on Table 3, it is
known that the cumulative values of oxygen uptake and

cumulative carbon dioxide evolution were obtained through
experiments and predictions of the model is good enough.
The difference between the average cumulative oxygen
uptake value of the experimental results and the predicted
impacts of 2.040%, while the difference in the average
cumulative value of carbon dioxide evolution from the
experimental results and the predicted results of 2.695%.

TABLE III
CUMULATIVE OXYGEN UPTAKE AND CUMULATIVE CARBON DIOXIDE EVOLUTION
Experiment

X1

X2

X3

1

1

0.2

40

2

9

0.2

40

3

1

0.4

40

4

9

0.4

40

5

1

0.2

6

9

7
8

Cumulative oxygen uptake, g O2. kgvs-1 (Y1)
Experiment

Prediction

25.246

Cumulative carbon dioxide evolution, g CO2. kgvs-1 (Y2)
Experiment

Prediction

23.750

38.085

37.289

7.271

7.949

12.152

11.303

25.519

28.302

50.974

53.733

22.830

20.049

36.477

35.340

60

9.923

13.396

16.060

19.134

0.2

60

6.729

4.638

13.849

13.028

1

0.4

60

16.214

16.228

24.865

27.651

9

0.4

60

12.830

15.018

26.405

29.138

9

1

0.3

50

34.295

29.520

50.313

42.490

10

9

0.3

50

19.009

21.015

30.167

30.241

11

5

0.2

50

6.664

6.100

18.002

17.394

12

5

0.4

50

15.772

13.567

40.812

33.671

13

5

0.3

40

23.574

24.389

35.975

35.998

14

5

0.3

60

20.281

16.697

31.592

23.820

15

5

0.3

50

16.694

19.739

26.738

31.740

16

5

0.3

50

18.848

19.739

30.773

31.740

17

5

0.3

50

22.025

19.739

29.966

31.740

18

5

0.3

50

17.279

19.739

26.989

31.740

19

5

0.3

50

17.698

19.739

29.235

31.740

20

5

0.3

50

20.353

19.739

31.241

31.740

Based on the results of the analysis variant of cumulative
oxygen uptake shows the R2 value of 88.1% as shown in
Table 4, indicates that the variables X1, X2, and X3 have an
effect of 88.1% on the model. The regression value is 0.001
less than the value of the significance level α = 5%, this
means that the X₁, X₂, X₃ variables determined have an
influence on the model produced.
Then in the lack of fit test, the initial hypothesis (H0) will
be rejected if the P-value is less than α and vice versa the
initial hypothesis will fail to reject if the P-value exceeds α.
ANOVA analysis results (Table 4.) show the value of the
lack of fit test is 0.067 because α is 5%. Then there is no
reason to reject the initial hypothesis (H0), which says there
is no lack of fit. When viewed based on the lack of fit value,
the resulting model by the cumulative oxygen uptake. The
mathematical model obtained to predict this value is:

B. Analysis of Variance Cumulative Oxygen Uptake using
Response Surface Methodology (RSM)
TABLE IV
ANALYSIS VARIAN OF CUMULATIVE OXYGEN UPTAKE IN COCOA BEAN
FERMENTATION PROCESS
Font size
Regression

DF
9

Seq SS
819,89

Adj MS
91,099

P
0,001

Linier
X1
X2
X3
Square
X1*X1
X2*X2
X3*X3
Interaction
X1*X2
X1*X3
X2*X3
Residual Error
Lack-of-Fit
Pure Error
Total
R-Sq = 88,1%

3

348,90

116,299

3

296,95

98,984

3

54,77

18,256

0,002
0,003
0,001
0,546
0,004
0,020
0,001
0,697
0,240
0,140
0,165
0,722

10
5
5
19

110,80
90,02
20,78
930,69

11,080
18,004
4,155

Y1

0,067
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=
- 15,690 -8,135X1 + 629,569X2 1,280X3 +0,345X1*X1 -990,541 X2*X2
+0,008X3*X3 +4,717X1*X2 +0,044X1*X3 0,430X2*X3

(6)

Fig. 4
Plots contour and surface relationships cumulative oxygen
uptake (Y1) with fruit storage time (X1) and aeration rate (X2), at a
temperature of the fermenter (X3) = 50 ℃

Fig. 6 Plots contour and surface cumulative relationship with the aeration
rate of oxygen uptake (X2), and the temperature of the fermenter (X3), the
curing time (X1) = 5 days

Based on Fig. 4, it is found that the pod storage before
fermentation in 1-3 days with aeration rate of 0.2-0.4 l.mnt-1
results in a higher cumulative oxygen uptake value
compared to the pod storage before fermentation in 4-9 day.
This can be because pod stored for 1-3 days before
fermentation generally has the best condition, with a fresh
aroma of pulp. This condition stimulates the growth of
microorganisms that play a role during the fermentation
process to grow and develop faster so that oxygen
consumption becomes higher. Whereas cocoa samples stored
for longer usually cause the cocoa beans and pulp to dry
somewhat, even with a little mold. So, it is estimated that the
growth of microorganisms during fermentation is less due to
the low quality of the cocoa pulp [17].
Fig. 5. shows the highest cumulative oxygen uptake of
35.45 g O₂ kgvs-1 which is predicted to be obtained at 1-day
cocoa fruit storage time and fermented at 40 ℃ fermenter
temperature and the aeration rate of 0.3 l.min-1. Based on the
contour plots in Fig. 5 it was also shown that the storage
time of 1-3 days of cocoa fruit with fermenter temperature
<50 ℃ produced a higher cumulative oxygen uptake value.
Furthermore, Fig. 6 shows that the highest cumulative
value of oxygen uptake for cocoa fruits stored 5 days before
fermentation was obtained at 20-24.65 g O2 kgvs-1 at
fermenter temperature conditions ≤ 50ºC with an aeration
rate of 0.25-0,38 l.min-1. In contrast, the lowest value is 3.72
g O2 kgvs-1 at 60 ºC fermenter temperature, aeration rate 0.2
l.min-1.

Previously it was known that every 100 kg of cocoa beans
needed 700 liters of air for 5-7 days of fermentation, most of
which was used on the last 4 days of fermentation. However,
the media and fermentation methods are not clearly known
and how to determine the amount of aeration [18]. So, if it is
considered that the air is in the form of oxygen (ρ oxygen =
0.00143 kg. l-1) used during the last 4 days of fermentation,
it is estimated that the cocoa bean fermentation process
requires a cumulative oxygen uptake of 10.01 g O₂ kgvs-1.
C. Analysis of Variance Cumulative Carbon Dioxide
Evolution Using Response Surface Methodology (RSM)
Based on the analysis of the cumulative carbon dioxide
evolution variant during the cocoa bean fermentation process,
shown in Table 5 obtained R2 of 87.3%. This indicates that
the fixed variables (X1, X2, and X3) have an effect of 87.3%
on cumulative carbon dioxide evolution. Thus, other
variables can affect the cumulative carbon dioxide evolution
in cocoa bean fermentation in addition to the variables that
have been determined, including the process of mixing
cocoa beans during fermentation. Stirring aims to uniform
changes in fermentation temperature, as well as to increase
the success of the fermentation process [19]. Even mixing
cocoa beans during fermentation aims to improve aeration
and increase the contact area of cocoa beans with air.
TABLE V
ANALYSIS OF THE REGRESSION VARIANT OF CUMULATIVE CARBON
DIOXIDE EVOLUTION ON COCOA BEAN FERMENTATION
Source
Regression
Linear
X1
X2
X3
Square
X1*X1
X2*X2
X3*X3
Interaction
X1*X2
X1*X3
X2*X3
Residual Error
Lack-of-Fit
Pure Error
Total
R-Sq = 87,3%

Fig. 5 Plots contour and surface cumulative oxygen uptake relationship
with fruit storage time (X1), and the temperature of the fermenter (X3), the
aeration rate (X2) = 0.3 l min-1

2142

DF
9
3

Seq SS
1827.60
1408.25

Adj MS
203.067
153.673

3

161.51

53.836

3

257.84

85.948

10
5
5
19

266.78
248.62
18.17
2094,39

26.678
49.724
3.633

P
0.002
0.015
0.005
0.030
0.714
0.175
0.168
0.074
0.570
0.070
0.323
0.022
0.303
0.006

ANOVA analysis results (Table 5.) show that the P-value
regression has a value smaller than the significance level α =
5% so that the resulting model is considered to have an
influence on the specified fixed variables. Furthermore, the
lack of fit value also shows that the resulting model is quite
suitable for cumulative carbon dioxide evolution. The
mathematical model obtained is:
Y2
= - 40,532 -12,058X1 + 529,187X2 +
1,195X3 + 0,289 X1*X1 - 620,750X2*X2 0,018X3*X3 + 4,746 X1X2 + 0,124X1*X3 1,982X2*X3

(7)

Fig. 9 Plot contours and surface cumulative carbon dioxide evolution
relationship with aeration rate (X2), and the temperature of the fermenter
(X3) at the time of the cocoa fruit storage (X1) = 5 days.

The relationship between cumulative carbon dioxide
evolution of cocoa bean fermentation with pod storage
before fermentation (X1), aeration rate (X2), and fermenter
temperature (X3) are shown in Fig. 7-9. Fig. 7, shows that
the cumulative carbon dioxide evolution is higher at 1-3
days of cocoa pod storage, compared to 4-9 days of cacao
pod storage, with 0.2 to 0.4 l.min-1 aeration rate, and 50 ºC
fermenter temperature.

Fig. 9 also shows that cocoa fruit stored for 5 days
results in the highest cumulative carbon dioxide evolution
value of 40.05 g CO2 Kgvs-1, at a fermenter temperature of
40ºC, and an aeration rate of 0.375 l.min-1. At the same time,
the lowest cumulative carbon dioxide evolution value is
11.56 g CO2 kgvs-1, at a fermenter temperature of 60ºC, and
an aeration rate of 0.2 l.min-1. Besides, the sample with a 60 ℃
fermenter temperature treatment at the end of the
fermentation process produces more water (a product of the
respiration process), as well as drier cocoa beans and cocoa
pulp.

Fig. 7 Plots contour and surface relationships cumulative carbon dioxide
evolution with storage time cacao (X1) and aeration rate (X2), at a
temperature of the fermenter (X3) = 50 ℃.

Furthermore, Fig. 8 shows that the highest prediction of
cumulative carbon dioxide evolution value is 51.22 g CO2
kgvs-1 obtained at 1-day cocoa fruit storage time, fermenter
temperature 40 ℃, at aeration rate 0.3 l.min-1. In comparison,
the lowest cumulative carbon dioxide evolution value is
23.82 g CO2 kgvs-1 with 5.6 days of cocoa fruit storage time,
60 ºC fermenter temperature, and 0.3 l.min-1 aeration rate.

Before
fermentation

2 days
fermentation

5 days
fermentation

After
fermentation

Fig. 10. Changes in cocoa beans during fermentation

The results show that pod storage, aeration rate, and
fermenter temperature affected the cumulative oxygen
uptake and cumulative carbon dioxide evolution. Surface
and contour plot analysis (Fig. 4-9) show that the highest of
cumulative oxygen uptake and cumulative carbon dioxide
evolution (5 days fermentation) was 35.45 gO₂.kgvs-1 and
51.22 gCO₂.kgvs-1, which pod storage of 1 day, aeration rate
of 0.3 liters/minute and fermenter temperature of 40 ℃.
Meanwhile, the lowest cumulative oxygen uptake and
cumulative carbon dioxide evolution were 3.55 gO₂.kgvs-1
and 11.62 gCO₂.kgvs-1, which pod storage of 5 days, aeration
rate of 0.2 liters/minute and fermenter temperature of 60 ℃.
Besides, the success of the fermentation process is
characterized by changes color of the cocoa pulp from white
to brown, as shown in Fig. 10.
IV. CONCLUSION

Fig. 8.
Plots contour and surface relationships cumulative carbon
dioxide evolution with storage time cacao (X1), and the temperature of the
fermenter (X3), the aeration rate (X2) = 0.3 l.min-1.

Cumulative oxygen uptake and cumulative carbon dioxide
evolution values during the fermentation process using

2143

[5]

response surface methodology were obtained, respectively
6.66-34.29 g O₂ kgvs-¹ and 12.15-50.97 g CO₂ kgvs-¹ at
various treatments. The highest amount of oxygen
consumption and carbon dioxide production is generally
obtained in the sample with the treatment time of cocoa fruit
storage stored for 5 days, aeration rate 0.25 - 0.4 l.min-1, and
fermenter temperature ≤ 50℃.

[6]

NOMENCLATURE

[7]
-3

CO₂
MO₂
P
CO₂vol
R
T
OUR
Q
CO₂a

oxygen concentration by mass (gm )
-1
the molecular mass of oxygen (32 gmol )
atmosphere pressure (101325 Pa)
oxygen concentration by percent volume (%)
the gas constant (8, 314472 Jmol-1K-1)
inlet/outlet air temperature (ºC)
oxygen uptake rate (consumption O2) (gh-1kg-1)
airflow rate (m3 h-1)
average oxygen concentration of ambient air
(mg-3)
VS0
Volatile solid initial (kg).
CCO₂
carbon dioxide concentration (gm-1)
-1
MCO₂
the molecular mass of carbon dioxide (44 gmol )
CCO2vol
carbon dioxide concentration by percent volume
(%)
CER
carbon dioxide rate (gh-1kg-1)
CCO₂a
the average concentration of carbon dioxide in
ambient air (mg-3)
Y
the value of the treatment response to
cumulative oxygen uptake (Y₁) and cumulative
carbon dioxide evolution (Y₂) during the
fermentation process (g O2 or CO2 kgvs-1)
βₒ
intercept/constant
β₁, β₂, β₃
linear coefficients,
β₁₁, β₂₂, β₃₃ quadratic coefficients
β₁₂, β₁₃, β₂₃ treatment interaction coefficients.

[8]

[9]

[10]

[11]

[12]

[13]

[14]
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