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ABSTRACT 

The aim of this study was to determine the effect of main milling variables on power requirements and energy consumption of 
laboratory ball mill refiner for chocolate.It is consisted of vertical cylinder, equipped with a rotating shaft with arms, and filled with 
steel balls as a grinding medium. Experiments were planned following a Box-Behnken design, considering the mass of the steel balls, 
retention time and agitator shaft speed as input factors. The power consumption (W) was recorded upon which milling energy 
consumption (J/kg) has been calculated. A second order polynomial model was fitted to the experimental data. A response surface 
regression analysis of both responses was performed.Significance of influence of the main parameters and their interactions are 
obtained by analysis of variance and residual analysis.It is shown that the power requirements are highly influenced by the agitator 
shaft speed with contribution >95 %. Retention time and agitator shaft speed are the milling variable with the most significant 
influence on energy consumption with contributions of 76 % and 12 %, respectively. 
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REZIME 

Cilј ovog rada bio je da se ispita uticaj parametara usitnjavanja na pogonsku snagu i specifični utrošak energije laboratorijskog 
kugličnog mlina za proizvodnju čokolade. Laboratorijski kuglični mlin, koji je korišćen u eksperimentalnom radu, sastoji se od 
vertikalnog stacionarnog cilindra unutar koga se nalazi mešač sa lopaticama pri čemu se brzina (broj) obrtaja mešača može menjati 
do maksimalnih 50 o/min. Unutrašnjost cilindra ispunjena je kuglicama od nerđajućeg čelika prečnika 9,1 mm. Istraživanje je 
planirano u skladu sa Box-Behnken eksperimentalnim dizajnom gde su kao ulazni faktori uzeti sledeći parametri usitnjavanja: masa 
kuglica, vreme usitnjavanja i brzina obrtaja mešača. Granične vrednosti ulaznih parametara odabrane su u odnosu na rezultate 
prethodnih ispitivanja i tehničkih ograničenja uređaja. Na bazi očitanih vrednosti pogonske snage izračunate su odgovarajuće 
vrednosti utroška energije. Na osnovu eksperimentalnih rezultata određeni su polinomi drugog reda koji opisuju modele za oba 
izlazna parametra (pogonska snaga i utrošak energije). Značajnost uticaja ispitivanih parametara usitnjavanja i njihovih interakcija 
na pogonsku snagu i utrošak energije dobijena je primenom statističkih metoda analize varijanse i rezidualnom analizom. Rezultati 
pokazuju da najveći uticaj na pogonsku snagu kugličnog mlina ima brzinao brtaja mešača (>95%), dok najveći uticaj na utrošak 
energije imaju vreme usitnjavanja (76%) i brzinao brtaja mešača (12%).  

Klјučne reči: kuglični mlin, parametri usitnjavanja, pogonska snaga, utrošak energije. 
 

INTRODUCTION 

Each of the processing steps of chocolate production 
influences the process efficiency as well as the quality of final 
product (Glicerina et al., 2013). In the process of chocolate 
making the solid particles are milled by different refiners in 
order to turn the chocolate mixture into a uniform suspension 
with appropriate size distribution of solid particles. In the 
traditional manufacturing process grinding is carried out in a 
five-roller mill, followed by the phase of conching (Beckett, 
2000; Gavrilović, 2006). Traditional refining and conching 
could be replaced by using a ball mill refiner in which milling 
and conching of chocolate mass are performed simultaneously. 
The introduction of the ball mill refiner into the process provides 
numerous advantages compared to the conventional system 
considering investment, operating and maintenance costs 
(Lucisano et al., 2006; Alamprese et al., 2007; Zarić et al., 
2012). Within this, it is important to note that it is less energy 
demanding compared to conventional manufacturing process. 

Ball mills are vertical or horizontal cylinders, equipped with 
a rotating shaft with arms, filled to as much as 70 % of the 
available volume with grinding media (usually steel balls) 
(Alamprese et al., 2007). The mass and the balls are agitated by 
a shaft with arms, rotating at a variable speed (Lucisano et al., 

2006). In the ball mill refiner the feed material is comminuted 
between the grinding media, the stirrer and the cylinder wall by 
compression and shear (Alamprese et al., 2007; Zarić et al., 
2011). The main factors affecting the grinding action of the ball 
mill are speed of mill, refining time and quantity, type and size 
of grinding media. 

Even though the ball mills have found a place in chocolate 
production lines (especially in medium-small size), relatively 
little research has been performedon various factors that affect 
the process with the ball mill refiners. However, those papers 
showed that the ball mill processing parameters have a 
significant effect on energy consumption and the quality 
characteristics of the product obtained.The studies of Pajin et al. 
(2013), Yeganehzad et al., (2013) and Zarić et al., (2011, 2012) 
showed that the ball refining time has a significant effect on 
rheological properties, particle size, hardness and sensory 
properties of chocolate. The study of Pajin et al., (2011) shows 
that rheological properties of chocolate mass are also affected by 
the mass of the balls in the ball mill, Alamprese et al., (2007) 
studied the effect of refining time and agitator shaft speed in 
order to optimize the ball mill based refining process of 
chocolate in terms of energy consumption, particle size and 
rheological parameters. The work of Fišteš et al. (2013) showed 
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that power requirements and energy consumption of the ball mill 
depend upon processing parameters. 

During any comminution operation, both material properties 
and milling methods affect the process (Scanlon and Lamb, 
1995). This paperis focusing on the factors related to the design 
and operation of the milling equipment. During milling 
operation, together with the energy required to form a new 
surface, a lot of energy goes into effects other than the new 
surface itself. Energy is used in the processes of: elastic and 
inelastic deformation of the particles,elastic deformation of 
equipment, friction between particles, friction between particles 
and machinery, noise, heat and vibration, and friction losses in 
equipment drives(Holdich, 2002). 

The objective followed in this study was to investigate the 
interaction effects of main milling variables (agitator shaft 
speed, time of the grinding run, and the mass of the steel balls) 
on energy consumption of the laboratory ball mill refiner for 
chocolate. 

MATERIAL AND METHOD 

The Box-Behnken experimental designwith three central 
points (nc=3) (Myers et al., 2009) was used to evaluatethe 
influence of milling variables (3 input factors) and their 
interactions on power requirements and energy consumption of 
the stirred ball mill. All variables were arranged at three levels. 
Observed input factors and responses are listed in Table 1. The 
extreme levels of the input factors were selected on the basis of 
previous experiments and the technical limitations of the 
equipment. 
 

Table 1. Variables and levels in the Box-Behnken 
experimental design 

Input factors 
Levels 

Low (-1) Medium (0) High (1) 
A: mass of the steel balls (kg) 20 30 40 
B: time of the grinding run (s) 30 315 600 
C: agitator shaft speed (rpm) 5 27.5 50 

    
Dependent responses    

R1: power requirements (W) 
R2: energy consumption (J/kg) 

 

The second order polynomialmodel obtained by the design is 
given as: 
 

 (1) 
 

where, R is a measured response;is an intercept;1 to are 
regression coefficients; A, B and C are the coded levels of 
inputfactors. The terms AB, AC and BC represent interactions of 
input factors, while A2, B2 and C2 represent quadratic 
terms.Higher order terms or more than one factor terms represent 
the non-linear relationship between responses and factors. The 
analysis was carried out using Statistica 12 and Design-Expert 7 
(trial version) (Anderson and Whitcomb, 2007). 

Laboratory ball mill which was used in the experiment is 
constituted of a double-jacket cylinder, 0.25 m in diameter and 
0.31 m in height and a stirring group. The vertical shaft with 
horizontal arms, while rotating, puts the steel balls (9.1 mm 
diameter) in movement. The ball mill is equipped with a 
temperature control system made up of a water jacket equipped 
with temperature sensors and thermo-regulators. The 
experiments were carried out at 35 oC. The agitator shaft speed is 
variable up to 100 % of the maximum speed which corresponds 
to a speed of 50 rpm. The experiments were carried out without 

material flow; however the vegetable fat was added to minimize 
friction between the steel balls. 

The milling energy consumption (response R2), E (J/kg), 
was calculated by Eq. (2): 

 

m

tP
E   (2) 

 

Here P (W) is power (response R1), m (kg) is the mass of the 
steel balls and t (s) is the time of the grinding run determined by 
the chronometer.Power readings were determined using the 
Network recorder MC750/UMC750 (Iskra MIS, Slovenia) 
connected to the ball mill. 

RESULTS AND DISCUSSION 

A total of 15 (12 + nc) experiments were recommended by 
the Box-Behnken design and results are shown in Table 2. 

 
Table 2. The Box-Behnken experimental design and obtained 

responses 
Grind.

run 
Input factors Responses 

A B C R1 R2 
1 20 30 27.5 320.7 481.05 
2 40 30 27.5 358.8 269.10 
3 20 600 27.5 294.7 8841.00 
4 40 600 27.5 334.7 5020.50 
5 20 315 5 197.1 3104.32 
6 40 315 5 225.8 1778.17 
7 20 315 50 465.4 7330.05 
8 40 315 50 537.5 4232.81 
9 30 30 5 236.2 236.20 

10 30 600 5 192.1 3842.00 
11 30 30 50 528 528.00 
12 30 600 50 515.1 10302.00 
13 30 315 27.5 325.6 3418.80 
14 30 315 27.5 333.8 3504.90 
15 30 315 27.5 355.4 3731.70 

 

Using thesecond order polynomialmodel, given in Eq. (1), 
aresponse surface regression analysisfor each of the responses 
was performed. Significance of input factors and interactions in 
the observed model are determined by statistical method of 
analysis of variance (ANOVA) (Table 3 and Table 4). A factor is 
considered to be statistically significant when the p-value is less 
than 0.05. Sum of squares obtained by ANOVA are used to 
calculate corresponded contributions. 

 

Table 3. ANOVA table for R1 
SS df MS F-value p-value 

Model 188464.2 7 26923.46 270.5059 < 0.0001 
A-A 4000.651 1 4000.651 40.19542 0.0004 
B-B 1433.801 1 1433.801 14.40572 0.0068 
C-C 178443.4 1 178443.4 1792.86 < 0.0001 
AC 470.89 1 470.89 4.731135 0.0661 
BC 243.36 1 243.36 2.445091 0.1619 
A^2 468.8045 1 468.8045 4.710181 0.0666 
C^2 3208.38 1 3208.38 32.2353 0.0008 

Residual 696.7102 7 99.53003 
Lack of Fit 222.7635 5 44.55271 0.188007 0.9422 
Pure Error 473.9467 2 236.9733 
Cor Total 189160.9 14

SS – sum of squares; df – degree of freedom; MS – mean square 
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The second order polynomial model for prediction of R1in 
coded terms is expressed by the regression equation: 

 

R1=338.38+22.36A-13,39B+149.35C+10.85AC+7.8BC-11.23A2+29.39 C2   (3) 
 

Positive (negative) sign of a coefficient in the Eq. (3) 
represent that the response increases (decreases) with the factor. 
Model adequacy checking is done by residual analysis by 
plotting a normal probability plot of the residuals,as well as, 
residual versus predicted plot (Fig. 1). Since thepoints on the 
first plot are distributed close to the straight line and the points 
on the second plot are structurelessthe assumptions of normality 
and homogeneity of variances are satisfied (Montgomery, 2001; 
Antony, 2003). In addition, the fact that the Lack of Fit is not 
significant (Table 3) and high value of R2 = 0.996 prove that the 
obtained model is adequate. 

 

 
 

 
 

Fig. 1. Normal plot of residuals and residuals  
versus predicted plot - R1 

 

As expected, largest (positive) significant effect on a power 
consumption of the laboratory ball mill is obtained by the single 
factor C, while the effects of factors A (positive) and B 

(negative) and interactions AC and BC are also significant, but 
with weaker influence on R1(Table 3 and Eq. (3)). 

Figure 2 clearly shows, especially from the practical point of 
view, that the change of agitator shaft speed has the highest 
influence on the power requirementsof the ball mill (contribution 
> 94 %), while the influence of other input factors are of less 
importance. Previous studiesof Fišteš et al. (2013) also showed 
that every increase of agitator shaft speed of the laboratory ball 
mill, in steps of 10 % up to the maximum speed of 50 rpm, led to 
a statistically significant increase in power requirements. The 
results in the mentioned studyalso suggested that the differences 
between power requirements recorded at same agitator shaft 
speed but with different mass of the steel balls are becoming 
noticeable only at high agitator shaft speeds (>80 %).  
 

 
 

Fig. 2. Contributions of main effects and their interactions 
onpower requirements 

 
The fact that the power requirement is highly (almost 

exclusively) influenced by agitator shaft speed is a favorable 
circumstance considering that energy consumption, calculated 
according to Eq. (2), includes power requirement as well as a 
mass of the steel balls and time of the grinding run (input factors 
A and B). This way the duplicate effect of input factors A and B 
on the energy consumption results has been avoided. 

 

Table 4. ANOVA table for R2 
SS df MS F-value p-value

Model 10408.33 7 1486.904 452.9873 < 0.0001
A-A 493.0332 1 493.0332 150.2033 < 0.0001
B-B 7917.887 1 7917.887 2412.195 < 0.0001
C-C 1247.882 1 1247.882 380.169 < 0.0001
AB 77.81464 1 77.81464 23.70634 0.0018
AC 12.27656 1 12.27656 3.740072 0.0944
BC 254.4894 1 254.4894 77.53056 < 0.0001
B^2 404.9433 1 404.9433 123.3665 < 0.0001

Residual 22.97708 7 3.28244 
Lack of Fit 19.33052 5 3.866104 2.120411 0.3508
Pure Error 3.646561 2 1.82328 
Cor Total 10431.3 14 

SS – sum of squares; df – degree of freedom; MS – mean square 
 

Since the ratio between maximal and minimal value of the 
response R2 is greater than 10 (Table 2) the square root 
transformation was used in the analysis (Montgomery, 2001).The 
second order polynomial model for prediction of R2 in coded 
terms is expressed by the regression equation: 
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241.10-.987CA1.75BA4.41-C12.49B31.46A7.85-05.612 BCBR    (4) 
 

Again, the model adequacy was checkedby a normal 
probability plot of the residuals and by residual versus predicted 
plot (Fig. 3). Since the points on the first plot are distributed 
close to the straight line and the points on the second plot are 
structureless, as well as the Lack of Fit is not significant (Table 
4) and R2 = 0.998 the observed model is adequate. 

 

 
 

 
 

Fig. 3. Normal plot of residuals and residuals  
versus predicted plot - R2 

 

The largest (positive) significant effect is obtained by the 
single factor B, while the factors A (negative) and C (positive) 
and interactions AC and BC have a moderately important 
influence on R2 (Table 4 and Eq. (4)). 

Figure 4shows that thetimes of the grinding run and agitator 
shaft speeds have the highest influence on energy consumption 
of the ball mill refiner(contribution 88 %). Alamprese et al. 
(2007) also stated that the energy consumption of ball mill 
increased proportionally to the increase in speed and refining 
time. 
 

 
 

Fig.4. Contributions of main effects and their  
interactions on energy consumption 

 

Time of the grinding run in the actual chocolate making 
process is called retention time of chocolate mass in the ball 
mill. Previous studiesshowed that retention time has a significant 
effect on rheological propertiesand particle size of chocolate 
(Alamprese et al., 2007; Pajin et al., 2013; Yeganehzad, 2013) 
as well as on hardness and sensory properties of chocolate (Zarić 
et al., 2012; Zarić et al., 2011). Lucisanoet al. (2006) showed 
that prolonged reefing time could even become a problem 
because of significant and undesirable reduction in size. In terms 
of reducing the energy consumption of the process the retention 
time is the main factor that should be kept at minimum. Also, 
with shorter retention time the actual capacity of the ball mill, 
i.e. the amount of chocolate mass that can be refined during a 
certain period of time, is increasing. 

The agitator shaft speed also significantly influences energy 
consumption of the ball mill (mainly through the power 
requirement as it was shown previously). Work of Alamprese et 
al. (2007) showed that some rheological parameters and particle 
size are influenced by this milling variable. From the energy 
efficiency point of view the agitator shaft speed should be run at 
lowest possible speed to meet the product quality requirements. 
On the other hand, the magnitude and the nature of the forces in 
the grinding zone of the ball mill are dependent on this 
parameter. With slow agitator speed the desired degree of 
particle size reduction as well as the capacity of the process 
could not be met. 

CONCLUSION 

The results of the study, although obtained without the 
material flow, provide a useful platform for the future 
optimization of the process considering energy consumption of 
the ball mill refiner for chocolate.It is evident that time of the 
grinding run (retention time) and the agitator shaft speed are the 
main factors that affect the energy consumption of the ball mill 
refiner. To reduce the energy consumption the retention time and 
agitator shaft speed should be kept at the lowest possible levels 
that are able to handle the capacity of the process. The upcoming 
experiments will simulate the actual chocolate making process 
and provide the process optimization towards responsible 
production meeting the demands of both energy consumption 
and product quality. The optimization should provide the 
combination of agitator shaft speed and retention time that cost 
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less energy while at the same time do not compromise the 
quality of the final product.This is important especially because 
these milling variables could have an opposite effects on some of 
the final product characteristics. 
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