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ABSTRACT 

Developing a dynamic model of energy consumption for 

CNC machines in automotive industries helps to reduce 

the energy consumption by these machines. Since the last 

decade, a significant rise in energy usage has occurred 

due to the growth in the developing world. According to 

International Energy Outlook 2013, this trend will 

continue over the next three decades. As for CNC 

machines, there are various parameters in milling and 

turning operations that play a significant role in reducing 

energy consumption. In this study, parameters of 

machine tools are varied and the energy consumption is 

measured to identify the parameters that have the greatest 

impact on energy savings. Energy consumption models 

for milling and turning processes is developed by using 

system dynamics in order to comprehend the behavior of 

complex system and transform the static model of energy 

demand to the dynamic model. 

 

Keywords: Energy optimization, machining process, 

turning and milling, cutting parameters 

 

1. INTRODUCTION 

One of the most important and useful processes in 

traditional manufacturing is metal cutting. Optimizing 

energy use in manufacturing processes is essential for 

reducing the amount of energy needed in machining new 

components and reducing the energy cost (Mativenga 

and Rajemi 2011). Given the controversy surrounding 

the environmental impact, reducing costs is not the only 

reason to improve energy efficiency; it is also important 

to reduce energy consumption to decrease the 

environmental burden of manufacturing (Narita et al., 

2006).  The largest share of emissions comes from 

industrial energy consumption in Asia. Because of high 

rate of usage in industrial sector and heavy use of coal in 

this region, Asian power sectors produce more than a 

third of total CO2 emissions in the world (Mckane et al., 

2007). 

 

Machine tools that use enormous amounts of power but 

prove inefficient, with productivity below 20%, are 

discussed in (Draganescu et al., 2003). Thus, it is 

necessary to study machine tool efficiency, the 

relationship between cutting parameters, and specific 

consumed energy since the available information is not 

enough and the machine tool’s efficiency has not been 

investigated by many researchers. 

Cutting parameters are vital in machining processes since 

they are key factors in achieving the highest level of 

efficiency and output with the lowest cost (Montgomery, 

1990). Advancement in the process efficiency can be 

achieved by experimenting with different cutting 

parameters, such as, for example, cutting velocity, depth 

of cut, and finding the most effective limits for each 

factors and thereby securing the desired output. 

 

There are a number of studies about the performance 

modeling of milling that are focused more on tool wear, 

surface roughness, and cutting force. Shao et al. (2004) 

examined various cutting conditions. Average tool flank 

wear was considered in developing the cutting power 

model in face milling process. Next, Diaz et al. (2011) 

provided a strategy for energy and power reduction in 

milling operations and considered the specific energy as 

a function of material removal rate and demonstrated the 

specific energy model, which helped a product designer 

to evaluate the manufacturing energy consumption of 

their part’s production. 

 

Armarego et al., (1991) developed a model to show the 

relationship between specific power and cutting 

parameters, such as feed per tooth, depth of cut, and 

cutting speed in the face milling process. Likewise, the 

effects of cutting conditions on cutting force and cutting 

energy were investigated by (Polini and Turchetta 2004). 

Draganescu et al., (2003) proposed a statistical model of 

machine tool efficiency and specific energy 

consumption. The authors used the experimental data 

and response surface methodology to show the 

relationship between cutting parameters and specific 

energy consumption; however, there were some 

parameters, such as shear angle, which were not 

considered in this research. 

 

Regarding turning operation, Camposeco-Negrete, 

(2013) proposed strategies to reduce energy consumption 

by optimizing cutting parameters in turning of AISI 1018 

steel under constant material removal. Soni et al., (2014) 

presented a mathematical model to predict the surface 

roughness and material removal rate in turning process 

by considering cutting speed, feed rate, and depth of cut 

as process parameters.  Malagi and Rajesh, (2012) 

developed software to estimate cutting forces in turning 

process. The work presented by Cica et al., (2013) 

likewise predicts the cutting parameters, namely the feed 

rate and depth of cut in turning operation. 
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However, significantly less research has been performed 

so far about the effects of various cutting parameters on 

the energy consumption in milling and turning 

operations. Hence, there is a need to build a 

comprehensive cutting process model that helps to 

analyze energy oriented processes in these processes. 

 

2. OBJECTIVE 

Energy demand has been increasing substantially in the 

manufacturing industries since the beginning of modern 

manufacturing era. Although selection of cutting 

conditions to reduce energy demand and its cost in 

manufacturing processes has been investigated in past 

research, there remains a need to analyze the machining 

system and energy flow to determine the most efficient 

methods. The aim of this research is to find the 

relationship between energy use and cutting parameters 

in milling and turning process of aluminum, in order to 

determine which parameters have the most significant 

impact on cutting energy consumption. 

3. METHODOLOGY 

Peng and Xu (2011) suggested that there are three levels 

to energy flow: the enterprise level, the shop floor level, 

and the process level. To reduce energy at the enterprise 

level, the energy monitoring methods were suggested 

(Kara 2011). At the shop floor level, energy consumption 

can be analyzed in the production department. The 

bottom level is process level in which it is shown that 

energy is distributed among four elements: machine 

tools, auxiliary equipment, cutting tools, and material 

supply. In this study, one of the critical aspects of energy 

savings is considered and can be used in the process 

level. This method is the energy efficiency in cutting 

processes, which is explored while evaluating the 

relevance in cutting parameters and the output in milling 

and turning operations. Moreover, it illustrates which 

cutting parameter has the most significant effect on the 

energy consumption.  

According to Tang and Vijay (2001), System Dynamics 

(SD) is a useful technique for the analysis of complex 

systems, integrating the subsystems and parts into a 

whole, which can be simulated to improve insight into its 

dynamic behavior. Other advantage of using System 

Dynamics approach is that it is a computer-aided method 

that provides precise analysis and design. 

System Dynamics tool can be utilized to demonstrate the 

dynamic behavior of machining processes (milling and 

turning). Results of simulation can illustrate the changes 

in the energy output according to the changes in the input 

parameters. Analysis of Variance (ANOVA) was also 

applied in this study to test and analyze the data obtained 

from Vensim simulation. The purpose of applying two-

way ANOVA is to assess not only the main effect of 

cutting parameters on the energy consumption, but also 

investigate any interaction between them. 

Then, sensitivity analysis is used to find which 

parameters have the most substantial effect on the energy 

consumption in milling and turning processes. Next, 

Response Surface Methodology is applied to form the 

best mathematical model for cutting parameters and 

energy demand in those processes. 

3.1 Mathematical Model Used in Simulations 

 

NOMENCLATURE 

P0 Power consumed by machine modules 

without the machine cutting (kw) 

t1 Set up time (s) 

Davg Average work piece diameter (mm) 

L Length of cut (mm) 

f Feed rate (mm/rev) 

vc Cutting speed (m/min) 

k specific energy requirement for particular 

material (Ws/mm3) 

Di Initial diameter (mm) 

Do Final diameter (mm) 

t2 Actual cutting time (s) 

t3 

T 

Tool change time (s) 

Tool-life (s) 

α Cutting velocity exponent in tool life equation 

β Feed exponent 

ye Energy footprint per tool cutting edge (kw/h) 

A non-symmetry of milling (mm) 

Fc Cutting force (N) 

d Tool diameter (mm) 

Kc specific cutting force in the shear zone 

γo Cutting rake angle (rad) 

an Approach angle (rad) 

 

3.1.1. Turning process simulation model 

The energy model in the turning process is introduced by 

Rajemi et al. (2010) in equation (1. The authors explain 

that total energy (E) consumption in turning can be 

estimated from the energy consumption of the machine 

during setup operation (𝐸1), energy for cutting 

operations(𝐸2), energy required for tool change (𝐸3) and 

energy to produce cutting action per cutting edge (𝐸4), 

produce work piece material (𝐸5). The final equation, 

which was adopted from (Rajemi et al. 2010), is utilized 

for the turning process simulation: 

 

𝐸 = 𝐸1 + 𝐸2 + 𝐸3 + 𝐸4 (1) 
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In Equation (1, energy (𝐸1) is the energy consumed by a 

machine during setup, and it is estimated by the power 

consumption of the machine and total time for set up 

tools and work piece. It is important to remember that 

during setup time the spindle speed is zero as the spindle 

has not yet been turned on (Rajemi et al., 2010). 

The energy E2 during machining is assessed based on the 

energy consumption of the machine modules and the 

energy for material removal as defined by (Gutowski et 

al., 2006) in equation Error! Reference source not 

found.. 

The energy consumption in tool changing 𝐸3 is estimated 

from a product of machine power and time for tool 

change. In turning operation, the tool is usually replaced 

when the spindle is turned off. Therefore, the power 

during tool change is equal to the power when the 

machine is in an idle state (Rajemi et al., 2010). 

The parameter E4 indicates the energy footprint of the 

cutting tool divided by the number of cutting edges. This 

is evaluated from the energy embodied in the cutting tool 

material, the energy consumption in tool manufacturing 

and the energy of any supplementary processes namely, 

coating. Moreover, 𝐸4 is estimated from the product of 

the energy per cutting edge 𝑦𝐸  multiplied by the number 

of the cutting edges needed to finish the machining pass. 

In equation (1, where t1 is machine setup time (s), t3 is 

tool change time (s) and T is the span of tool life (s) 

(Rajemi et al., 2010). 

 

𝐸2 = (𝑃0 + 𝐾 × 𝑀𝑅𝑅) 𝑡2 

 

𝐸 = 𝑃0 𝑡1 + (𝑃0 + 𝐾 × 𝑀𝑅𝑅)𝑡2 + 𝑃0𝑡3  (
𝑡2

𝑇
) +

 𝑦𝐸 (
𝑡2

𝑇
) 

(2)  

 

(3) 

 

Equation (3 can be expanded to equation (4: 

 

𝐸 = 𝑃0𝑡1 + 𝑃0  
𝜋𝐷𝑎𝑣𝑔𝑙

𝑓 𝑉𝑐
+ 𝐾

𝜋𝑙

4
(𝐷𝑖

2 − 𝐷𝑜
2) +

𝑃0𝑡3
𝜋𝐷𝑎𝑣𝑔𝑙𝑉𝑐

(
1
𝛼−1)

𝑓
(

1
𝛽

−1)

𝐴
+

𝑦𝐸𝜋𝐷𝑎𝑣𝑔𝑙𝑉𝑐
(

1
𝛼−1)

𝑓
(

1
𝛽

−1)

𝐴
  

 

(4) 

3.1.2. Milling Process simulation model 

Energy needed in milling operations is presented in 

equation (5, developed by (Polini and Turchetta, 2004). 

In order to find the consumed energy absorbed from the 

power network, it is necessary to divide the power of 

main spindle, which is a function of force and speed, by 

the material removal rate (Draganescu et al., 2003). 

The specific energy consumption (Ecs) indicates how the 

cutting power can be used. The cutting energy (Ec) in 

equation Error! Reference source not found.(6 is a 

function of material removal rate (MRR) and specific 

cutting energy (Ecs). The higher feed speed, width of cut 

and depth of cut is in better use of energy in milling 

process. 

Cutting force adopted from (Li and Kara, 2011) is 

defined as expressed in equation (7. The specific cutting 

force 𝐾𝑐 is a function of the shear stress of the work piece 

material and the geometric properties of the cutting 

action. 

 

𝐸𝑐𝑠 =
Fc×Vc

(feed speed×width of cut×depth of cut)×60000
  (5) 

 

𝐸𝑐 = 𝐸𝑐𝑠 × MRR 

 

(6) 

 

𝐹𝑐 =  𝐾𝑐 × f × d =
(1−0.01×rake angle)×shear stress×feed rate (c)×depthof cut)

(feed rate (c) ×SIN(approach angle))𝑚𝑐   

(7) 

 

3.2. Response Surface Methodology 

Response Surface methodology is used for turning and 

milling processes to build mathematical models of 

energy consumption and related cutting parameters 

(Montgomery, 1996). 

Input parameters: 

X1=cutting speed (m/min) 

X2=feed rate (mm/rev) 

X3=depth of cut (mm) 

Output parameter: energy consumption 

In this experimental analysis of turning process 

parameters has been conducted from the industry at three 

levels -1, 0, 1 and represented in Table 1. 

Table 1: RSM three-level table for 3 cutting parameters 

in milling process 

Parameters 
Level 

-1 0 1 
Unit 

Cutting Speed  m/min 60 120 1800 

Depth of Cut mm 0.2 0.4 0.6 

Feed Rate mm/rev 0.2 0.3 0.4 

 

4. RESULTS 

4.1.  Results for System Dynamics Simulation 

Figures 1 and 2 present the SD model of turning and 

milling processes in Vensim, the simulation software. 

The inputs are cutting parameter values, selected 

according to work piece material (see 3.1.1 and 3.1.2 for 

details). The output is the amount of energy required by 

the machining process. 
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Figure 1: The Simulation Model Structure for Turning 

Process 

 

 
Figure 2: The Simulation Model Structure in Milling 

Process  

 

4.2. Milling and Turning Processes: Case 

Studies (Procedure) 

The cutting tool used is a face mill with diameter of 250 

mm, initial cutting parameters: (K10/an = 6, γo = 18) 

and the work piece material is Aluminum. During each 

cutting test, one of the cutting parameters will be changed 

and its effect will be reflected in the energy output. 

As Table 2 shows, cutting test is performed by varying 

the feed rate in simulation. As a result of increasing this 

parameter the specific energy consumption is decreasing. 

 

Table 2: Feed Rate & Specific Energy Consumption in 

milling operation 

Feed Rate 

(mm/rev) 

Specific Energy Consumption 

(Kwh/cm3) 

0.2 1.0021 

0.25 1.0016 

0.3 1.0013 

0.4 1.0009 

0.5 1.0006 

0.6 1.0004 

0.7 1.0003 

 
The same practice is followed to show the effects of feed 

rate on the energy consumption and material removal rate 

(MRR) in turning process. 

  

Table 3: Feed Rate, MRR and Cutting Energy in Turning 

Process 

Feed Rate (mm/rev) E (kw/h) MRR 

0.10 0.0020 235.50 

0.15 0.0018 353.25 

0.20 0.0015 471.00 

0.25 0.0014 588.75 

0.30 0.0012 706.50 

 

 
 

Figure 3: Effect of Feed Rate on Specific Energy 

Consumption in Milling Operation 

 

The relationship between the specific energy 

consumption and feed rate in milling process is shown in 

Fig. 4. The polynomial equation 8 for feed rate and 

specific energy consumption is: 

 

Ecs = 0.0034x2 - 0.0045x + 0.0017 (8) 

According to Error! Reference source not found., in 

turning operations while feed rate increases, the energy 

consumption is dropping. The polynomial equation 9 is: 

Ecs = 0.0252x
2
 - 0.0155x + 0.0037 (9) 

 

 
Figure 4: Energy Consumption and Feed Rate in Turning 

Process 

 

After running simulation models in Vensim, the effects 

of cutting velocity, shear angle, depth of cut, edge contact 

length, and number of teeth were studied.  The results 

showed that the growth in the cutting speed increases the 

specific energy consumption in both operations. 

However, the growth in other parameters such as depth 

of cut decreases specific energy consumption.  

 

4.3. Results for Sensitivity Analysis 

The main goal of the sensitivity analysis is to gain insight 

into which assumptions are critical and which 

assumptions affect choice. The process involves various 

ways of changing input values of the model (cutting 

parameters) to observe their effects on the output value 

(energy consumption). 

Table 4 and Figure 5 illustrate which parameter has the 

significant influence on the energy demand.  
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Table 4: Sensitivity Analysis for Cutting Speed (Vc), 

Depth of Cut (dp) and Energy Use in Milling 

 
 

 
 

Figure 5: Sensitivity Analysis Table for Depth of Cut and 

Specific Cutting Energy in milling operation 

 

 

 

Figure 6: 3D Surface Plot for Depth of Cut, Cutting 

Speed and Energy Consumption in Turning 

 

Table 5 (sensitivity analysis results) and Figure 6 

demonstrate which parameter has the most significant 

effect on energy demand in turning process. 

 

Table 4: Sensitivity Analysis for Depth of cut (mm), 

Cutting Speed (m/min) and Energy Consumption in 

Turning 

 
 

The results of sensitivity analysis indicate that depth of 

cut has the biggest impact on the energy consumption in 

milling operation followed by feed rate; (DP >Feed rate 

> VC > Edge contact length> Rake angle> Number of 

teeth). However, it is resulted that feed rate has the most 

significant effect on the energy consumption in turning 

operation, followed by depth of cut; (Feed rate > Dp > 

Spindle speed > Vc). 

4.4. Results for Response Surface Methodology 

Table 6 presents the design table and data generated to 

demonstrate the relationship between rake angle, cutting 

speed and feed rate in turning process. 

Table 6: RSM three-level design table for turning process 

 
 

The second order mathematical model was created using 

the data obtained from simulation to predict the energy 

consumption. Regression equations were formed using 

Design Expert 9.0 software for Energy consumption (Y) 

as follows: 

 𝑦 =  β0 +  ∑ βj
k
j=1 xj + ∑ ∑ βij

k
i<𝑗=2 xixj +

 ∑ βijxj 
2k

j=1 + ε 

(10) 

Eturning = - 6.845 + 22.182 × f + 0.077 × Vc + 

18.711 × dp + 0.593 × f × Vc - 75.104 ×f × 

dp - 0.205 × Vc ×dp 

 

(11) 

Combined effect of cutting parameters and energy 

consumption in the turning process is shown in Figure 7. 

 
Figure7: Feed rate, cutting speed and energy in turning 

 

Factor 1 Factor 2 Factor 3 Response 1

Std Run A:Feed rate B:Vc C:Dp Energy

11 1 0.1 60 0.75 1.36001

4 2 0.3 60 0.75 4.07997

3 3 0.1 120 0.75 2.71998

19 4 0.3 120 0.75 8.15994

9 5 0.1 60 0.5 2.71998

14 6 0.3 60 0.5 8.15994

2 7 0.1 120 0.5 5.43996

12 8 0.3 120 0.5 16.3199

7 9 0.1 180 0.5 8.15994

15 10 0.3 180 0.5 24.4798

16 11 0.1 60 0.25 4.0799

10 12 0.368179 60 0.25 12.2399

8 13 0.1 120 0.25 8.1599

20 14 0.3 120 0.25 24.4798

18 15 0.1 180 0.25 12.23

1 16 0.3 180 0.25 36.71
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4.5. RSM results for Milling Process 

Factorial designs can be used for fitting quadratic 

models. A quadratic model can significantly improve the 

optimization process when a second-order model suffers 

lack of fit due to interaction between variables and 

surface curvature. The quadratic mathematical model is 

developed using the experimental values and responses 

to predict the energy consumption. A general quadratic 

model is defined as equation 10. 

 

Equation 13 was formed using Design Expert 9.0 

software for energy consumption in milling process (Y): 

 

Y=β0+β1x1+β2x2+ β3x3+ β4x4+β12x1x2+ 

β13x1x3+ β14x1x4+ β23x2x3+ β24x2x4+ 

β34x3x4+β11x1
2+ β22x2

2+ β33x3
2+ β44x4

2 

 

(12) 

Log_10(Emilling)=1.039+2.7E-003×Vc-

0.067×dp-0.88×f+0.013219×αr+3.34E-

003×Vc×dp+6.058E-004×Vc×f+5.33E-

005×Vc×αr-1.82×dp×f-9.901E003 

×dp×αr-0.029×f×αr-6.48E006 

×Vc^2+0.032×dp^2+1.0006×f^2+ 

1.32E-006×αr ^2 

(13) 

 

Table 7 shows the design table and data used to explore 

the relationship between milling process parameters. 

 

Table 7: RSM three-level design table for milling process 

 

Combined effect of cutting parameters and energy 

consumption in the milling process is shown in Figure 8. 

 

 
Figure 8: 3D plot of feed rate, cutting speed and energy 

in milling process 

 

5. SUMMARY 

 The purpose of this research is to build a 

comprehensive cutting process model which helps to 

analyze energy oriented processes in turning and milling 

operations.  

 In order to understand the machining process at the 

process level, the effects of various cutting parameters on 

energy demand should be explored. To facilitate such 

effort, the System Dynamics tool was applied for both 

milling and turning processes on aluminum to build a 

dynamic model of machining operations. 

 ANOVA and regression analysis were applied to the 

data obtained from the SD simulation to demonstrate the 

relationship between independent variables and 

dependent variables. Regression equations showed how 

much each variable contributed to the changes in energy 

consumption. 

 Sensitivity analysis was utilized to demonstrate 

which parameters were most impactful on the energy 

consumption. The results of sensitivity analysis 

confirmed that feed rate is the most significant factor in 

reducing energy in turning process, while depth of cut 

has the highest impact on energy reduction in milling 

process followed by feed rate, spindle speed and cutting 

speed. 

 Response surface methodology (RSM) helped to 

build a practical energy model (linear approximation) 

based on the data and cutting parameters for milling and 

turning processes (by careful design of experiments.) By 

using this method, the optimized model of the output 

variable which is influenced by various independent 

variables can be obtained. By applying the mathematical 

model, the manufacturers can find the actual and 

predicted energy consumption in milling and turning 

operations. 
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