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Abstract 

Energy reduction in industry has become one of the main objectives for achieving environment friendly manufacturing. In practice, 

optimization of energy consumption should be implemented while taking into consideration other parameters such as the obtained 

surface quality. In this paper, an approach which incorporates both energy consumption and surface roughness is presented for 

optimizing the cutting parameters in finish turning. Based on a new energy model and a surface roughness model, derived for a 

given machine tool, cutting parameters are optimized to accomplish a precise surface finish with minimum energy consumption. 
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1. Introduction  

Intensive energy consumption in industry has drawn 

increasing attention due to its adverse environmental 

impact and the exhaustion of natural resources. The 

energy consumed by manufacturing industries accounts 

for 30% of the total world energy and 36% of the global 

CO2 emission [1]. In addition, recently rising costs for 

energy and natural resources heavily burden a large 

amount of manufacturing companies all over the world. 

Hence from both environmental and economic 

perspectives, improved energy efficient manufacturing is 

urgently required.  

Machining processes, such as turning and milling, 

extensively applied in many manufacturing companies, 

are considered to be essential for energy consumption. 

Thus reducing the energy footprint of machine tools can 

effectively help companies to accomplish green 

production. At the machine tool design phase, 

investigations have been carried out to synchronize the 

spindle acceleration/deceleration with rapid feed 

movement in order to lower the energy required [2]. 

Recent study [3] has also proposed a method to use the 

recovered energy from the spindle deceleration by 

applying a kinetic energy recovery system (KERS). 

Regarding machine tools in operation, investigations 

into energy minimization through selecting optimal 

process parameters were performed by several 

researchers [4-6].  

So far, the finished surface quality has not been 

quantitatively taken into account within the energy 

optimization procedures. This paper presents an 

approach which incorporates both the energy 

consumption and required surface quality for turning 

processes. The developed method is capable of selecting 

the optimum process parameters based on both 

minimizing the energy consumption and the surface 

quality in an integrative way. 

2. Developed approach 

Energy based optimization of process parameters can 

be performed for roughing and finishing separately. 

During roughing, surface quality is less essential, 

meaning that the machining time and other aspects such 

as tool life have to be taken into consideration. This 

means that process parameters can be optimized by the 

trade-off between energy consumption and tool life.  
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In finishing, process parameters should be chosen to 

also satisfy the required surface roughness. Within this 

paper, a two-step procedure is proposed to derive 

optimal machining parameters for finishing (Fig. 1). 

Starting from the predefined surface roughness, the first 

step is to identify groups of process parameter 

combinations (vc, ap, f) so that the required surface 

quality can be obtained. Next, the optimum process 

parameters, which would result in minimum energy 

consumption, are selected throughout the pre-identified 

parameters. To fulfill this procedure, quantitative energy 

and roughness models are necessitated. The energy 

model as well as the roughness model needs to be 

described mathematically as function of the process 

parameters. As shown in Fig. 1, these two models are 

sequentially applied to determine the optimum cutting 

conditions. The following sections will describe in detail 

the derivation of the energy and roughness models. 

 

 

Fig. 1. Diagram of parameter selection in finishing 

3. Energy characteristics 

The energy model describes the amount of energy 

required to remove a unit of material under different 

process conditions. In general, the required power for a 

given machine tool is composed of a constant and a 

variable component [7]. The constant component is the 

power that is independent from the machining parameter 

settings and can be assigned to machine tool accessories 

such as the pumps, computer, fans and lighting. The 

variable power component depends on the process 

parameters and is mainly attributed to the spindle and 

the axis drives (X, Y, Z .etc). Therefore the total 

machine power is depicted as follows: 

cvt PPP                                           (1) 

With Pt the total machine power (W), Pc the constant 

power (W), and Pv the variable power (W). 

 To evaluate how much energy is consumed in 

machining, the specific energy (J/mm
3
) can be used, 

which is defined as the ratio of the power (W) consumed 

and the material removal rate (mm
3
/s). Specific energies 

can be calculated for Pt, Pv and Pc as shown in equations 

(2) to (5). The total specific energy (TSE) is calculated 

as the ratio of the total machine power over the material 

removal rate, the specific process energy (SPE) is 

obtained through dividing the variable power by the 

material removal rate, and the specific constant energy 

(SCE) is calculated from the ratio of constant power 

over the material removal rate. The equation (5) 

illustrates that the total specific energy is the sum of the 

specific process energy and the specific constant energy.  

MRR

P
TSE t                                                   (2) 

MRR

P
SPE v                                                   (3) 

pc

cc

afv

P

MRR

P
SCE


                         (4) 

SCESPETSE                                       (5) 

When performing machining tests for a specified 

machine tool, the constant power keeps at the same 

level; therefore the model of specific constant energy 

can be easily expressed in function of the process 

parameters (see equation (4)). While the process power 

varies in case of different cutting parameters, the 

function of SPE is more difficult to describe. Following 

sections will depict how an empirical model of SPE for 

turning (for a given machine tool) is developed. 

3.1. Experimental setup 

The turning experiments were carried out on a turn-

mill centre “Mori Seiki NL2000Y/500”. In order to 

develop the energy model for this machine, power 

measurements were performed under various cutting 

parameter settings. Two power analyzers (C.A.8335) 

were used within the turning experiments. One device 

was applied for measuring the total machine power, 

while the other one was used for the measurement of the 

process power including the spindle and axis drives. The 

constant power can be derived by deducing the process 

power from the total power. The measured data was 

acquired and visualized through the software 
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“DataView”. The power measurement setup is 

demonstrated in Fig. 2. 

 

  

Fig. 2. Power measurement setup 

Turning experiments (dry conditions) were performed 

on steel (11SMnPb30) and aluminium (AlCuMgPb). The 

investigated cutting parameters are listed in Table 1. 

During machining one layer, the cutting speed was 

discontinuously adapted (changing the rotational speed), 

while the feed and depth of cut were kept constant.   

Table 1. Turning cutting conditions 

Material Cutting tools 
vc 

(m/min) 

f 

(mm/rev) 

ap 

(mm) 

Steel SPUN120304 
60~800 0.05~0.3 0.5~ 2 

Al DCGT11T304 

3.2. Measurement results and discussion 

Fig. 3 and Fig. 4 show the results of total specific 

energy (TSE) for steel and aluminum under varying 

cutting parameters. 

 

 

Fig. 3. Total specific energy (for steel) 

Fig. 3 shows the results for steel with cutting depth 

0.5mm (f=0.05mm/r) and 1mm (f=0.05~0.3mm/r). Fig. 4 

shows the results of aluminum for a cutting depth of 

1mm. It is noticed that for a constant cutting speed, the 

total specific energy increases with decreasing feed. This 

indicates that more energy is required for machining a 

unit amount of material in the finishing process. As 

shown in Fig. 3, the total specific energy decreases when 

the depth of cut (ap) increases. Therefore the energy 

consumption can be significantly reduced by increasing 

both the feed and the cutting depth.   

  

 

Fig. 4. Total specific energy (for aluminum) 

 

Fig. 5. Composition of total specific energy (for steel) 

For a constant feed, the total specific energy shows a 

more or less parabolic shape (especially for lower feed 

values). It results from the fact that the power demand of 

a machine tool consists of a constant and a variable 

component. With increasing cutting speed the specific 

energy attributed to the constant-power component 

(SCE) decreases, while the variable-power part 

increases. This phenomenon has also been shown by 

Diaz et al. [8]. From Fig. 5 it can be observed that the 

specific constant energy decreases inversely with 

increasing cutting speed, which is in accordance with the 

function of SCE as defined previously. In addition, the 

specific energy increases with increasing cutting speed. 

This result shows that an optimal cutting speed can be 

selected for minimal energy consumption. Moreover, the 
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fixed power can be calculated from the constant-power 

curve, resulting in 1.3kW in this case. For this machine, 

54% of the constant power is attributed to the oil 

cooler(0.7kW), and the rest is ascribed to the hydraulic 

unit, NC controllers, fans and so forth.  

 

 

 Fig. 6. Effect of feed on SPE (for steel) 

 

Fig. 7. Process efficiency (for steel) 

The effect of the feed on the specific process energy 

(SPE) can be observed from Fig. 6. With increasing feed 

the specific process energy decreases. It was also found 

that the specific process energy decreases with 

increasing depth of cut. Hereby it can be concluded that 

both the total specific energy and the specific process 

energy present a decreasing tendency with increased 

feed and cutting depth. 

Fig. 7 presents the process efficiency in case of 

machining steel, which is calculated through dividing the 

theoretical machining power (Pth=Fc·Vc+Ff·Vf) by the 

total machine power (Pt). As the cutting speed ascends, 

the efficiency increases dramatically; it reaches the 

maximum “29.6%” at 200m/min and then declines 

afterwards. It indicates that the most optimal energy 

efficiency is situated in the range of moderate cutting 

speed (150 ~ 250m/min). Accordingly the cutting speed 

in this region can be applied to attain the prime 

machining efficiency, and the tool life would also be 

extended compared to higher speeds.    

4. Modeling  

4.1. Modeling of specific process energy 

It seems logic to think that the specific process energy 

can be modeled as a function of the cutting parameters: 

vc, f, ap. Fig. 8, however, shows a variation in the SPE 

when all the machining parameters are set constant, but 

performed for different workpiece diameters (a same 

cutting speed is then obtained by changing the rotational 

speed of the spindle). In this test, the workpiece 

diameters were set to 66 mm and 55 mm. 

 

 

Fig. 8. Effect of workpiece diameters on SPE (for steel) 

From the figure, it is clear that a smaller diameter 

(higher spindle speed) yields higher energy 

consumption. This means that higher spindle rotational 

speeds require more power consumption. This also 

means that the energy consumption can be different for 

the same material removal rate. Therefore besides 

cutting parameters, the workpiece diameter is also 

considered as a variable that affects the SPE. 

 

 

Fig. 9. Process power in function of cutting speed 

For a given feed and cutting depth, it can be noticed 

from Fig. 9 that the process power shows an allometric 

growth (power function: y=a·x
b
) for increasing cutting 

speed. Since the specific process energy is calculated 

through dividing the process power by the MRR (linear 

incremental function), the specific process energy is a 
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power function in terms of the cutting speed. Taking all 

the above considerations into account, the SPE can be 

modelled as: 

DafvCSPE γ

p

βα

c  0
                               (6) 

The constants C0, α, β, γ and ϕ can be determined 

experimentally and depend on the workpiece material, 

used cutting tools and machines. After substituting 

equation (6) into equation (5), the TSE for turning is 

derived: 

pc

γ

p

βα

c
afv

C
DafvCTSE


 1

0

           (7) 

Where: vc in “m/min”, f in “mm/r”, ap in “mm”, D 

(final workpiece diameter) in “mm”. With applying 

least-squares curve fitting method, the values of C0, C1 α, 

β, γ and ϕ for steel are obtained and shown in Table 2.  

Table 2. Fitted constants for TSE 

C0 C1 α β γ ϕ 

1.9205 85.4442 0.4486 -0.6851 -0.8214 -0.8040 

 

The overall R-square coefficient is 0.995, which 

presents a good relation between the modelled data and 

the measured value. An example is illustrated in Fig. 10. 

The modelled constant C1 reflects the constant power of 

the machine “Mori-Seiki”. With unit conversion, the 

modelled constant power is calculated by multiplying C1 

with a factor of 16.67, resulting in 1424W. The 

measured constant power is 1320W, which means that 

an accuracy of 90% is obtained. Additionally, from the 

fitted constants it can be noticed that the feed and cutting 

depth have remarkable influence on the energy 

reduction.   

 

 

Fig. 10. Modelled function of TSE (for steel) 

4.2. Development of roughness model 

For all the experiments performed above, the surface 

roughness (Ra) was measured along the feed direction 

by a profile meter “Taylor-Hobson Form-Talysurf 

Series”. It is obtained from the test that the surface 

quality improves with increasing cutting speed, while it 

degrades with increasing feed and cutting depth. Fig. 11 

shows an example for varying cutting speeds with two 

feed values (0.05 mm/r and 0.1 mm/r). 

 

 
 

Fig. 11. Roughness results over vc and f (for steel) 

Regardless of the influence from the tool wear and 

machine vibration, the Ra model is expressed as a 

function of the cutting parameters (vc, f, ap ) [9]: 

m

p

pn

ca afvCR                                      (8) 

The constants C, n, p and m, derived from 

experiments for steel, are: 21.0638, -0.1123, 0.9827, and 

0.0410, respectively. The R
2
 coefficient in this case is 

0.9439. It is shown from the result that the feed has a 

notable effect on the surface quality. 

For specified material, cutting tool and machine, a 

small number of tests can be carried out to acquire the 

constants in both energy and roughness models. 

Subsequently, the developed models can be generally 

utilized to anticipate the energy consumption and surface 

quality for every viable parameter combination.   

5. Cutting parameter optimization 

With the established energy and surface quality 

models, the machining parameters can be optimized. 

Starting from the predefined surface roughness, groups 

of parameters (vc, f, ap) that conform to the requirement 

can be selected by using the roughness model. Then the 

energy model is further applied to obtain the optimum 

cutting conditions that would result in minimum energy 

consumption.  
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Fig. 12. Selection of optimum cutting speed 

Fig. 12 shows an example on how the cutting speed is 

optimized for turning steel. The roughness model and 

energy model shown in Fig. 12 are defined under the 

following conditions: coated carbide cutting tool 

“SPUN120304”, feed: 0.1mm/r, depth of cut: 1mm and 

final diameter of the workpiece: 50mm. Assuming the 

surface roughness Ra is set at 1.25µm, the cutting speed 

needs to be at minimum 140 m/min (based on the 

roughness curve). In the energy graph it can be seen that 

further increasing the cutting speed from 140 m/min to 

340 m/min leads to a minimum energy consumption 

with a total specific energy of 7.9 J/mm
3
. The 

recommended cutting speed in finishing from the tool 

supplier is around 190 m/min [10], which results in a 

total specific energy of 8.7 J/mm³. Consequently about 

9% of energy saving can be obtained by applying a more 

optimum speed. This method will be ultimately applied 

on optimizing the machining parameters (vc, f, ap) 

concurrently so that the overall optimized process 

parameter combination can be derived for minimum 

energy consumption. 

6. Conclusions 

This paper presents a two-step approach in 

determining the optimal cutting parameters for finishing 

turning operations for minimal energy consumption, by 

guaranteeing a specified surface roughness. In order to 

do this, an energy and surface roughness model is 

required and has been derived within this research for a 

given machine tool.  

The developed method can be extended for other 

machining processes such as milling and grinding, and 

based on this a generic energy model of process chains 

can be built up to implement environment-friendly 

process planning. Furthermore, the expense of cutting 

tools takes a very essential position in production. 

Therefore, future research will also involve tool life as 

one of the optimization criteria.  
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