
Berkeley
UNIVERSITY OF CALIFORNIA /

©
 2

01
1 

 L
M

A
S

   
  c

on
ta

ct
 e

m
ai

l: 
Evaluating Trade-offs of Green Machining 
Strategies and Technologies 

M
on

ee
r H

el
u 

m
he

lu
@

be
rk

el
ey

.e
du

 

■  The growing demand to reduce environmental impacts has 
encouraged manufacturers to pursue various green machining 
strategies and technologies such as: 
■  Minimum quantity lubrication (MQL) and dry machining 
■  Process time reductions 
■  Downsizing 

■  Design and operation for the environment, though, has a direct 
impact on performance (i.e. availability, quality, service life, 
etc.) and cost 

■  So, it is important for decision makers to be able to evaluate 
the trade-offs between the environmental, performance, and 
financial impact of any potential technology or strategy choice 

Funding Source: DTL/Mori Seiki and Industrial Affiliates of LMAS 

Motivation 

■  This study applies a data 
acquisition approach to a 
“baseline” scenario 
(“machining as usual”) and 
other alternatives that reduce 
processing time to determine 
the true costs of this green 
strategy 

■  A Haas VF-0 vertical milling 
machine was used for 
machining tests 

Experimental Approach 

Energy Based Environmental Assessment Load Based Performance Evaluation 

Environmental and Performance Impacts Cost Analysis 

Conclusions Future Work 

■  Overall power demand of machine tool measured with a 
Yokogawa CW-240 wattmeter in a three-phase, three-wire, 
three-current setup sampling at 10Hz 

■  Total electrical consumption estimated using: 
 
 
 
 
Etotal  Total electrical energy consumed (in kWh) 
k  Total number of samples 
Pi  ith measured real power demand 

■  Load profile on machine represented by cutting forces sampled 
at 1kHz using a Kistler 9257A three-component dynamometer 
and dual mode amplifier with sensitivity of 200N/V 

■  Probabilistic approach based on Weibull Cumulative Damage 
Model used to estimate change in cumulative damage caused 
by reducing processing time: 

F  Probability of failure due to cumulative damage 
t  Time 
L  Load vector 
W  Normalized cumulative damage 
β  Shape parameter 
a  Model parameters 
X  Transformation of the load value 

■  Total electrical energy consumed during baseline scenario was 
0.387kWh and maximum power recorded was 13.1kW 

■  As expected, reducing process time by increasing material removal 
rate decreased energy consumed and increased power demanded 

■  Cumulative damage decreased for increased cutting speed due to 
material softening caused by increased heat generation 
■  Increase in Z-direction due to tool run-out 

■  Cumulative damage increased for increased chip load scenarios 
due to strong cutting force dependence on chip load 

■  Assumed that machine tool creates only test piece for 12 hours per day 
and 20 days per month with 30 second setup time 

■  Electricity costs based on PG&E pricing schedule (as of 11/10) 
■  Increase in summer months due to high price during peak/partial-peak hours 
■  Absolute costs low because of simplicity of test piece 
■  Haas VF-0 also does not have much auxiliary equipment, which means that 

processing power is relatively large portion of overall power 

■  Change in damage equals change in per part cost because of indirect 
relationship between damage and service life (measured in terms of parts) 
■  Increased cutting speed generally decreases maintenance costs 
■  Increased chip load generally increases maintenance costs 

■  Validated approach that considers environmental, 
performance, and financial impacts when evaluating green 
machining technology 

■  Initial results indicate that a process time reduction strategy 
may not work for machines with lower levels of automation like 
a Haas VF-0, but could be beneficial for larger and/or more 
automated machine tools 

■  Performance evaluation should be improved to provide greater 
detail on the extent to which increased loads affect individual 
machine tool components 

■  Extend current approach to consider other environmental 
impacts (e.g. water, industrial fluids, compressed air) and tool 
wear 

■  Enable load and energy data collection on individual machine 
tool components 

■  Develop relevant metrics to feed decision making methodology 

Standard part made of 1018 steel used  
as baseline scenario (Behrendt 2010) 

reducing the processing time better amortizes these constant 

charges and may effectively reduce the specific cutting energy. 

 

Figure 2: The typical power demand of a machine tool [3]. 

 

4 METHODOLOGY 

Machining experiments were conducted on a Haas VF-0 vertical 

milling machine tool to study the impacts of a reduced processing 

time strategy. A baseline scenario was selected as well as 

alternative scenarios that reduce processing time by increasing the 

feed rate. Relevant data for a performance and environmental 

analysis were collected during each machining experiment. 

4.1 Baseline and alternative scenario design 

The test piece chosen for this investigation was developed by [19] 

(see Figure 3). This part is meant to compare the energy 

consumption of various three-axis machine tools that have a work 

area (defined by the x- and y-travel) between 0.1 and 1 m
2
. It has 

been designed to fully exercise the machine tool by requiring every 

combination of axes to create eighteen different features using four 

tools: a 50 mm, 5 insert face mill; an 8 mm end mill; a 16 mm end 

mill; and an 8 mm drill. The initial workpiece material is an 82 mm x 

82 mm x 25.4 mm 1018 AISI steel blank. The cutting speed is kept 

constant at 50 m/min. The chip load is kept constant for every 

feature except the face cut, which requires a chip load of 0.1 

mm/tooth, and the small and large grooves sets, which require a 

chip load of 0.5, 0.6, and 0.7 mm/tooth for each subsequent groove. 

The depth of cut is also incrementally increased for each of the 

three machining passes used to machine each feature except the 

drilled holes. 

 

Figure 3: Standard part machined for each machining scenario 

(units in mm) [19]. 

The baseline scenario followed the standard presented by [19]. To 

reduce the processing time, one may increase the number of flutes 

on the tool, increase the cutting speed, or increase the chip load. 

The latter two options were pursued in this study since they are 

typically the parameters that a machinist has most control over. 

While the cutting speed and chip load should be simultaneously 

increased to ensure a stable cut and good surface quality, each 

parameter was increased independently to better study the effects 

of each on the overall environmental and performance impacts. 

Two scenarios were considered for each parameter to initially 

validate our approach. The cutting speed was increased to 55 

m/min and 60 m/min, which represented a feed rate increase of 

10% and 20% respectively. Each chip load was increased by a 20% 

and 40% for the increased chip load scenarios, which represented a 

feed rate increase of 20% and 40% respectively. The chip load was 

increased further than the cutting speed due to stability limitations 

(increased cutting speed without an increase in feed rate typically 

induces chatter). 

4.2 Energy based environmental assessment 

The overall power demand of the machine tool was measured to 

evaluate the environmental impact of each machining scenario by 

determining the electrical energy consumption. A Yokogawa CW-

240 wattmeter was used in a three-phase, three-wire, three-current 

setup. The current transducers and voltage clamps were installed at 

the power input and a sampling frequency of 10 Hz was used. 

Figure 4 shows the measured power demand for the baseline 

scenario. 

 

Figure 4: Measured power demand for the baseline scenario (a 2 

second moving average was used to smooth the plot). 

The power demand was assumed to be constant for the 0.1 

seconds immediately after a measurement. This allowed the total 

electrical energy consumption to be estimated using Equation 1: 

 (1) 

where Etotal is the total electrical energy consumed (in kWh), k is the 

total number of data samples, and Pi is the ith measured real power 

demand. Real power (the portion of power used towards productive 

work) was used as opposed to apparent power (the total power 

including any losses in the electrical system) since power 

companies charge facilities based on real power as long as the 

power factor (a measure of efficiency defined as real to apparent 

power) of a facility is above a defined threshold (85% in California) 

[20]. Equation 1 was then used to estimate the change in total 

electrical energy consumption caused by each alternative scenario. 

4.3 Load based performance evaluation 

An LCP evaluation requires an understanding of the failure behavior 

of machine tool components. The failure behavior can be estimated 

using a reliability analysis that begins with the load profile on the 

machine tool components. Because these load profiles were difficult 

to obtain, the overall cutting forces were measured and assumed to 

affect all components equally. The cutting forces were measured for 

■  Real power considered since 
power companies charge facilities 
based on real power component Measured power demand for the baseline 

scenario (a 2 second moving average is 
used to smooth the plot) 

each scenario using a Kistler 9257A three-component 

dynamometer on which the workpiece was mounted. A Kistler 5004 

dual mode amplifier set to a sensitivity of 200 N/V converted the 

dynamometer charge output to a voltage signal that was then 

recorded using LabVIEW Signal Express via a National Instruments 

NI USB-6009 multifunction I/O card. The load profile was generated 

using a sampling frequency of 1 kHz. Figure 5 shows the measured 

load profile for the baseline scenario. 

 

Figure 5: Measured load profile for the baseline scenario (a 5th 

order Butterworth filter with cutoff frequency 0.005 Hz has been 

used to smooth the plot). 

A Weibull distribution approach is typically used to describe the 

stochastic failure behavior of machine tool components and 

statistically estimate their service life, but an alternative approach 

was required since the load profile on a machine tool is expected to 

vary with different machining processes [14]. So, the load-

dependent reliability model was derived using an approach based 

on the Weibull Cumulative Damage Model, which relates the 

cumulative damage of varied loads to the Weibull distribution, and 

the Generalized Log-Linear Model. Cumulative damage, or 

cumulative exposure, is the effect caused by different stresses that 

decrease the service life of equipment. The general form of the 

Weibull Cumulative Damage Model is given by Equation 2: 

 (2) 

where F is the probability of failure due to cumulative damage, t is 

time, L is the load vector, W is the normalized cumulative damage, 
and ! is the shape parameter. W is written in the Generalized Log-

Linear Model as given by Equation 3: 

 (3) 

where a0 and ai are model parameters, and Xi is a transformation of 

the load levels, Li, that depends on the type of load. For example, 

the power law offers that the natural logarithm is the appropriate 

transformation for mechanical stresses. 

The normalized cumulative damage presented in Equation 3 can be 

simplified to Equation 4: 

 (4) 

where tj is the measuring interval, and Xij is the transformation of the 

characteristic load value measured over tj. Equations 2 and 4 were 

then used to estimate the change in cumulative damage caused by 

each alternative scenario. For a given conditional probability based 

on previous loads and a predicted future load profile, the cumulative 

damage then allows for a calculation of the remaining service life of 

the machine tool. 

 

5 RESULTS 

5.1 Energy based environmental assessment 

The total electrical energy consumed during the baseline scenario 

was 0.387 kWh and the maximum power recorded was 13.1 kW. 

Table 1 summarizes the total electrical energy consumed and 

maximum power demanded during each alternative scenario 

relative to the baseline scenario. As expected, the total electrical 

energy consumed by the machine tool decreased for every scenario 

since it is most strongly dependent on the processing time. The 

slight difference between both 20% increase scenarios is likely due 

to measurement error. The greater decrease in energy consumption 

for larger increases in feed rate occurred because the effect on 

energy amortization per part is greater than that of the increased 

power required to run the higher feed rate. This suggests that an 

operating point exists that requires minimal specific cutting energy 

consumption as reported by several literature sources including [3] 

and [10]. Also, the maximum power demanded by the machine tool 

increased for every scenario due to the increased power that the 

spindle and axes motors require for higher speeds. 

 !Etoal !Pmax 

Increased cutting speed scenarios 

10% increase -26.0% +5.6% 

20% increase -29.7% +12.6% 

Increased chip load scenarios 

20% increase -31.0% +7.6% 

40% increase -40.7% +13.8% 

Table 1: % change in total electrical energy consumption and 

filtered maximum power demand of the machine tool for each 

alternative scenario relative to the baseline case. 

5.2 Load based performance evaluation 

Table 2 summarizes the cumulative damage on each axis of the 

machine tool for each alternative scenario relative to the baseline 

scenario. These values were calculated by considering the stress-

life relationship of bearings as an initial validation of our approach 

since bearings are an important part of many machine tool 

components. The cumulative damage on the x and y axes 

decreased with increased cutting speed. This was due to the slight 

decrease in cutting force created by the increased heat generation 

at the tool-chip interface. Conversely, the cumulative damage on 

the z-axis increased with increased cutting speed despite the 

previously noted trend. This was due to the added stresses on the 

z-axis during the face mill cut created by run out of the face mill 

tool. Finally, the cumulative damage of all axes increased with 

increased chip load because of the strong, direct dependence of the 

cutting force on the chip load. The y-axis was unique in that 

increasing the chip load seemed to initially decrease the cumulative 

damage. This could likely be due to a suboptimal choice for the chip 

load for the baseline scenario from the perspective of cutting forces. 
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stochastic failure behavior of machine tool components and 
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was required since the load profile on a machine tool is expected to 

vary with different machining processes [14]. So, the load-

dependent reliability model was derived using an approach based 

on the Weibull Cumulative Damage Model, which relates the 

cumulative damage of varied loads to the Weibull distribution, and 

the Generalized Log-Linear Model. Cumulative damage, or 

cumulative exposure, is the effect caused by different stresses that 

decrease the service life of equipment. The general form of the 

Weibull Cumulative Damage Model is given by Equation 2: 

 (2) 

where F is the probability of failure due to cumulative damage, t is 

time, L is the load vector, W is the normalized cumulative damage, 
and ! is the shape parameter. W is written in the Generalized Log-

Linear Model as given by Equation 3: 

 (3) 

where a0 and ai are model parameters, and Xi is a transformation of 

the load levels, Li, that depends on the type of load. For example, 

the power law offers that the natural logarithm is the appropriate 

transformation for mechanical stresses. 

The normalized cumulative damage presented in Equation 3 can be 

simplified to Equation 4: 
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where tj is the measuring interval, and Xij is the transformation of the 

characteristic load value measured over tj. Equations 2 and 4 were 

then used to estimate the change in cumulative damage caused by 

each alternative scenario. For a given conditional probability based 

on previous loads and a predicted future load profile, the cumulative 

damage then allows for a calculation of the remaining service life of 

the machine tool. 
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spindle and axes motors require for higher speeds. 
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5.2 Load based performance evaluation 

Table 2 summarizes the cumulative damage on each axis of the 

machine tool for each alternative scenario relative to the baseline 

scenario. These values were calculated by considering the stress-

life relationship of bearings as an initial validation of our approach 

since bearings are an important part of many machine tool 

components. The cumulative damage on the x and y axes 

decreased with increased cutting speed. This was due to the slight 

decrease in cutting force created by the increased heat generation 

at the tool-chip interface. Conversely, the cumulative damage on 

the z-axis increased with increased cutting speed despite the 

previously noted trend. This was due to the added stresses on the 

z-axis during the face mill cut created by run out of the face mill 

tool. Finally, the cumulative damage of all axes increased with 

increased chip load because of the strong, direct dependence of the 

cutting force on the chip load. The y-axis was unique in that 

increasing the chip load seemed to initially decrease the cumulative 

damage. This could likely be due to a suboptimal choice for the chip 

load for the baseline scenario from the perspective of cutting forces. 
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NI USB-6009 multifunction I/O card. The load profile was generated 

using a sampling frequency of 1 kHz. Figure 5 shows the measured 

load profile for the baseline scenario. 
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A Weibull distribution approach is typically used to describe the 

stochastic failure behavior of machine tool components and 

statistically estimate their service life, but an alternative approach 

was required since the load profile on a machine tool is expected to 

vary with different machining processes [14]. So, the load-

dependent reliability model was derived using an approach based 

on the Weibull Cumulative Damage Model, which relates the 

cumulative damage of varied loads to the Weibull distribution, and 

the Generalized Log-Linear Model. Cumulative damage, or 

cumulative exposure, is the effect caused by different stresses that 

decrease the service life of equipment. The general form of the 

Weibull Cumulative Damage Model is given by Equation 2: 

 (2) 

where F is the probability of failure due to cumulative damage, t is 

time, L is the load vector, W is the normalized cumulative damage, 
and ! is the shape parameter. W is written in the Generalized Log-

Linear Model as given by Equation 3: 
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where a0 and ai are model parameters, and Xi is a transformation of 

the load levels, Li, that depends on the type of load. For example, 

the power law offers that the natural logarithm is the appropriate 

transformation for mechanical stresses. 

The normalized cumulative damage presented in Equation 3 can be 

simplified to Equation 4: 
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where tj is the measuring interval, and Xij is the transformation of the 

characteristic load value measured over tj. Equations 2 and 4 were 

then used to estimate the change in cumulative damage caused by 

each alternative scenario. For a given conditional probability based 

on previous loads and a predicted future load profile, the cumulative 

damage then allows for a calculation of the remaining service life of 

the machine tool. 
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5.2 Load based performance evaluation 

Table 2 summarizes the cumulative damage on each axis of the 

machine tool for each alternative scenario relative to the baseline 

scenario. These values were calculated by considering the stress-

life relationship of bearings as an initial validation of our approach 

since bearings are an important part of many machine tool 

components. The cumulative damage on the x and y axes 

decreased with increased cutting speed. This was due to the slight 

decrease in cutting force created by the increased heat generation 

at the tool-chip interface. Conversely, the cumulative damage on 

the z-axis increased with increased cutting speed despite the 

previously noted trend. This was due to the added stresses on the 

z-axis during the face mill cut created by run out of the face mill 

tool. Finally, the cumulative damage of all axes increased with 

increased chip load because of the strong, direct dependence of the 

cutting force on the chip load. The y-axis was unique in that 

increasing the chip load seemed to initially decrease the cumulative 

damage. This could likely be due to a suboptimal choice for the chip 

load for the baseline scenario from the perspective of cutting forces. 

 

 !Damagex !Damagey !Damagez 

Increased cutting speed scenarios 

10% increase -8.7% -37.9% +39.8% 

20% increase -12.5% -39.8% +33.2% 

Increased chip load scenarios 

20% increase +18.7% -14.1% +52.9% 

40% increase +31.2% -0.2% +113.2% 

Table 2: % change in cumulative damage on each axis of the 

machine tool for each alternative scenario relative to the baseline 

case. 

5.3 Total costs of alternative scenarios 

Industrial facilities are typically charged for electricity based on both 

overall usage and peak power demand. In addition, the rates for 

both charges differ depending on the time of day (peak, off-peak, or 

partial-peak) and the time of year (summer or winter). Using the 

current rate schedule for the Pacific Gas and Electric Company 

(PG&E) in California from [21], Table 3 shows how each alternative 

scenario may affect the electrical energy price per part. To 

determine the amount to which the increased power demand shown 

in Table 1 becomes amortized per part, it was assumed that a 

machine tool creates only the test piece for 12 hours per day (6 

hours during peak and 6 hours during partial-peak in the summer; 

all 12 hours during partial-peak in the winter), 20 days per month, 

and that set up requires 30 seconds per part.  

Summer Winter  

!Cost/Part % Diff !Cost/Part % Diff 

Increased cutting speed scenarios 

10% increase -$0.001 -0.2% -$0.008 -16.4% 

20% increase +$0.010 +4.3% -$0.009 -17.6% 

Increased chip load scenarios 

20% increase $0 0% -$0.010 -19.9% 

40% increase +$0.004 +1.9% -$0.013 -26.6% 

Table 3: Electricity cost to produce 1 part using each alternative 

scenario relative to baseline scenario. 

The absolute cost difference per part was low for both the summer 

and winter pricing periods because the test piece is a simple part 

that is relatively cheap to produce. Also, the Haas VF-0 does not 

have too much auxiliary equipment, which means that the 

processing power is a relatively large portion of the overall power 

demand. So, reducing the processing time should not have had as 

significant an effect on the Haas VF-0 as it would have had on a 

larger or more automated machine tool where the processing power 

can be as little as 10% of the overall power demand [18]. 

Nonetheless, the percentage difference in electricity costs may still 

be substantial and did generally increase with increasing 

processing rate as seen in the winter pricing period. This trend 

should continue until a minimal operating point is reached due to 

the greater power required to operate the machine tool at greater 

loads. The summer pricing period did not have the same trend as 

the winter pricing period because of the relatively high demand 

costs ($12.67/kW and $2.81/kW for peak and partial-peak periods 

respectively [24]). Again, though, the summer pricing period would 

have more closely followed the winter pricing period if a larger or 

more automated machine tool were considered. 

The increase in damage that is shown in Table 2 also impacts costs 

because of its indirect relationship with the lifetime of a machine 

tool component. For example, the spindle bearings should be 

strongly affected by the increased damage in the z-axis for both of 

the increased cutting speed scenarios. So, a 20% increase in the 

cutting speed increased the damage in the z-axis by 33.2%, which 

will decrease the service life of the spindle bearings by about 75% 

(that is, the machine tool will be able to machine 75% less parts 

before the spindle bearings will need to be replaced). In fact, 

because service life is measured in terms of parts produced in this 

approach, the relative change in damage is exactly equal to the 

cost of a component per part produced (e.g. if a spindle bearing 

costs $100 and has a life of 1000 parts, then they would cost 

$0.10/part for the baseline scenario and $0.133/part when the 

cutting speed is increased 20%, which is an increase of 33.2%). 

Thus, the increased cutting speed scenarios should generally 

decrease maintenance costs (if the damage in the z-axis is 

neglected since it was likely due to run out of the face mill), while 

the increased chip load scenarios should generally increase 

maintenance costs. 

 

6 SUMMARY AND FUTURE WORK 

This paper has presented an approach that considers 

environmental, performance, and financial impacts when evaluating 

green machining technologies and strategies. To begin the 

validation of this approach, a series of cutting experiments were 

performed to study the true costs of a reduced processing time 

strategy. The initial results indicate that such an approach may not 

provide great benefit for smaller machines or those will lower levels 

of automation such as the Haas VF-0 due to the increased loads on 

the bearings and other components of the machine tools and the 

marginal reductions in the electricity costs. However, these initial 

results do suggest that increasing the process rate could have 

significant benefits to larger and/or more automated machine tools 

were the processing power is a much smaller percentage of overall 

power demand and the machine tool components are designed to 

withstand greater forces. There are also other potentially significant 

costs that have yet to be included in this approach such as tool 

wear (which should be important for increased processing time 

strategies) and power factor. Furthermore, the performance 

evaluation should be improved to provide greater detail on the 

extent to which increased loads affect individual machine tool 

components. 

The preliminary results of this study suggest that power factors 

could be a promising green machining strategy since power 

companies provide many financial benefits to ensure a high power 

factor so that the electricity grid is most efficiently utilized. For 

example, for facilities that have greater than 400 kW demand, 

PG&E rewards power factors above 85% by reducing its fees by 

0.06% for each percentage point above 85% [20]. Similarly, PG&E 

also discourages power factors below 85% by increasing its fees in 

the same manner. Many facilities generally operate at or above 

85% when all powered systems are considered. However, machine 

tools tend to reduce the power factor due to the high resistive 

losses typical in motors. For example, a power factor of ~68% was 

typical for the Haas VF-0. There are two general ways to increase 

the power factor of equipment: use more power towards productive 

work, or change electrical components (e.g. motors) to higher 

efficiency models. Both are technologies that should be investigated 

further, especially the former option as many existing strategies 

may serve to promote this effect. 

Future work will focus on extending the current approach to 

consider other environmental impacts (e.g. water and machining 

fluid consumption, compressed air) and tool wear in addition to load 

and energy data on individual machine tool components to provide 

greater detail in characterizing the costs of green machining 

strategies. In addition, useful metrics such as energy reduction per 

Dollar of cost to implement the technology will be developed so that 
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determine the amount to which the increased power demand shown 

in Table 1 becomes amortized per part, it was assumed that a 

machine tool creates only the test piece for 12 hours per day (6 

hours during peak and 6 hours during partial-peak in the summer; 

all 12 hours during partial-peak in the winter), 20 days per month, 

and that set up requires 30 seconds per part.  

Summer Winter  

!Cost/Part % Diff !Cost/Part % Diff 

Increased cutting speed scenarios 

10% increase -$0.001 -0.2% -$0.008 -16.4% 

20% increase +$0.010 +4.3% -$0.009 -17.6% 

Increased chip load scenarios 

20% increase $0 0% -$0.010 -19.9% 

40% increase +$0.004 +1.9% -$0.013 -26.6% 

Table 3: Electricity cost to produce 1 part using each alternative 

scenario relative to baseline scenario. 

The absolute cost difference per part was low for both the summer 

and winter pricing periods because the test piece is a simple part 

that is relatively cheap to produce. Also, the Haas VF-0 does not 

have too much auxiliary equipment, which means that the 

processing power is a relatively large portion of the overall power 

demand. So, reducing the processing time should not have had as 

significant an effect on the Haas VF-0 as it would have had on a 

larger or more automated machine tool where the processing power 

can be as little as 10% of the overall power demand [18]. 

Nonetheless, the percentage difference in electricity costs may still 

be substantial and did generally increase with increasing 

processing rate as seen in the winter pricing period. This trend 

should continue until a minimal operating point is reached due to 

the greater power required to operate the machine tool at greater 

loads. The summer pricing period did not have the same trend as 

the winter pricing period because of the relatively high demand 

costs ($12.67/kW and $2.81/kW for peak and partial-peak periods 

respectively [24]). Again, though, the summer pricing period would 

have more closely followed the winter pricing period if a larger or 

more automated machine tool were considered. 

The increase in damage that is shown in Table 2 also impacts costs 

because of its indirect relationship with the lifetime of a machine 

tool component. For example, the spindle bearings should be 

strongly affected by the increased damage in the z-axis for both of 

the increased cutting speed scenarios. So, a 20% increase in the 

cutting speed increased the damage in the z-axis by 33.2%, which 

will decrease the service life of the spindle bearings by about 75% 

(that is, the machine tool will be able to machine 75% less parts 

before the spindle bearings will need to be replaced). In fact, 

because service life is measured in terms of parts produced in this 

approach, the relative change in damage is exactly equal to the 

cost of a component per part produced (e.g. if a spindle bearing 

costs $100 and has a life of 1000 parts, then they would cost 

$0.10/part for the baseline scenario and $0.133/part when the 

cutting speed is increased 20%, which is an increase of 33.2%). 

Thus, the increased cutting speed scenarios should generally 

decrease maintenance costs (if the damage in the z-axis is 

neglected since it was likely due to run out of the face mill), while 

the increased chip load scenarios should generally increase 

maintenance costs. 

 

6 SUMMARY AND FUTURE WORK 

This paper has presented an approach that considers 

environmental, performance, and financial impacts when evaluating 

green machining technologies and strategies. To begin the 

validation of this approach, a series of cutting experiments were 

performed to study the true costs of a reduced processing time 

strategy. The initial results indicate that such an approach may not 

provide great benefit for smaller machines or those will lower levels 

of automation such as the Haas VF-0 due to the increased loads on 

the bearings and other components of the machine tools and the 

marginal reductions in the electricity costs. However, these initial 

results do suggest that increasing the process rate could have 

significant benefits to larger and/or more automated machine tools 

were the processing power is a much smaller percentage of overall 

power demand and the machine tool components are designed to 

withstand greater forces. There are also other potentially significant 

costs that have yet to be included in this approach such as tool 

wear (which should be important for increased processing time 

strategies) and power factor. Furthermore, the performance 

evaluation should be improved to provide greater detail on the 

extent to which increased loads affect individual machine tool 

components. 

The preliminary results of this study suggest that power factors 

could be a promising green machining strategy since power 

companies provide many financial benefits to ensure a high power 

factor so that the electricity grid is most efficiently utilized. For 

example, for facilities that have greater than 400 kW demand, 

PG&E rewards power factors above 85% by reducing its fees by 

0.06% for each percentage point above 85% [20]. Similarly, PG&E 

also discourages power factors below 85% by increasing its fees in 

the same manner. Many facilities generally operate at or above 

85% when all powered systems are considered. However, machine 

tools tend to reduce the power factor due to the high resistive 

losses typical in motors. For example, a power factor of ~68% was 

typical for the Haas VF-0. There are two general ways to increase 

the power factor of equipment: use more power towards productive 

work, or change electrical components (e.g. motors) to higher 

efficiency models. Both are technologies that should be investigated 

further, especially the former option as many existing strategies 

may serve to promote this effect. 

Future work will focus on extending the current approach to 

consider other environmental impacts (e.g. water and machining 

fluid consumption, compressed air) and tool wear in addition to load 

and energy data on individual machine tool components to provide 

greater detail in characterizing the costs of green machining 

strategies. In addition, useful metrics such as energy reduction per 

Dollar of cost to implement the technology will be developed so that 

Baseline machining parameters: 
■  Cutting speed kept constant at 50m/min 
■  Chip load kept constant at 0.05mm/tooth 

except for face cut (0.1mm/tooth) and groove 
sets (0.05, 0.06, and 0.07mm/tooth for each 
subsequent groove) 

■  Depth of cut incrementally increased from 
1mm to 2mm to 3mm for each of the three 
machining passes 


