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Soaring energy prices, signs of a human-made climate change
and legislative pressure have brought the energy consumption
of machines to the attention of machine tool builders and their

customers. To enable manufacturers and operators of machines
to include energy consumption into their considerations

in an objective way, we introduce an efficient method to model
the energy consumption behaviour of machines. Based on that, 

we present methods to forecast the actual power drain profile 
and to optimise machines for minimal energy consumption 

under any given application scenario
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1. Motivation
For decades, economies worldwide and most of all in Europe ha-
ve been able to grow fast based on the almost unlimited availabi-
lity of cheap energy and resources. First signs of the dependency 
on energy for prosperity have become apparent in the 1970s, with 
a number of economic setbacks resulting from energy shortages. 
In that decade, the acclaimed book ‘The Limits to Growth’ [Meadows 
1972] highlighted the global consequen ces of limited resources for 
the first time. Since then, many new and large economies have en-
tered the com petition for resources with force, while new sources 
of energy have not been made available to the same extent. As 
a result, the energy prices have experienced a sharp increase and 
brought the cost for energy onto the agenda. Moreover, as most 
means to produce energy result in the emission of carbon dioxide 
to the atmosphere, human induced climate change is directly lin-
ked to the energy consumption worldwide and is expected to lead 
to additional cost in the future.

In addition to raising the consciousness of people worldwide, this 
has led to legislative pressure. A recent Directive of the European 
Parliament on Energy using Products [Directive 2005/32/EC] aims 
to establish a framework for the setting of ecodesign requirements 
for energy-using products. The final report [Working Plan of the 
EcoDesign Directive 2008] of a study group initiated by the Europe-
an Commission cites tool machines as the top three priority for inclu-
sion into the product categories to be regulated in this framework. 
Although the results of this study have been at the heart of some de-
bate [Welcker 2008], it is highly probable that tool machines will 
be subjected to energy efficiency regulation and classification in the 
years to come.

Motivated by the mentioned financial and legislative pressure, en-
terprises that buy and operate tool ma chines are currently investigat-
ing methods to limit the life cycle cost of their production lines. The 
automotive industry will require energy consumption data to be in-
cluded into bids in the upcoming years. Tool machine manufactur-
ers will therefore have to be able to provide accurate data on the 
energy their products require to manufacture a product. Unfortu-
nately, today neither the tool machine manufacturers nor their cus-
tomers have a clear picture of the energy use of machines and pro-
duction lines. 

The ability to make informed decisions about design aspects that 
have an influence on both the energy consumption and the invest-
ment will be an important aspect of competitiveness in the future. 
While some measurements have been made, what has been missing 
is a practical method to predict the actual energy consumption. This 
paper therefore introduces a lean modelling technique that helps to 
overcome these limitations.

2. Elements of Efficiency
Before methods for energy consumption modelling and efficiency 
optimisation can be introduced, we have to take a closer look at 
what efficiency is and what factors contribute to the overall efficiency 
of manufacturing. 

In theory, the efficiency of a machine is the ratio between the ab-
solute minimum of the energy that is required theoretically for a task, 
Emin,abs and the actual energy turnover of a real machine, Ereal:

 (1)

Unfortunately the theoretical minimum is often unknown for manu-
facturing applications. In a more informal way, efficiency can be se-
en as the result achieved compared to the effort required for that:

 (2)

Of course, this equation cannot be evaluated in this general form. In 
manufacturing, though, both benefit and effort can often be quan-
tified monetarily, i.e. the benefit may be the earnings and the effort 
may be the total turnover attributed to a manufactured part. In the 
same way, the value of a product can be related to the energy requi-
red for its production. Obviously, the attainable value of this quantity 
is determined during product design, applying a trade-off between 
product efficiency and attainable production efficiency. While it is 
difficult to accurately predict, for a given design, production effici-
ency can be seen as a combination of a number of individual de-
grees of efficiency.

Typically, the first step in manufacturing a product consists of 
laying out the process chain leading from raw materials to the finis-
hed product. The form and characteristics of raw materials are often 
included in this step in the form of key figures [Abele 2003]. In ad-
dition to that, waste and recycling cost are taken into account to ens-
ure resource efficiency. The goal is to find the combination of steps 
with the lowest total effort for a given product. Often, no explicit de-
gree of efficiency can be given, as the theoretical minimum effort is 
not known, and thus the comparison is made based on absolute va-
lues, e.g. the total energy turnover:
 

(3)

As a process chain consists of individual manufactu ring steps, its to-
tal efficiency is determined, on the one hand, by the best possible se-
lection of steps, and, on the other hand, by the efficiency of the indi-
vidual process steps. When discussing energy required for a pro cess 
step, it is important to take into account all se con dary energy expen-
ses that are required for its im plementation. For example, when laser 
cutting is com pa red to punching, the punching tool has to be taken 
into account part of the fixed expenses Efixwe,i:

 (4)

Here, Eper unit,i denotes the energy that is required for the processing of 
an individual unit and N is the batch size to be processed. 

In the case of cutting processes like milling or turning, where ma-
terial removal is the primary objective, the specific consumed ener-
gy eproc and the specific processing power pproc(t) can be computed 
as objective key figures from the processing power Pproc(t), its ener-



gy integral Eproc , the material removal rate Vrem(t) and the volume of 
removed material Vrem:

 
 (5)

This allows to compare the efficiency of different process configurati-
ons, but does not take into account objectives like surface quality.

The first element of the energy balance for which a real degree of 
efficiency can be given, is the machine efficiency. There, the instan-
taneous power required by the process can be related to the actual 
instantaneous power consumption of the machine:

 (6)

The machine power consumption can be measured directly at its 
power input, and, in the case of chipping, the process power can be 
computed by multiplying force and speed or torque and turning rate. 
Integrating the power over the time a processing step requires, leads 
to the energy turnover, and, consequentially, the degree of efficiency 
of a machine for a process step can be quantified:

 (7)

Like with any theoretical degree of efficiency, the maximum attaina-
ble value of one cannot be reached by any machine.

Moreover, equation 7 highlights that the way a ma chine is used has 
an important influence on its actual energy efficiency. Typically, pro-
cess power is not re quired continuously, while a machine consumes 
energy at a substantial rate even if it is standing still. Consequentially, 
the efficiency will be low even for highly efficient processes and machi-
nes with high efficiency components, if the machine is not switched off 
or put into a hibernation mode during periods of inactivity.

3. Requirements to an Energy Consumption Model
From what has been said, it can be seen that it is virtually impossi-
ble to design an optimal product, select the best process chain or 
ensure maximum utilisation efficiency without having detailed pre-
vious knowledge of process and machine related energy consump-
tion. The most convenient form of this knowledge is given by a mo-
del that allows simulating the energy con sump tion for a large num-
ber of different scenarios. Such a model has to fulfil a number of 
requirements and:
• allows generic modelling of production machines,
• represents their energy consumption accurately,
• allows to make predictions for alternatives,
• is action oriented,
• can be embedded into the context of other goals,
• is lean and can be efficiently computed,
• is intuitive and easy to parameterize, and 
• is scalable to the system size and detail required.

While most of these objectives might sound obvious, they are often 
not or not all fulfilled by modelling and simulation techniques.

4. Existing Energy Efficiency Models
Of course, the energy conversion characteristics of tool machines 
and manufacturing processes have been studied before. 

Many engineers are familiar with mechatronic modelling and sim-
ulation for machine optimisation. While this approach could also 
be used for energy efficiency optimisation, the resulting models are 
not lean, require a large number of parameters that are often diffi-
cult to obtain, and can only be computed quickly for very simple cas-
es. Therefore, mechatronic models are suitable only for detailed op-
timisation.

At the other end of the complexity spectrum lie power flow dia-
grams, like the one given in Figure 1, that con dense energy conver-

sion into a static representation [RAVEL/BFK 2000]. These diagrams 
give a general idea of the efficiency of a machine, but do not take 
into account how the ma chine is actually used and do not model the 
effects that are linked to design alternatives. As will be shown la-
ter on, this has an important influence on the predicted energy con-
sumption and the efficiency evaluation. 

Like power flow diagrams and degrees of efficiency, many mo-
dels of energy efficiency are inspired by thermodynamics [Sekulic 
2006]. These are typically helpful in determining the theoretical mi-
nimal energy required for manufacturing tasks as well as for de-
tailed modelling of the energy conversion processes. Unfortunate-
ly, they are often of limited practical use as many required parame-
ters are unknown. 

Some more specific models are available in the manufacturing 
sciences literature. Draganescu et.al. have introduced a detailed 
model of the specific energy consumption for milling manufactu-
ring process ses [Draganescu 2003]. They establish the dependenci-
es between the process efficiency and all major cutting parameters 
and take into account, that the energy consumption of a tool ma-
chine is dependent on the process force in a nonlinear fashion. This 
is an excellent basis for further study, but cannot easily be genera-
lised for other process and machine configurations. Moreover, sup-
plementary aggregates of the machine are disre garded, even thou-
gh these often have a major impact on the overall energy balance, 
as will be shown later.

A modelling framework that is able to take into account all ele-
ments of a production and even an entire enterprise is given by the 
International Performance Measurement and Verification Protocol 
(IPMVP) that is provided by the Efficiency Valuation Organisation 
(EVO) [IPMVP 1997]. This guideline is meant to be applied in overall 
energy efficiency analysis and today has been adapted and develo-
ped by many consulting agencies. For the optimisation of machine 
tools, though, it is of limited use, as it does not provide detail beyond 
key figures and does not foresee simulative case studies.

5. Machine Energy Consumption Model
From the previous paragraphs it has become clear that an improved 
modelling technique is required for energy efficiency assessment in 
the tool machine industry. Such a model, which satisfies the require-
ments stated in section 3, will be presented in this chapter. It is inspi-
red by the structure of the typical machine power input measurement 
from a simple aluminium milling opera tion shown in Figure 2.

Figure 1. Machine tool power flow diagram (Translated from [RAVEL/BFK 2000]).

Figure 2. Actual power input at machine main connection over time
(integral area = consumed energy).
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There, a number of events can be seen to change the power in-
take between a number of clear cut levels. First, the coolant is swit-
ched on (1) and the machine executes a rapid motion to its starting 
position (2). Then the spindle speeds up (3) and the tool enters the 
workpiece (4). Upon termination of the cut (5), the spindle (6) and 
the coolant (7) are switched off. A substantial idle power intake re-
mains after that (8).

The power consumption profiles for other manufactu ring operati-
ons are similar. We note that acceleration and deceleration are on-
ly directly responsible for peak power. Although the manufacturing 
process does lead to a variation in the power input, its cumulated 
energy is considerably smaller than that e.g. of the idle power. From 
these considerations, we derive that the power consumption of the 
machine varies mainly with the operating state. The state/transition 
graph of the tool machine is given in Figure 3, and the correspon-
ding power consumption of the machine components per state is 
shown in Figure 4.

It is emphasised that this model can be parameterised from a few 
basic measurements. Moreover, only two static levels of process re-
lated power consumption, end mill (EM) chipping and milling he-
ad (MH) chipping, are included and acceleration effects are not in-
cluded.

This model is lean and can be evaluated in simulation with very low 
computational requirements. Its form is intuitive and allows for the ge-
neric modelling of many production machines. Most importantly, it is 
action oriented in that it takes into account how the machine is being 
used and allows to make predictions of the energy consumption resul-
ting for a changed usage profile or modified components.

6. Energy Consumption Forecasting
Forecasting the energy consumption with the model introduced in 
the previous paragraph requires the formulation of a usage profile. 
This is straight forward and consists of taking note of the points of ti-
me when the machine changes its operational state. An example for 
a roughing operation is given in Figure 5.

Such a usage profile can for example be established offline using 
a numerical control program simulation. As an alternative, machine 
signals may be used to determine transitions between states.

To evaluate the prediction capability of the model for a milling ma-
chine, we have first adapted and para metrised it in different levels 
of detail using a number of test cycles and then manufactured the 
steel work piece shown in Figure 6. During the milling, the power 
consumption Preal at the machine main connection has been record-
ed and compared to the power consump tion profile predicted using 
the models (Figure 7).

It can be seen that the most detailed version of the model tracks the 
power consumption accurately (Psim,fine) while the model introduced in 
section 5 seems to give only a crude representation (Psim,coarse). Never-
theless, even the coarse version of the model approximates the real 

Figure 3. State/transition model of a tool machine.

Figure 4. Power consumption of the tool machine components in each 
of the states of Figure 3.

Figure 5. Usage profile for a roughing operation.

Figure 6. Example workpiece used for the evaluation.

Figure 7. Measured (top) and predicted power consumption profiles
for different levels of detail.

Figure 8. Measured (top) and predicted power consumption for manufacturing
the entire workpiece.



energy integral to within 5 %. The same applies to the simulation of 
the entire manufacturing of the workpiece from Figure 6, with the re-
sults being shown in Figure 8. These results make it clear that the mo-
del presented in this paper is able to represent the energy consumpti-
on of the tool machine accurately.

7. Applications of the Model
As has been shown so far, it is relatively easy to predict the energy 
consumption of a machine tool using the model presented in this pa-
per based on a small number of measurements. Due to the structure 
of the model, it can be used for a number of energy efficiency ana-
lysis and optimization tasks.

a. Model based Efficiency Analysis 
As the power intake is given for each state and each component, it is 
easy to perform an analysis of the share of energy that each compo-
nent is responsible based on the model. To do that, the power con-
sumption of each components is computed and integrated and then 
divided by the total consumed energy. The result for the roughing 
operation is shown in Figure 9.

From this, it can be seen that despite the high mechanical power 
required by the milling head, the machining operation itself is re-

sponsible for only about 20 % of the energy consumed during the 
entire operation. This is due to the fact that the tool is not all the time 
ac tively milling on the workpiece. That the ma nufacturing process is 
responsible for only a small proportion of the energy consumption 
becomes even more obvious when considering the entire manufactu-
ring of the workpiece (Figure 10). 

Here, the end mill applied for manufacturing the logo used on-
ly a small proportion of the potential spindle power of the machine. 
This leads to low efficiency, even if milling was active most of the ti-
me (Figure 11).

Analyses like the one shown here are important tools for finding 
the potential for energy efficiency optimisa tion, e.g. by reducing idle 
running losses [Kuhrke 2008].

b. Component Case Study
Once the strengths and weaknesses of a machine have been deter-
mined with such an analysis, case studies can be performed on the 
model. 

In the example given here, the available spindle power most of the 
time was not used to full capacity due to the limited forces the end 
mill could take. Only the roughing with the milling head used a large 
proportion of the power available, and this operation was respon-
sible for only a small proportion of the overall energy turnover. It is 
therefore an obvious option to replace the spindle with a lower pow-
er unit, as the losses are typically proportional to the rated power. 
Such a scenario can be simulated using the existing model by reduc-
ing the spindle idle electrical power losses (Figure 3) while length-
ening the time spans the machine takes for high power operations 
in the usage profile (Figure 5). In that way, criteria are established 
about how much the losses have to be lower for a reduced power 
spindle that still satisfies the process conditions to realise substantial 
energy savings.

While the experimental case study by Weisbecker [Weisbecker 
2008], who replaced the spindle of an existing machine with a lower 
power unit and measured changes in time and energy, yields similar 
results, it is more expensive than the simulative study using the ener-
gy consumption model. In addition to that, the optimal configuration 
cannot be found experimentally due to the typically limited number 
of physical spindles available.

c. Operational Case Study
The second obvious conclusion that can be drawn from the analy-
sis introduced in section 7.1 is that the coolant supply is responsible 
for the major part of the energy consumption. Based on the ener-
gy consump tion model, the numerical control program and the se-
lection of an equivalent dry milling process, the chan ges in manu-
facturing time and energy consump tion can be computed. Here, 
it has to be kept in mind that any extension of the milling time me-
ans that all other power consuming units of the machine are running 
longer and, and some point, will eat up the savings from switching 
off the coolant.

8. Extensions to the Model
One of the main advantages of the model is that it can be extended 
with additional sub-models easily.

a. Manufacturing Process
As the manufacturing process has a major influence both on the at-
tainable processing time and the instan taneous power drawn by the 
machine, it motivates the first extension of the model. This can be 
done straight forward by replacing the static levels of process 
in duced power consumption in Figure 3 by a functional description 
depending on the machining pa ra meters, like the one shown in 
Figure 12. As the tool-workpiece combination is crucial for this func-
tion, it is convenient to encapsulate this into an interchangeable mo-
dule. Such a module could also include process limitations, stabili-

Figure 9. Share of energy consumed by each component only for the roughing
operation shown in Figure 5.

Figure 10. Share of energy consumed by each component for the entire
manufacturing of the part.

Figure 11. Share of energy consumed in each state.
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Figure 12. Required electrical power as a function of cutting width
(bSchnitt and feedrate (vvor).

Figure 13. Required specific electrical power (power divided by material removal rate)
as a function of cutting width (bSchnitt) and cutting height (hSchnitt).

ty and the material removal rate, which can then be used to find the 
optimal settings for minimum specific electrical power and energy 
(Figure 13).

b. Acceleration Forces
The second effect to be taken into account consists of the dynamic 
acceleration and deceleration forces. While the measurements intro-
duced in section 6 make it clear that these do not contribute a large 
proportion of the energy consumption integral, they determine the 
peak power requirements and, via the rated power, the energy los-
ses linked to the electrical machines. 

Based on a kinematic machine model, moving masses and the 
motor power constants, it is easy to compute the instantaneous pow-
er drawn due to acceleration. This sub-model can be refined, if in-
formation about the dynamic behaviour of the machine is available 
in the form of bandwidth, frequency response, transfer functions or 
differential equations.

This model extension allows analyzing the energy sa vings that can 
be gained by using mass reduction tech niques, like those studied in 
the EcoFIT project [Sekler 2007].

c. Hierarchical and Stochastic Models
In addition to refining the model proposed here by including more 
detail, it can also be extended to span all levels from the producti-
on line down to the indivi dual components of a machine [Dietmair 
2008]. Normally, this would lead to combinatorial explosion of the 
number of system states, but can be tackled by hierarchic model ling 
and abstraction. In that way, it is ensured that the model is scalable 
to system size and detail required.

For optimisation, usage scenarios can also be given in the stochastic 
form of semi-Markov processes [Dietmair 2008]. These have been 

used for optimisation of the control of small battery powered systems 
[Qiu 1999].

9. Conclusions
In this paper, a modelling framework for tool machine energy con-
sumption forecasting has been presented. A number of examples ha-
ve been given how this can be applied for energy efficiency optimi-
sation. Future work will be directed towards extending this methodo-
logy, optimisation and merging with numerical control simulation to 
provide strong tools for the digital factory.
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