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Abstract Energy efficiency has become a very signifi-
cant factor, requiring its inclusion in the manufacturing
decision-making attributes. This paper proposes a gener-
alized approach to manufacturing energy efficiency. The
basic element of the approach is the division of energy
efficiency definition and study into four manufacturing
levels, namely process, machine, production line, and fac-
tory. Process-level definitions are provided for the majority
of manufacturing processes. A machine-level study indi-
cates and solves difficulties, generated by the workpiece
geometry, and points out the interaction with the process
level through factors, such as the process time. Moreover,
machine tool peripherals are responsible for a significant
portion of the consumed energy, and classification based on
the dependence of their consumption on process variables
is required. Studies made on the production line and fac-
tory levels show that energy efficiency, at these levels, is
heavily dependent on production planning and scheduling
and can be improved through the appropriate utilization of
machines, with the inclusion of shutdown and eco-modes.
Finally, a case study is presented, showing that many of
the difficulties towards the optimization of energy effi-
ciency can be dealt with successfully, using the proposed
generalized approach.
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1 Introduction

Manufacturing is defined as the transformation of materi-
als, energy, and information into goods for the satisfaction
of human need [1, 2]. Manufacturing processes use one or
more physical or chemical mechanisms (Fig. 1) to transform
the material’s form, shape, or properties [1].

The required energy, as seen in Fig. 1, is considered being
a process input. This input is only partially embodied in the
final product, in the form of useful work; the rest is trans-
formed into waste heat. Current studies [4] indicate that only
a small fraction of the energy input is actually adding value
to the product; the majority of the energy is used for creating
stable process conditions and peripheral functions.

The manufacturing sector has been historically one of the
biggest energy consumers [5, 6]. Thus, energy efficiency
has become a very significant factor, especially in countries
that are not energy-independent. Additionally, energy is an
increasingly important cost factor due to its rising price.
Manufacturing enterprises have to reduce energy consump-
tion for minimizing cost and environmental impact, trying
to find new ways to produce “more with less” [2]. Thus, the
manufacturing tetrahedron [1] has to be extended as shown
in Fig. 2, in order to include energy and eco-efficiency as
new attributes for manufacturing decision making. The posi-
tioning of energy and eco-efficiency on top of the cost, as
well as the red line connecting them in Fig. 2 is not arbitrary.
These attributes are the ones that are not connected compet-
itively; on the contrary, to a degree, they have a cooperative
relation, as a coincidence of the huge contribution of the
energy cost to the total cost.

Although energy efficiency is a relatively new field in
manufacturing research, there is already quite an extensive
literature, focusing on different levels of manufacturing.
Energy efficiency at the process and machine levels for
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Fig. 1 Process from an energy point of view [3]

conventional processes, such as forming [7–9] or material-
removing processes [9–14], have recently collected some
interest. There are fewer studies on nonconventional pro-
cesses, namely EDM [15, 16] or laser machining [9, 17,
18]. There is also research done on real-time energy con-
sumption measurement [19, 20], which is necessary for the
implementation of energy-efficient production strategies.
Apart from theoretical models of manufacturing processes,
there are also some interesting approaches that lead to pro-
cess energy efficiency optimization through continuous trial
and error loops (for which monitoring is a necessary part),
such as genetic algorithms [21].

At the machine level, it is also very important that energy
consumption is studied regarding the peripheral devices that
actually consume a very important part of the energy [4,
22]. The peripheral device consumption can be studied
more intuitively with the use of diagrams, introduced by
Gutowski et al. in [3] for conventional processes and by
Fysikopoulos et al. in [17] for nonconventional processes.

An important issue concerning energy efficiency is that
achieving more energy-efficient production may result in
worsening of other indicators such as cost or quality.

Flexibility

QualityTime

Cost

Energy & Eco-efficiency

Fig. 2 The manufacturing decision-making attributes with the inclu-
sion of energy and eco-efficiency

However, recent studies propose that energy gains can
be achieved without sacrificing a lot at least in terms of
quality [14, 23].

It is a fact that a very significant amount of energy is
spent on the idle consumption of machines [4]. Thus, energy
efficiency at the production line or at factory level can be
improved by better production planning and scheduling. An
additional advantage of this approach is the fact that there
is no interference with indicators such as quality. Several
studies propose methods of energy-efficient scheduling that
may result in significant energy gains [24, 25]. A neces-
sary element of such an approach is the inclusion of energy
efficiency in the parameters predicted by production simula-
tion systems [26, 27]. Other approaches to energy efficiency
include life cycle assessment methods [28–30].

In this paper, a generalized approach to manufacturing
efficiency is introduced. The main consideration of this
approach is the division of energy efficiency analysis into
four levels: those of process, machine, production line, and
factory.

– Process level: This concerns the energy interactions
related to the physical mechanisms of the process itself.
For example, in milling, the energy input at the process
level is the energy required for the tool to remove the
material, while in laser machining, it is the energy of
the laser beam.

– Machine level: This includes the process level as well as
all the required machine peripherals that ensure proper
machining conditions. In some cases, the machine level
can be identical with a machine tool; however, special
care has to be taken when some peripheral devices are
shared among different machines.

– Production line level: This refers to a group of different
machines and any other peripherals devices that may be
required for the proper function of a production line.

– Factory level: In the same logic as above, this level usu-
ally comprises several different production lines that
may interact and include peripheral devices, required
for the proper function of the entire factory. The lat-
ter may have interactions with other factories inside a
global production network.

The main issues at each level, as well as the inter-level inter-
actions are analyzed, and a general strategy towards energy
efficiency optimization is proposed.

2 Energy efficiency and manufacturing levels

Energy efficiency is a metric used for the comparison
of different manufacturing configurations, resulting in the
selection of the one that produces more with less energy [2].
In order for energy efficiency to be appropriately defined, it



Int J Adv Manuf Technol (2014) 73:1437–1452 1439

is of critical importance that the options which are available
for comparison are understood.

One first set of options to be compared are the different
process variable selections for a given process. The study
of these alternatives requires a deep analysis of the pro-
cess’ physics, and it is probably the least studied energy
efficiency sector in the existing literature. Subsequently,
the different machine tools capable of performing the same
operation have to be compared. These machines may use the
same or different manufacturing processes. The selection
of the most energy efficient machine is correlated not only
with the process, but also with the peripheral functions the
machine needs to have in order to ensure stable machining
conditions.

Moreover, the different production line configurations
have to be taken into consideration. Although this problem
is conceptually simpler, it is characterized by higher com-
plexity [31, 32]. A specific line configuration may be more
efficient for a number of reasons, including the ability of
better scheduling towards reducing idle times or the inclu-
sion of machines able to switch to eco-mode or shut down
when they are not operating. Finally, a last set of options
to be compared are the different factory configurations. The
possible energy gains from such configurations are of simi-
lar nature as for the different production line configurations;
however, this is a more complicated problem.

The combination of all information above should allow
for the selection of the best possible scenario that optimizes
the energy consumption of the entire factory. Energy effi-
ciency targets at optimizing an enormous set of features
that can be organized into four groups. This categorization
divides the study of energy efficiency into an equal num-
ber of different levels (Fig. 3). For each of these levels,
the energy efficiency should be defined in an appropriate
way, so that the relevant group of objectives described above
could be achieved.

Process

Machine

Production Line

Factory

Fig. 3 Energy efficiency analysis division [33]

2.1 Inter-level interactions and energy efficiency
optimization strategy

It may seem reasonable that the introduction of these lev-
els can indicate the optimum solution for the entire system
in a simple way, the level-by-level optimization of the rel-
evant options via a bottom-up approach (from the process
to factory level). It can only be a first, simplistic view of
the problem, but it definitely does not provide the optimum
solution given that the different levels are subject to non-
trivial inter-level interactions. Two simple abstract examples
are provided for clarification.

Example 1 (Process-machine inter-level interaction) A
given process can be used with two different sets of vari-
ables indicated by indexes 1 and 2. When used with the
selection of variables 1, the required energy for a given
task is EP1 and the necessary time t1, while when used
with the selection of variables 2, it is EP2 and t2, respec-
tively. It is assumed that EP1 < EP2 and t1 > t2. The
selection of the first set of variables is the most efficient
at the process level, since EP1 < EP2. However, at the
machine level, it is the peripherals’ consumption that has
to be taken into account. If the consumed power by the
peripherals is notated by P , then the energy that will be
consumed by the machine is equal to EM1 = EP1 + P t1
for the first selection of variables and EM2 = EP2 + P t2
for the second. Thus, since t1 > t2, it is not obvious
which selection of variables is the most energy-efficient
at the machine level. This example indicates an inter-
level relation between the process level and the machine
level and shows the importance of process time in energy
efficiency.

Example 2 (Machine-production line inter-level interaction)
Two given machines can be used for the same operation.
They are indicated by indexes 1 and 2. For the opera-
tion in consideration, it is assumed that the first machine
requires energy EM1, while the second one energy EM2,
with EM1 < EM2, and the two machines perform the
given operation at the same time. At the machine level,
the first one is more efficient. However, the two machines
are characterized by idle powers P1 and P2, assumed to
obey P1 > P2. At line level, the energy that will be con-
sumed by each of the two machines is EL1 = NEM1 +
P1tidle and EL2 = NEM2 + P2tidle, respectively, where
N is the number of operations performed in the time
period studied and tidle is the idle time. Since P1 > P2,
it is not obvious which of the two machines is the best
choice. This example points out an inter-level relation
between the machine level and the production line level
and shows the importance of idle consumption in energy
efficiency.
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This kind of inter-level relations may give the impression
that the division of the energy efficiency study into these
levels is not very useful. It is true, though, that an attempt
for the simultaneous optimization of all the parameters
involved, at all levels, presents very high complexity [32,
34, 35]. Even if such an approach is allowed by the cur-
rent computational systems, the classification of the energy
efficiency study into the four aforementioned levels signifi-
cantly reduces the difficulty of the problem. The inter-level
interactions point out that characteristics other than just
those of the energy efficiency from each level, namely pro-
cess time or idle power found in the examples used, should
be taken into account when the energy efficiency, at a higher
level, is being calculated. Thus, we propose that the energy
efficiency optimization strategy should be structured as
follows:

1. Study of each process. The outcome should be a model
relating the process variables to the energy efficiency, at
the process level, besides relating the process variables
to other quantities, such as process time, that may alter
the energy efficiency at the machine level.

2. Comparison of the different machines available for each
necessary operation. Each machine should be compared
when using a variety of process variables. The output
should be as follows:

(a) The appropriate process variables for each machine
that maximizes the energy efficiency at the machine
level.

(b) A table relating the machine selection to the energy
efficiency, at the machine level, but also relating the
machine selection to other quantities that may alter
the energy efficiency, at the production line level,
such as idle power.

3. Comparison of the different production line configura-
tions. The output should be as follows:

(a) The appropriate machine for each operation that
maximizes the energy efficiency at the production
line level.

(b) A table relating the production line configuration
selection to the energy efficiency at the produc-
tion line level, but also relating the production
line configuration selection with other quantities
that may alter the energy efficiency at the factory
level.

4. Comparison of the different factory configurations. The
output should be as follows:

(a) Selection of the best alternative for each production
line.

(b) Selection of the best alternative for the factory.

2.2 Energy efficiency definition

Useful energy outputs may be measured by a variety of ther-
modynamic or physical indicators, the appropriate choice of
which will depend upon the system under consideration, the
purpose of the analysis, and the availability of the relevant
data [36, 37].

For each of the levels described above, the energy effi-
ciency metric has to be defined. A simple selection is the
energy consumption itself. However, the energy consump-
tion should be compared with the output generated by the
use of this energy. If simply the energy is used as a met-
ric, then the obvious optimum solution is no production, no
energy consumption.

Energy is not an appropriate quantity to be used, since
it is an extensive quantity, a quantity proportional to the
system’s size [38]. For the same reason that energy is not
appropriate for the comparison of two thermodynamic sys-
tems and the decision as to which one is hotter, since the
energy is proportional to the size of the system, then the
energy cannot be considered appropriate for the comparison
of the energy efficiency of two factory configurations. For
this reason, in thermodynamics, temperature is defined as
an intensive quantity that does not depend on the size of the
system being considered. Similarly, energy efficiency has to
be defined as an intensive quantity.

We propose that energy efficiency is defined as the quo-
tient of the process’s result measure over the energy required
for the acquisition of this result

Eef ≡ result

energy required for the result
. (2.1)

Since energy is an extensive quantity, the “result” has also
to be an extensive quantity, so that the demand that energy
efficiency is defined as an intensive quantity is satisfied.

Definition (2.1) may appear static due to the absence
of the process time. However, it has to be noted that the
“energy required for the result” is a function of the process
variables and, thus, a function of the process time. Since
most of the processing devices have some minimum idle
consumption, it is true that the consumed energy and conse-
quently, the energy efficiency, present a strong dependence
on the process time [9, 33].

If the “result” in Eq. 2.1 is selected as a quantity with
energy units, the energy efficiency is defined to be dimen-
sionless. For this approach, a suitable candidate for the
numerator of Eq. 2.1 may be the theoretical minimum
energy required for the same “result” [3, 39–41]. Then,
energy efficiency has the natural interpretation of the per-
centage of the total energy provided to the system that
gets transformed into useful work. This kind of definition,
although it can be implemented for a specific single process,
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is difficult to be generalized for the entire class of processes,
given that the theoretical minimum energy for the required
“result” may be different for each kind of process. Thus,
such definition may not be appropriate for the energy effi-
ciency that has to be used as a comparative measure between
different processes. Additionally, the production line and
factory levels “results” could not be defined on this basis
since many different processes are involved. However, it
can be an interesting and useful approach only at the pro-
cess level. Due to the inter-level interactions, described in
Section 2.1, such an approach is not followed in this study.

Therefore, a careful definition of the “result” and the
“energy required for the result” is necessary in order for the
defined energy efficiency to serve the purposes described
above and allow the strategy of Section 2.1 to be followed.
The denominator of the energy efficiency definition (2.1) is
easier to be defined than the numerator. At each level, an
amount of energy is entered as an input. A part of this is
wasted, and the rest is transferred to the consequent lower
level or is transformed into useful work, if the process level
is considered.

Example 3 (Energy transfers between manufacturing
levels) A production line is assumed to be composed of a
milling machine and a laser cutting machine. Some amount
of energy EL is consumed by the entire line. In this exam-
ple, the milling machine is performing its task faster than
the laser cutting machine does. Thus, the milling machine
remains idle for some amount of time. A percentage of the
energy consumed by the production line is wasted on the
idle consumption of the milling machine. The rest is used
by the machines to produce useful work.

The laser cutting machine is consuming some amount
of energy EM . A percentage of this energy is con-
sumed in peripheral functions of the machine, dedi-
cated to stabilizing machining conditions, such as the
laser machine cooling unit [17]. The remaining energy
becomes the energy of the laser beam that is the
input energy of the process EP . At the process level,
more losses will accrue, and in the end, only a per-
centage of EP is going to be transformed into useful
work.

The example suggests that the denominator in energy
efficiency definition (2.1) should be different at each level
and specifically as follows:

1. At the factory level, the denominator should be EF , the
energy consumed by the factory.

2. At the production line level, the denominator should be
EL, the energy consumed by the production line.

3. At the machine level, the denominator should be EM ,
the energy consumed by the machine.

4. At the process level, the denominator should be EP , the
energy input of the process.

In an obvious way, it is always true that

EP < EM < EL < EF . (2.2)

Figure 4 explains the above inequality in a graphical way.
According to what has already been stated, the “result”

has to be a quantity proportional to the size of the production
that enables the comparisons described in this section.

The process-level energy efficiency should serve as a
comparative metric between the selections of different pro-
cess variables. A study of the process efficiency should be
generic and useful for all possible applications of the spe-
cific process. Thus, the “result” of the process has to be
strongly connected to the physical transformation that it
exerts on the workpiece. There is a need for the manufactur-
ing processes to be classified in groups, where the “result”
is similar. Then, the “result” should be defined for each of
the classes. This is the main purpose of Section 3.

An appropriate selection for the machine-level “result”
could be the same as that of the process level, but this is
not always true. As it will be further analyzed in Section 4,
in material removing operations, the appropriate machine-
level “result” has to depend on the geometry of the work-
piece, in order to ensure that machine-level energy effi-
ciency serve as a comparative measure between machines
able to perform the same operation.

At the production line and factory levels, things are more
complicated. A production line may perform a series of dif-
ferent operations that are incomparable and exert a series
of different characteristics (machine-level results) that can-
not be added in any sense. At the production line level, the
unique measure that can be used for the quantification of

Fig. 4 Energy interactions between the different levels
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the output that preserves the wanted properties is the num-
ber of products produced. A reasonable question is how this
should be modified in case that a production line or a fac-
tory produces more than one kind of different products. In
this case, the energy efficiency has to be defined for each
kind of products.

3 Energy efficiency at the process level

Based on Eq. 2.1, the energy efficiency at the process level
is defined as

Eef P = resultP
EP

, (3.1)

where EP is the energy provided to the process. The resultP
has to be further considered, since manufacturing processes
are broadly classified into six categories: primary forming,
deforming, removing, joining, coating, and modifying mate-
rial properties processes [1]. The last class of processes
will not be studied here because of its high complexity. As
energy efficiency should serve as a comparative measure,
at least for different processes within the same class, the
“result” has to be defined in a universal way for each class
of processes.

At primary-forming processes, the work necessary for the
process is approximately proportional to the volume of the
body formed. For example, in casting, the major portion of
the necessary energy is the energy required to melt the mate-
rial to be cast, which is proportional to the volume of the
formed body. Thus, an appropriate definition for the “result”
in primary forming processes is

resultPFP ≡ Vformed body. (3.2)

In deforming processes, the “result” has to measure the
degree of deformation imposed on the workpiece by the
process. The deformation is quantified by the strain tensor
defined as

E = 1

2

[
(∇xu)+ (∇xu)T + (∇xu) (∇xu)T

]
, (3.3)

where u is the displacement field and x the position vector.
Most certainly, the strain tensor itself is not an appropriate
quantity to measure the process “result” as it is not a scalar
quantity. There are several scalar quantities that can be pro-
duced by the strain tensor in such a way that are coordinate
transformation invariants. Typically, the invariant

I = 1

2

[
tr

(
E2

)
− (trE)2

]
(3.4)

is used as a measure of the magnitude of deformation. Then
the appropriate “result” in deforming processes is

resultDP ≡
∫

I dV (3.5)

This “result” is proportional to the deformed volume,
because of the volume integral, but also is proportional to
the magnitude of the deformation imposed at this volume.

Example 4 (Process result in deforming processes) A clari-
fying example can be provided by considering the bending
of a rod of a given length. Figure 5 shows the initial state of
the rod and two possible outcomes of the process.

For each outcome, the invariant I is plotted, and the total
“result” is compared. This example also shows that the use
of the deformed volume as the “result” is not appropriate,
since in both cases, the “result” would be the same, namely
the entire length of the rod.

For most removing processes, a good measure for the
“result” is the volume of the material removed.

resultRP ≡ Vremoved (3.6)

However, in dividing processes, (e.g., shearing), there is
no removed volume. Since in these cases, only the bonds
on the separated surface are altered during the process, an
appropriate quantity for the measuring of the magnitude of
the process “result” is the area of the surface created by the
process

resultRDP ≡ Acreated (3.7)

In most joining processes, a good measure of the “result”
is the volume of the joint created. Thus,

resultJP ≡ Vjoint (3.8)

This definition may present inflexibility when external
materials, such as glues, are used in order for the joint to be
created. However, these cases present little interest in terms
of energy consumption. For all energetically interesting
cases, such as resistance spot welding or laser welding [42],
this definition is a good comparative measure. It has to be

length

I

initial piece

final piece case 1 final piece case 2

result

case 1 case 2

Fig. 5 An indicative example regarding the “result” in the case of
bending
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noted that a good weld is not necessarily a large weld; there
is always an optimum size, yet the incorporation of other
criteria, such as quality, can resolve this issue.

In coating processes, the process outcome can be consid-
ered being proportional to the coated surface and the depth
of the coating. In other words, the “result” can be defined to
be the coating volume

resultCP ≡ Vcoating (3.9)

To sum up, the volume that is affected by the process,
in most cases, is the appropriate selection for the process
“result.” In deforming processes, the “result” is not defined
as the deformed volume; however, it is proportional to it.

Following this approach, an energy efficiency library for
each process can be constructed, since the process-level
energy efficiency has been defined in a way that depends
neither on geometrical or other details regarding the work-
piece nor on the details of the machine performing the
operation. This library will connect the process variables
with the energy efficiency at the process level, based either
on modeling or on experiments and can be the basis for the
study of energy efficiency at the higher levels, aiding the
manufacturing community towards achieving higher energy
efficiency.

4 Energy efficiency at the machine level

Many studies have shown that the actual consumed energy,
required for machining processes is much exceeded by
the energy demand of the related peripheral equipment.
These comprise coolant pumps, lubrication supply and com-
pressed air supply that perform the auxiliary processes [33,
42, 43]. Studies show that less than 13 % of energy expen-
ditures have been utilized for productive operations [44].

Based on Eq. 2.1, the energy efficiency at the machine
level is defined as

EefM = resultM
EM

, (4.1)

where EM is the energy provided to the machine. The
resultM is defined and further discussed in Section 4.2.

4.1 Machine peripherals’ consumption

Since the peripherals are responsible for a significant part of
a machine’s consumption [4, 17], they should be studied in
detail. An important characteristic of each of the peripher-
als’ consumption is its dependence on the process variables.
Several peripherals, such as CNC controllers, consume a
specific power that does not depend on the working mode
of the machine. On the other hand, the consumption of other

peripherals, such as cooling units, depends on the selec-
tion of process variables in an obvious way. Thus, a first
step towards achieving the goals of the study of peripherals
is their classification into the two aforementioned classes.
Then, the next step is the specification of the dependence
of the consumption of the second class on the process
variables.

The above classification and the consumption depen-
dence on the process variables can be summarized into the
form of diagrams, which were introduced in [3] and were
extended and applied to nonconventional processes in [17].
It is advantageous to plot the consumption of the peripheral
devices versus the power used at the process, instead of the
process variables themselves, in order for the better visual-
ization of the various consumptions as a percentage of the
power input to the machine. Figure 6 shows an example of
such a diagram.

4.2 Definition of machine-level result

For removing processes, the process-level “result” may not
be appropriate for the study of energy efficiency at the
machine level. This phenomenon is only applicable when
an operation removes a segment of the workpiece, since it
is not necessary that the entire volume be physically modi-
fied to be removed, but only a part of it containing the entire
boundary of the volume to be removed.

Example 5 (The need for the introduction of a different
definition of the machine-level “result” in removing pro-
cesses) A machine has to remove a disk from a metal sheet.
A milling machine, a laser cutting machine, or a punch-
ing machine can be used. The first two machines perform
material-removing processes; thus, it looks like the “result”
has to be defined as the same quantity. However, as shown in
Fig. 7, the volume of the material that is physically altered
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Fig. 6 An indicative diagram describing the classification of the
peripheral devices and the dependence of their consumption on the
power used at the process
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Wanted Output

Milling Machine Laser Cutting Machine

Fig. 7 A removal of a disk from a metal sheet with milling or laser cut-
ting. The dark ring is the portion of the sheet that is physically altered
by the process. The problem of definition of the appropriate “result” is
apparent

by the specific processes and consequently the process-level
“result” is different, since the milling machine diameter and
the laser beam diameter are of different sizes.

Although the amount of material physically altered by
the two processes is different, the final output, a metal sheet
with a circular hole, is exactly the same. The machine-
level “result” has to be considered the same for both cases,
so that the two machines can be compared. Furthermore,
if the use of the punching machine is considered, since it
belongs to the class of separating processes, the process-
level “result” does not even have the same dimensions as the
process-level “results” of the other two machines. Indeed,
in the punching process, the most natural selection of the
process-level “result” is the generated area by the process, as
described in Section 3, namely the circumference of the cir-
cle multiplied with the sheet thickness. So, the process-level
“result,” as in the case of the example, should be translated
into the machine-level “result,” which may depend on the
geometrical features of the process, like the tool diameter.

Thus, the machine-level “result” is defined as the
process-level “result”

resultM ≡ resultP (4.2)

for all processes, except for the removing processes, where
the machine-level “result” is defined as

resultM ≡ Vremoved, (4.3)

where it has to be noted that Vremoved includes all the
removed volume, either physically altered by the process or
not.

It is not possible for the machine-level “result” to be
adopted as the appropriate definition for the process level,
too. When studies on a specific process are performed, it is

highly constraining to define the “result” as something that
depends on the geometrical features of a specific product.
Energy efficiency, at the process level, should be globally
defined and be available in the literature in a way that can
be easily translatable into machine-level efficiency. Indeed
the translation between the two is not difficult. The same
example as before can be clarifying.

Example 6 (Clarification of the relation between the pro-
cess-level and machine-level “results” in removing pro-
cesses) In the following, the radius of the disk to be
removed is considered being equal to R, the laser beam
diameter is equal to dl, the milling tool diameter is dm,
and the thickness of the metal sheet is equal to w. In the
case of the laser cutting machine, the “result” at the process
level is the volume altered by the laser; thus, resultP laser =
π

(
R2 − (R − dl)

2)w, in the case of the milling machine,

it is resultPmill = π
(
R2 −(R − dm)

2)w, and in the case

of the punching machine, it is resultPpunch = 2πRw. In
all cases, the machine-level “result” is considered being the
removed volume of the entire disk, thus resultM = πR2w.
The energy efficiency at the process and machine levels are
connected as follows:

EefMlaser =
R2

R2 − (R − dl)
2

EP laser

EMlaser
Eef P laser, (4.4)

EefMmill =
R2

R2 − (R − dm)
2

EPmill

EMmill
Eef Pmill, (4.5)

EefMpunch = R

2

EPpunch

EMpunch
Eef Ppunch, (4.6)

where EP and EM are the energies consumed by the
process and the machine, respectively. The advantage of
this approach is the fact that Eef P laser, Eef Pmill, and
Eef Ppunch can be provided in the literature. The only com-
plexity introduced is the inclusion of the simple geometrical
factors in formulas (4.4), (4.5), and (4.6).

5 Energy efficiency at the production line level

Energy management defines the sum of all processes and
measures in order for minimal energy consumption to
be ensured by a given production demand, including the
implementation of organization, information structure, and
tools [45]. Considering that both operations and possible
improvement measures are usually implemented at the sin-
gle process level, the calculation of energy efficiency should
be integrated into the bottom layer and then be transferred
to the upper levels through information technology (IT)
systems [46].

All the above clearly indicate the need for the assess-
ment of energy demand of production systems, considering
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the dynamic behavior of machines. The dynamic load pro-
file of a manufacturing process can be divided over time
by energy analysis. Such analysis clearly suggests that all
defined operating states of the given process are varying
in their mean power demand, timing, and therefore also in
their energy amounts. The application of electricity con-
trol policies and tariffs has further complicated the system’s
optimization scheduling problem [31], since an optimized
plan that leads to reduction in electricity consumption does
not necessarily lead to reduction in the electricity cost.
However, very little research [27, 31, 42] currently focuses
on this problem, though it is important that the trade-off
between electricity consumption reduction and cost saving
be delivered.

In the decision-making hierarchy of the production
planning and control function of manufacturing systems,
detailed scheduling constitutes the final step before the
actual output occurs. Scheduling encompasses allocating
workloads to specific work centers and determines the
sequence in which operations are to be performed. Gen-
erally, the objectives of scheduling are that trade-offs be
achieved among conflicting goals, comprising efficient uti-
lization of staff, equipment, facilities, and minimization of
customer waiting time, inventories, and cycle times. Nearly
every manufacturing organization has to deal with schedul-
ing tasks on a daily basis. Nevertheless, although the aca-
demic research has generated an abundance of theoretical
work, on a number of classical scheduling problems, the use
of academic results in industry has been rather minimal [1].
A particular reason for this fact is that the actual manufac-
turing systems are extremely variable, and many academic
approaches are far from practical when used in an indus-
trial environment. Overall, the complexity of the scheduling
problem [31] and the increasingly important need for the
optimization of a manufacturing system’s performance in
today’s competitive world dictate the formulation of new,
practical, ready-to-use methods in order for the production
scheduling challenges to be addressed.

An apparent problem in the production line level is the
determination of the appropriate “result” to be used in the
energy efficiency definition. This issue is the outcome of
the fact that a production line performs several different
operations that add value to the final product in very differ-
ent and incomparable ways. Each machine of a production
line contributes a machine-level “result,” but it is not pos-
sible for these “results” to be added for the acquisition of
a production-level “result.” At the production line level, the
measure that quantifies the output is the number of products
manufactured:

Eef L ≡ NL

EL

, (5.1)

where NL is the number of products manufactured, and EL

is the amount of energy consumed by the production line for
the manufacturing of these products.

Operational methods including genetic algorithms, dis-
patching rules, and adaptive search procedure to minimize
the electricity consumption and classical scheduling objec-
tives on a single machine and on parallel machines have
been investigated in several works [42, 47, 48]. These
investigations should be based upon the observation that
in manufacturing environments, large quantities of energy
are consumed by nonbottleneck machines as they lay idle.
A simple thought could be that such machines should be
turned off when idle. However, typically, there is some
startup energy consumption that makes the option of turn-
ing off the machine profitable only when it is applicable for
time intervals larger than a critical point as shown in Fig. 8.
For smaller time intervals, an intermediate eco-mode may
be preferable. In such a mode, all noncritical peripherals
should be turned off. Machine tool producers can help by
developing machines with such features.

6 Energy efficiency at the factory level

Studies [3, 42, 49] for the use of energy in production
show that different production rates generate different lev-
els of energy consumption. The energy efficiency of the
entire factory system is not derived directly from the sum
of individual parts or actions. Only through a holistic view
of the complex coherences and interactions of individual
resources, processes, and structures of a factory can energy
optimization potentials of the overall process or the total
system be exploited [42, 50].

Production planning plays a significant role on the energy
efficiency of a factory. The load management of the line can
offer great savings from an energy point of view. Moving

En
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m
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n

Available Time

idle mode
eco-mode
shutdown mode
energy savings

Fig. 8 An indicative diagram for the energy consumption of a
machine during nonworking time periods under different available
modes
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towards an energy-efficient production planning requires
the inclusion of energy and eco-efficiency within the goals
of production design and control at all levels, together with
time cost, quality, and flexibility (Fig. 2). The reduction of
the idle time through energy-efficient process planning with
the combination of better batch and order organization will
lead to a better prediction of the workflow. The forecasting
of the requested orders is released, and lot sizes can provide
the production manager with adequate information for the
even time distribution of the load in order to prevent stalling
and leaving the resources idle.

In a simplistic case of a factory constituted by indepen-
dent production lines, the factory energy efficiency opti-
mization is identical with the optimization of the energy
efficiency of each of the lines. However, in most cases,
production lines interact with each other. The most energy-
efficient selection will emerge through the appropriate pro-
duction planning and scheduling. Several tools have already
been developed for this purpose [51, 52]; nevertheless, they
need to be upgraded with the inclusion of energy efficiency
in their decision-making arguments [53].

The definition of energy efficiency at the factory level
needs to consider that several different kinds of products
that may be produced. In this case, questions may arise
when a change in the factory configuration leads to the
increase of the energy efficiency for one kind of product and
to the reduction for another. In order for such questions to be
answered, the overall energy efficiency at the factory level
has to be defined. First, energy efficiency has to be defined
for every kind of products. At this definition, the “result” is
again considered as the number of manufactured products:

Eef F,i ≡
NF,i

EF,i

, (6.1)

where NF,i is the number of the products identified with
index i manufactured, and EF,i is the amount of energy
consumed by the factory for the manufacturing of these
products. The overall factory-level energy efficiency has to
be a weighted average of the energy efficiencies for each
product, since it is the products requiring more energy to
be manufactured that have a greater influence on the overall
energy efficiency. From the above statement, a reasonable
selection for the weight is the energy required to manufac-
ture the relevant product at the factory level EF,i . In this
case, if Ni products of the i kind are to be manufactured,
and the overall energy efficiency equals

Eef F =
∑
i

NiEF,iEef F,i

∑
i

NiEF,i

=
∑
i

Nipartsi

EF

. (6.2)

This definition is again of the general form (2.1), where the
“result” can be considered the collection of Ni products of
each kind i.

Similar shutdown techniques can be applied to the pro-
duction lines that constitute the factory, as applied to the
machines in a production line, in order for the idle consump-
tion to be reduced and the factory energy efficiency to be
increased.

7 Case study

7.1 Case study description

A case study has been implemented to show the application
of the energy efficiency optimization strategy presented in
Section 2.1 and the definitions for energy efficiency pre-
sented in Sections 3, 4, 5, and 6. The case study was about
the making of two through holes with circular cross section
with diameters 4.9 and 22 mm in a mild steel sheet of
thickness w = 2 mm (Fig. 9).

Two processes, drilling and abrasive water-jet machining
(AWJM), are compared. The drill cannot open a wide hole
in one operation, but it has to widen the holes in steps of
stepdrll = 5 mm at most. It has to be noted that, unlike
the drilling process, the AWJM is a trepanning process. A
setup time for the proper mounting is required before each
operation. For the drilling process, the user can select the
feed rate, and for the AWJM process, the pump pressure.

7.2 Process-level study

The cutting force (Fcz) per tool edge [54] equals

Fcz = d1 − d2

2
szkϕkst1

(
sz sin

ω

2

)−z

, (7.1)

where

d2 is the predrilling diameter,
d1 is the finish and the tool’s diameter,
sz is the feed per revolution and tool edge (ranging

between 0 and 0.1 mm/rev),
ω is the point angle of the twist drills (160◦),

Fig. 9 The workpiece
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kφ is a correction factor taking into account tool wear
(1.4),

kst1 (specific cutting force) is material-dependent,
z (exponent) is material-dependent.

For mild steel, z = 0.17 and kst1 = 178 daN/mm2, if sz
is measured in millimetres per revolution and per tool edge.
The corresponding torque (Mc) is equal to

Mc = zEFcz

d1 + d2

4
, (7.2)

where zE is the number of tool edges.
The required power (Pc) equals

Pc = 2πnMc, (7.3)

where n are the drill tool’s revolutions per unit time
(1,000 rev/min).

The material removing rate (MRRdrill) can be estimated
as

MRRdrill = π
d1

2 − d2
2

4
zEszn, (7.4)

Thus, the process-level energy efficiency (Eef P,drill),
according to the definition given in Section 3 is equal to

Eef P ,drill =
(
sz sin ω

2

)z
kϕkst1

(7.5)

The energy efficiency, as a function of the selectable process
variable, is shown in Fig. 10.

The time required for the process tdrill) equals

tdrill = w

szzn
int

(
D

stepdrill
+ 1

)
+ tchangeint

(
D

stepdrill

)
,

(7.6)

where

D is the final hole diameter,
w is the workpiece thickness measured in millime-

tres (2 mm),
stepdrill is the maximum widening of the hole diameter

that can be performed with one tool,
tchange is the required setup time of the driller tool, and

0.00 0.02 0.04 0.06 0.08 0.10
sz mm0

200

400

600

800

1000

( )EefP,drill
cm3

kWh

( )

Fig. 10 The process-level energy efficiency for the drilling process as
function of the feed rate per revolution per tool tooth

int returns the integer part of its argument.

For the abrasive water-jet process, the model used is
described in [55]. In this model, the cutting speed is given
by

vc =
(
faNmp

1.594do
1.374Ma

0.393

cqwdm

)1.15

. (7.7)

fa is dimensionless and describes the abrasive factor,
which is used to account for the differences in cutting
speeds, due to the use of different abrasive materi-
als. In this study, it is considered equal to 1 (Garnet
abrasive),

Nm is the material machinability that is dimensionless.
For the mild steel, it equals 87.6,

p is the water pressure measured in megapascals (170–
320 MPa),

do is the orifice diameter measured in millimetres
(0.4 mm),

dm is the diameter of the mixing tube measured in mil-
limetres (0.9 mm),

Ma is the abrasive mass flow rate measured in grams per
minute (575 gr/min),

c is a constant determined by the unit system used,
equal to 788 for the units used,

q is the quality level index taking values from 1 to 6,
being equal to 3 in the studied case, and

w is the workpiece thickness measured in millimetres
(2 mm).

The material removing rate (MRRAWJM) equals

MRRAWJM = vckw, (7.8)

where k is the kerf (1.0 mm).
The water flow rate (fw) is given by

fw = πdo
2

4
μ

√
2p

ρ
, (7.9)

where

ρ is the water density (1,000 kg/m3) and
μ is the momentum transfer factor (typically 0.75).

The power carried by the water flow (P ) equals

P = pfw (7.10)

Thus, for the AWJM process, the energy efficiency at the
process level (Eef P ,AWJM) equals

Eef P ,AWJM = 2kw

πdo
2μ

√
2ρ

p3 vc, (7.11)

where vc is given by Eq. (7.7). The process-level energy
efficiency for the AWJM process as a function of the pump
pressure is plotted in Fig. 11.
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Fig. 11 The process-level energy efficiency for the AWJM process as
function of the pump pressure

The time required for the AWJM process equals

tAWJM = π
(
D − k

2

)

vc
. (7.12)

The Eqs. (7.5), (7.6), (7.11), and (7.12) are the outcome
of the energy efficiency study of the process level. As shown
in Figs. 10 and 11, the process-level energy efficiency
increases as the value of the relevant selectable process vari-
able (feed rate or pump pressure) increases. This trend is
stronger for smaller values of the process variable, while for
larger values, the dependence of the process-level energy
efficiency on the process variable value becomes weaker.

7.3 Machine-level study

At the machine level, any energy losses due to machine
peripherals or machine inefficiencies have to be taken into
account and at the same time, as the processes, under study,
are removing processes, possible differences between the
process-level “result” and the machine-level “result” have to
be taken into account.

For the drilling process, the machine-level “result” is
identical to the process-level “result” and is equal to

resultP ,drill = resultM,drill = π
D2

4
w. (7.13)

However, since the AWJM process is a trepanning process,
the process- and machine-level “results” are different,

resultP ,AWJM = 4k(D−k)

D2 resultM,AWJM

= πk (D − k)w.
(7.14)

Moreover, the drill motor and the AWJM pump are char-
acterized by efficiency ndrill and nAWJM, respectively, and
by peripherals power consumption Pper,drill and Pper,AWJM.
The values of the aforementioned parameters for the
machines under study have been measured, and their values
are given in Table 1.

Table 1 The efficiency and peripherals consumption for the two
machines under study

Machine Motor/pump efficiency Peripherals consumption (W)

Drill 0.85 500

AWJM 0.76 500

According to Section 4, the machine-level energy effi-
ciency of the specific machines is

EefM,drill =
Eef P ,drill

1
ndrill

+ Pper,drilltdrill
EP ,drill

. (7.15)

EefM,AWJM = D2

4k (D − k)

Eef P ,AWJM

1
nAWJM

+ Pper,AWJMtAWJM
EP ,AWJM

. (7.16)

The energy efficiency, at the machine level, as function
of the relevant process variable is plotted in Figs. 12 and 13.
For both processes and both holes, the maximum value of
the relevant process variable is the most energy-efficient.
This is expected since from the Eqs. (7.5), (7.6), (7.11),
and (7.12), it can be shown that the former minimizes the
process time and thus the peripherals consumption, simulta-
neously maximizing the process-level energy efficiency.

It has to be noted that using the maximum process vari-
able value and comparing the energy efficiency of the two
machines for holes of arbitrary diameter, the selection of the
most energy-efficient machine is not obvious. This is due to
the fact that when the hole diameter gets larger, the num-
ber of tool changes in the drilling process is increased. Each
additional tool change corresponds to the process time being
drastically increased, thus resulting in an increase of the
energy consumption, due to the peripherals. This is shown
in Fig. 14.

From Fig. 14, as well as the relations (7.15) and (7.16),
it turns out that for the case studied, the drill is more energy
efficient when it comes to the smaller hole, while the AWJM
machine is more energy efficient for the larger hole. It has
to be noted that at the process level, the drilling process
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sz mm0
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EefM ,drill
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Fig. 12 The machine-level energy efficiency for the drill machine
under study, as function of the feed rate per revolution and per tool
edge
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Fig. 13 The machine-level energy efficiency for the AWJM machine
under study, as function of the pump pressure

appears more efficient than the AWJM process. However,
for the large hole, due to the different process times, the
AWJM is more efficient at the machine level due to smaller
peripherals consumption. This is a consequence of energy
efficiency inter-level interactions between the process and
machine levels.

7.4 Production line-level study

As described in Section 7.1, the case study is about the
making of two holes in a mild steel sheet, one of 4.9-mm
diameter (small hole) and one of 22-mm diameter (large
hole). Since two machines are available for each task, there
are four possible production line configurations.

The machine-level energies required (EM ), as well as the
relevant process times (tP ) for the opening of both holes, are
shown in Table 2.

In the following,

tlarge is the process time for the making of the large hole,
tsmall is the process time for the making of the small hole,
Elarge is the energy required for the making of the large

hole,
Esmall is the energy required for the making of the small

hole,
Resource1 is the machine assigned for the making of the

large hole,
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AWJM

drill

( }

Fig. 14 Comparison of the machine-level energy efficiency for the
drill and AWJM machine, as function of the hole diameter

Table 2 Machine-level energy consumptions and process times, if the
optimum selection of process variables is made, for the two operations
of the case study and the two machines considered

Operation Machine tp(min) EM(kWh)

Large hole Drill 2.05 0.018

Small hole Drill 0.01 0.00013

Large hole AWJM 0.021 0.017

Small hole AWJM 0.0040 0.0032

Resource2 is the machine assigned for the making of the
small hole, if different than Resource1,

tidle,1 is the time period that Resource1 remains idle,
tidle,2 is the time period that Resource2 remains idle,
tmount is the required time for mounting the workpiece.

The setup time tmount is on average equal to 0.5 min
if the two holes are made by different machines and
0.25 min if the two holes are made by the same
machine.

Pper,1 is the Resource1 idle power consumption,
Pper,2 is the Resource2 idle power consumption,
Eidle is the overall (all resources) energy consumption

during idle times per part produced.

The production schedule, which determines the idle
times, is shown in Fig. 15. If N workpieces are manufac-
tured and two different machines are used, then the idle
time for Resource1 equals tidle,1 = Ntmount, while for
Resource2 equals tidle,2 = N

(
tmount + tlarge − tsmall

)
. If

only one machine is used, then its idle time equals tidle =
2Ntmount.

Thus, the idle consumption per part is equal to Eidle =
Pper,1tmount+Pper,2

(
tlarge − tsmall + tmount

)
if a two-machine

Resource1

Resource2 tsmal l

tmount

tlarge

Resource1

Busy Time

Idle Time

tsmal l

tmount

tlarge
tsmal l

tmount

tlarge

tsmal ltmount tlarge tmount tsmal ltmount tlarge tmount

(a)

(b)

Fig. 15 Typical schedule for two-machine (a) and one-machine (b)
configurations of the production line
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Fig. 16 Comparison of the production line energy efficiency for the
different production line configurations

configuration is used, while it equals Eidle = 2Pper,1tmount

if an one-machine configuration is used.
According to the definition of production line-level

energy efficiency (EefL), given in Section 5, the energy
efficiency, at the production line level, equals

EefL = 1

Elarge + Esmall +Eidle
. (7.17)

The comparison of the four possible production line config-
urations is shown in Fig. 16 and Table 3.

Thus, according to Fig. 16, the most energy-efficient pro-
duction line configuration is that of the drill for both holes,
although the drill was less energy-efficient than the AWJM
machine for the large hole, at the machine level.This hap-
pens due to inter-level interactions between the machine and
production line levels.

7.5 Discussion

The drill becomes less and less efficient as the size of the
hole to be drilled increases, as a result of the increase in
the process time due to the necessary tool changes. This is
evident in Fig. 12. The peripherals play a very important
role to this process. The AWJM machine becomes more and
more efficient as the size of the hole to be made increases,
as shown in Fig. 13.

Although, at the process level, the drill is more efficient,
peripherals’ consumption makes the selection between the
drill and the AWJM not obvious, as shown in Fig. 14. Addi-
tionally, while the AWJM machine is more efficient for the
making of the large hole, at the machine level, machine’s

Table 3 The production line-level energy efficiency for the different
production line configurations

Configuration EefL(parts/kWh)

Both holes with drill 44.8

Large hole with drill, small hole with AWJM 21.5

Large hole with AWJM, small hole with drill 38.7

Both holes with AWJM 40.6

idle consumption results in the most energy-efficient pro-
duction line configuration, being the drill used for both
holes, as shown in Fig. 16.

The proposed strategy only considers the inter-level
interactions between neighboring levels; for example, the
influence of process variables through process time on the
production line schedule is not taken into account. This sim-
plification, however, reduces the complexity of the problem,
as shown in Section 7.4, allowing the use of Table 2 for
the production line-level analysis. It has to be reckoned that
in more complex cases, the interaction of more machines
or production lines with each other and with more criteria,
such as cost or quality being taken into account, makes this
simplification much more important.

The construction of a process-level energy efficiency
library for all processes, such as Eqs. (7.5), (7.6), (7.11), and
(7.12), as described in Section 3, will significantly simplify
the application of the energy efficiency optimization strat-
egy. Since these relations do not depend on the workpiece
geometry or the machine characteristics, they can be used
for the study of other production lines that include these
processes as well.

8 Conclusions

The key question in manufacturing today is finding the way
to produce more with less, by satisfying the world demand.
It is clear that energy efficiency has to be included in the
manufacturing decision-making attributes.

1. Energy efficiency has to be defined separately for
each manufacturing level, since energy consumption is
affected by a set of factors of quite divergent nature.
This classification allows for the easier study of energy
efficiency.

2. The energy efficiency definition provided in this paper,
given in Eq. (2.1), can adapt to this classification.

3. The presence of nontrivial inter-level interactions does
not allow for a level-by-level address of energy effi-
ciency. A more complicated strategy is required, and it
is described in Section 2.1.

4. Process-level energy efficiency is successfully defined
for all manufacturing processes. The proper process
“result” in these definitions is equal or proportional
to the volume affected by the process. The generic
nature of these definitions allows the construction of a
library for each process, which will facilitate the study
of energy efficiency at the higher levels.

5. Although the energy spent on the process itself is small,
the appropriate selection of process variables may also
alter the consumption of machine peripherals that cor-
respond to a larger percentage of energy consumption
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(Fig. 6). For this reason, the study of the peripherals
consumption as a function of the process variables is
required for each machine.

6. Processing time is a function of the process variables.
Thus, the selection of appropriate process variables has
consequences for both the machine peripherals con-
sumptions (machine level) and the production planning
(line and factory levels).

7. In removing processes, the process-level “result” can-
not be adopted as the machine-level “result.” The
machine-level energy efficiency definition has to be
adjusted in a workpiece geometry-dependent way, so
that the machines performing different manufactur-
ing processes and yielding the same outcome will be
comparable.

8. A large percentage of energy spent by a manufactur-
ing industry is wasted on idle machine consumption.
Energy efficiency at the production line and factory lev-
els can be significantly improved with better scheduling
and the inclusion of shutdown or eco-modes in the work
planning of the machines.
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