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Abstract: In recent years, manufacturing companies have been forced to focus their attention on the effective and 
efficient use of energy, partly due to the huge and continuous increase of energy costs, and partly due to the 
enforcement of environmental laws and regulations. However, efforts made to pursue energy efficiency have proved 
themselves to be highly remunerative in more than one way, as recent studies have demonstrated that they often end 
up in additional benefits, such as operational efficiency increases. Furthermore, other investigations have suggested 
the existence of a tight relation between Overall Equipment Effectiveness losses and energy consumption, so that 
actions taken to reduce the firsts may have consequences on the second, a condition that shall be taken into account 
while evaluating their feasibility and priority. In order to deeply analyse such mutual influence, a simulation model to 
evaluate and estimate system efficiency losses, meaning both Overall Equipment Effectiveness losses and energy 
efficiency losses of a single production machine has been created, and is presented as a first step towards the 
definition of a more extended model that will consider the behaviour of a whole production line and allow the 
creation of new Operations and Maintenance policies and practices based on energy efficiency considerations. This 
work turns out to be highly innovative from a scientific point of view, given the scarceness and incompleteness, both 
in commercial and academic literature, of simulation models considering energy and/or environmental aspects of 
manufacturing systems, and the limited number of simulation models considering them in conjunction with Overall 
Equipment Effectiveness. In addition, it can be also particularly useful for practitioners, helping to develop general 
awareness of the criticality of energy efficiency in any aspect of production systems and to start considering and 
handling it as a key parameter to drive Operations and Maintenance decisions.  
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1. Introduction 

The increasing focus on energy efficiency issues of both 
governmental authorities and customers is nowadays 
forcing manufacturing companies to deeply analyse their 
consumption and implement energy efficiency measures. 
The adoption of energy-efficient technologies is 
spreading, and first on-site observations reveal that this 
trend is having a relevant positive impact on the 
productivity and the efficiency of production systems, a 
relation that definitely requires further studies.  

In addition, the study and monitoring of energy 
consumption is gradually gaining an important role in 
operations management, as first attempts to use energy 
consumption as a decisional variable to set operational 
parameters (also through the implementation of 
simulation models) have been done. 

In such context, this work aims at providing a useful tool 
to both study the connection between energy efficiency 
and productivity (using OEE index, the Overall 
Equipment Effectiveness introduced by Nakajima, 1988) 

and to help introducing energy parameters in decision 
support systems. 

This goal is achieved through the introduction of a 
simulation model, which is able to reproduce efficiency 
losses of a single production machine in conjunction with 
its energy consumption (particularly referring to electrical 
consumption). 

2. Literature review 

In this paragraph, investigations presented in literature on 
the relation between OEE and energy efficiency are 
briefly recalled and existing works proposing simulative 
approaches to energy consumption assessment are 
reviewed, in order to provide an adequate background to 
the presented study. 

2.1 OEE and energy efficiency 

Despite the growing diffusion of energy efficiency 
measures and best practices during the last decades, the 
connection between energy efficiency and manufacturing 
systems’ performances and productivity is a relatively 
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recent discussing issue, still rather few authors focusing on 
it in their works.  

Boyd and Pang (2000) demonstrated that energy efficiency 
measures use to bring productivity benefits in addition to 
energy benefits. Using statistical tools such as regression 
analysis, they pointed out that plant with higher energy 
intensity usually have lower productivity, generally due to 
the fact that when output decreases energy use decreases 
less than proportionally, hence intensity rises. 

Worrell et al. (2003) proposed a method to introduce 
productivity benefits within the economic evaluation of 
energy efficiency measures and in particular of the 
adoption of energy-efficient technologies. They analysed 
over 70 case studies and concluded that the diffusion 
process of energy-efficient technologies would have 
considerably sped up if productivity benefits were 
considered while performing economical assessment. 

Further efforts have consequently been made in order to 
quantify and analytically characterize such connection. 
First attempts to relate energy consumption to production 
parameters have been those finalised at analysing their 
dependency on production volumes through the linear 
relation showed in (1) (Morvay and Gvozdenac, 2008). 

E = E0 + αV (1) 

Such relation highlights how energy consumptions (E) are 
made up of a fixed part (E0), which is to be considered 
independent from the production, and of a variable part 
(αV), which on the contrary tends to linearly increase with 
production volumes (V). While production volumes 
increase (a situation that, considering a constant load time, 
corresponds to an OEE increase), it is possible to allocate 
E0 on a larger quantity of output, therefore ending up in 
an increment of the system’s energy efficiency. 

Moving from these evidences, it has then been statistically 
demonstrated that even if OEE and production volumes 
are constant over a fixed load time, energy consumption 
can vary depending on the typology of performance losses 
occurred (setups, major or minor stoppages, reworks due 
to defective products), hence requiring a deeper analysis 
of the relation between energy consumption and the 
single OEE losses, that has been proposed by Cesarotti et 
al. (2013). 

Considering all of these previous outcomes and evidences, 
a further investigation on the relation between OEE and 
energy efficiency seems to be reasonable, noticing in 
particular that a simulative approach to this issue (which 
would allow a deeper understanding of it through the 
possibility to easily recreate and analyse different 
experimental situations) is still missing or poorly 
developed. While simulation tools and models have in fact 
already been proposed in literature both to calculate and 
optimize OEE (Garza Reyes, 2005) and to analyse its 
dependency on different production variables, such as the 
presence and dimension of interoperational buffers 
(Cesarotti et al., 2011), there is no evidence of simulative 
approaches aimed at investigating its connection to energy 
efficiency parameters. 

In addition, from a more general point of view, it is 
possible to state that a relatively scarce importance has 
been given so far to the introduction of simulative 
approaches considering energy and environmental aspects 
of production systems or machines (Thiede et al., 2013), 
as it will be discussed in next paragraph. 

2.2 Simulative approaches to energy efficiency in 

operations 

As previously stated, simulative approaches to energy 
efficiency of production systems or machines are rather 
rare in literature, particularly referring to those models 
aimed at optimizing operational parameters rather than 
functional design. 

In fact, while several tools have been developed in order 
to allow energy-oriented modelling of machine tools (for 
example Götze et al., 2012 and Borgia et al., 2013),  also 

introducing life-cycle costing concept, and to take into 
account environmental impact variables (emissions, 
energy consumptions, waste production) while designing a 
manufacturing system (Heilala et al., 2008), there are very 
few examples of simulation models aimed at analysing 
energy consumption during the operation phase of a 
production system or machine (the general concept of 
such models, which allow to contemporaneously consider 
operational parameters and energy flows and 
consumption, having been illustrated by Thiede et al. 
(2013) in the following figure). 

              

Figure 1: Combined representation of energy flows, 
material flows and process operation variables (Thiede et 

al., 2013) 

Herrmann and Thiede (2009), highlighting the connection 
between production management measures and energy 
consumptions, proposed a three layers (single machine, 
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production systems, process chain) approach to energy 
consumption simulation. They focused on the process 
chain layer, presenting a scalable solution that integrates 
economic and ecological process models. 

Staying on a process chain or production systems level 
(following the aforementioned three layers partition), 
hybrid approach simulation models (combination of 
discrete event and continuous simulation, see Figure 2) 
have been developed in order to analyse energy flows of 
manufacturing systems, aiming at making it possible to 
take into account auxiliary equipment and energy 
parameters while planning and controlling production 
(Herrmann et al., 2011).  

 

Figure 2: Hybrid and non-hybrid approaches to simulate 
energy flows in manufacturing systems (Herrmann et al., 

2011). 

Along the very same lines, Wohlgemuth et al. (2006) 
created a customized Environmental Management 
Information System (EMIS) in which production 
processes and all kinds of energy and material flows could 
be analysed in terms of both economic measures and 
environmental impacts, by combining once again discrete 
event simulation and material flow analysis. 

Lau et al. (2008) proposed a different model based on 
fuzzy logic aimed at introducing an energy consumption 
forecast system for supporting the manufacturing plant’s 
operations and developing energy savings strategies, 
aiming at forming a more responsive, effective and 
convenient integrated decision support system for 
manufacturing plants. 

On a machine level, most of the proposed approaches are 
based on the assumption that energy consumptions are 
fixed for each state of the machine considered. That is the 
very case of the approach developed by Dietmair et al. 
(2010), who focused on the study of different energy 
states of a machine and managed to include also non-
electrical energy consumption values within their 
simulation model, aiming at adequately setting machine’s 
parameters. 

In the end, following the same assumption, Weinert et al. 
(2011) proposed an Energy Blocks methodology, 
integrating energy-efficiency criteria within evaluation and 
decision processes during production system planning and 
scheduling. Their methodology is based on the 
segmentation of production processes into operations 
(again, each of which characterized by its specific energy 
consumption). These operations, defined for equipment 
according to their possible operating states, constitute the 
Energy Blocks. Each Energy Block describes the energy 
consumed during one operating state, independent of a 
specific production task (see Figure 3). 

                

Figure 3: Weinert et al. (2011) proposed approach to 
simulate energy consumptions of a single machine. 

In next paragraph, a new simulation approach will be 
proposed, analysing energy consumption of a single 
production machine during its operating phase, and 
relating them to its efficiency parameters (OEE and main 
efficiency losses), also aiming at providing a more accurate 
method to calculate energy consumption for each state of 
a machine (considered dependent from the value of OEE 
rather than constant) and therefore allowing a more 
reliable and robust simulation of a production system’s 
consumption. 

3. Simulation model proposal 

The proposed simulation model is referred to a single 
production machine, operating with intermittent 
production runs (and fixed number and sequence of lots). 
The machine is supposed to work in a continuous cycle 
for three turns a day (eight hours each) with no 
interruptions between two consecutive turns, and to 
continue working until it has processed the expected 
number of lots. It can also produce different products 
requiring different ideal cycle times. 

3.1 Simulation of energy consumptions and efficiency 
losses 

The developed tool performs a timed simulation of energy 
consumption of the considered production machine, with 
a one minute time step. The consumption is calculated 
according to equation (1), whose coefficients are given 
different values according to the on, off or stand-by state 
of the machine (and therefore vary when efficiency losses 
occur), in every time step. 
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The efficiency losses that have been simulated are: major 
stoppages (including setups and failures), slowdowns, reworks and 
scraps. 

- Setups: having a fixed number and sequence of 
production lots, the number of setups is consequently 
determined; the duration of each setup has been defined 
by its mean value and standard deviation, considering it to 
be variable according to a normal distribution (see Figure 
4).  

During the setups, the machine has been considered in a 
stand-by state, and its consumption has been calculated as 
a percentage of the E0 coefficient (fixed consumption, αV 
is null). 

 

Figure 4: Definition of the setups’ duration. 

- Failures: the model considers various failures modes due 
to the prolonged use (and deterioration) of the machine 
and to the interaction of machine tools with products’ 
parts; each failure mode has an assigned Mean Time 
Between Failures (MTBF) and a failure rate (λ) defined as: 

λ = MTBF-1 (2) 

The failure rates are supposed to be constant, so the 
reliability of the machine associated to each failure mode 
is the following: 

R(t) = e-λt (3) 

R(t) is a decreasing exponential function, so that while the 
time variable t increases, the probability to incur in a 
specific failure mode increases as well. After the failure 
mode is verified, the associated reliability is restored to its 
highest value, and then starts to decrease again. The time 
variable of each failure mode is arrested while another 
failure has occurred or during setups, so that R(t) 
decreases only during operative time (see Figure 5). 

 

Figure 5: R(t) reliability function. 

The duration of the stoppage due to the occurrence of the 
failure is probabilistic and assigned to each failure mode 
by defining a mean value (MTTR, Mean Time To Repair) 
and a standard deviation, again considering a normal 
distribution. The failure modes are obviously supposed to 
be independent from each other. It is possible to associate 
different failure modes to different products (a 
functionality thought especially for those minor failures 

linked to the interaction between the machine and the 
product configuration).  

Failure modes characterized by an MTTR shorter than 
one hour, cause the machine to be held in a stand-by state 
for the duration of the stoppage, and its consumption has 
again been calculated as a percentage of the E0 coefficient 
(fixed consumption). When MTTR is longer than one 
hour, the machine has been considered shut down, its 
consumption being null. 

- Slowdowns: in the simulation model proposed, slowdowns 
are handled similarly to failures; an MTBS (Mean Time 
Between Slowdowns) and MST (Mean Slowdown Time) 
values are assigned to various slowdowns, together with a 
standard deviation for determining MST normal 
probability distribution. In the present work, slowdowns 
are considered independent from failures and stoppages, 
postponing to further studies the simulation of 
slowdowns occurring before (due to the deterioration of 
the machine) and after (due to the initial transient of 
speed) failures and stoppages. Also the time variables 
associated to the various slowdowns are arrested while a 
failure has occurred or during setups. Since the 
production speed is considered constant and equal to the 
mean value of all the real speeds, slowdowns can be 
expressed as percentage of the production speed, and end 
up in an increase of the time needed to produce a single 
lot. The simulation model considers only slowdowns 
whose duration is short (smaller than the time needed to 
produce a single lot). 

The energy consumption of the machine during 
slowdowns has been calculated according to equation (1), 
where V (the production volume) is smaller than the one 
verified in normal conditions (accordingly to the 
percentage of speed reduction, which is once more 
defined by a mean value and a standard variation, and 
drawn from a normal distribution). The E0 and α 
coefficients have been considered constant, but their 
variation during slowdowns is to be further investigated in 
the future. 

In addition, slowdowns directly affect energy 
consumption because they end up in an additional 
working time to complete the lot. 

- Reworks and scraps: defective products are considered 
completely reworkable or scraps. In both cases, they entail 
the need of an additional working time to complete the lot 
(as we consider a lot finished when a fixed number of 
good products has been made). The percentage of 
defective products for each lot is defined by a mean value 
and a standard deviation, and drawn from a normal 
distribution. For simplicity, the energy consumption and 
the speed of the machine during a rework are considered 
equal to the ones registered during the normal 
functioning. 

3.2 Model validation 

A first validation of the presented model has been 
performed by running the simulation several times and 
analysing the corresponding results. The validation has 
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been iterated in various steps of the model’s building, 
verifying the effectiveness of each added functionality. 

In this paragraph, all of the parameters of a single 
simulation run are reported, aiming at providing an 
example of the simulator operation mode. 

The products considered are two (hereinafter named A 
and B), presenting ideal cycle times of 3 and 5 minutes 
respectively. Table 1 shows the other input parameters of 
the simulation run. 

FAILURES 

 
MTB

F 
(min) 

MTT
R 

(min) 

Standard 
deviation 

Product 
affected 

A B 

Failure 1 200 30 4 X  

Failure 2 350 65 5 X  

Failure 3 250 45 5  X 

Failure 4 500 80 10  X 

SLOWDOWNS 

 MTB
S 

(min) 

MST 
(min) 

Standard 
deviation 

Product 
affected 

A B 

Slowdown 1 (80% of 
speed with 2% of 
standard deviation) 

100 5 1 X  

Slowdown 2 (50% of speed 
with 2% of standard 
deviation) 

75 3 1  X 

FLAWS 

Percentage Standard deviation 

Product 
affected 

A B 

5% 1 X  

7% 1  X 

SETUPS 

 Mean duration (min) Standard deviation 

A to B 10 1 

B to A 20 2 

ENERGY CONSUMPTION 

E0 1,34 kWh/min 

α 0,034 kWh/piece 

% of E0 consumed when the 
machine is in stand-by 

40% 

Table 1: Input parameters. 

As an output of the simulation, it is possible to obtain the 
total time needed to complete the four lots (3455 minutes, 
the sequence considered being A-setup-B-setup-A-setup-
B-setup), the amount of energy consumed (3302 kWh), 
and the value of OEE (61%, calculated as the ratio 
between the ideal time needed to complete the lots and 
the actual time employed). Other outputs referring to the 
efficiency losses occurred are summarized in Figure 6 and 
Figure 7.  

 

Figure 6: Occurrences of different efficiency losses. 

 

Figure 7: Time wasted due to different efficiency losses. 

Figure 9 (next page) gives an overview of the outputs, in 
terms of percentage of speed, electric absorption, A and B 
production and energy consumption. 

3.3 First results 

The simulation run presented in previous paragraph has 
been repeated for 20 times, always considering the very 
same input parameters. 

It has been possible to observe that the consumption of 
the considered machine while producing a fixed amount 
of products (constant production volume hypothesis) 
ranges from 3114 kWh to 3478 kWh (a more than 10% 
variation). 

In addition, energy consumption seems to have a strong 
relation with OEE, but its variation cannot completely be 
explained by OEE’s fluctuation (the R2 coefficient does 
not exceed 0,55). Observing Figure 8, it is possible to 
conclude that different consumptions matches similar 
OEE values, so that the typology of losses occurred turns 
out to have a considerable influence on the total 
consumption. 

Such influence is going to be further investigated in the 
future, by the means of the tool presented in this paper. 

 

Figure 8: Energy consumptions vs OEE. 

4. Conclusions and future developments 

In this work, a new simulation model has been proposed 
to study the influence of efficiency losses on energy 
consumption of a single production machine. A first 
validation and result analysis of the model has been 
conducted, and first findings have been presented. 

The evidence that the occurrence of different efficiency 
losses affects the total energy consumption of a machine 
to produce the same amount of goods confirms the 
results previously obtained by Cesarotti et al. (2013) and 
suggests that a further investigation shall be conducted on 
the relation between the three components of the OEE 
and energy consumption. 

The proposed tool shall be also applied to different case 
studies to prove its effectiveness and some of the 

XIX Summer School "Francesco Turco" - Industrial Mechanical Plants

92



simplifying hypothesis here proposed shall be removed in 
order to make it more general and widely applicable. Once 
the model will be refined, it will also be possible to apply 
it to real production machines and lines in order to 
evaluate the impact of the organizations’ behaviours (in 
terms of maintenance policies, shut down or stand-by 
procedures, machines’ speed choice) on energy 
consumption.  

 

Figure 9: Outputs overview. 
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