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Abstract. Energy Efficiency plays a major role in manufacturing being one of 
the largest consumers and offering opportunities for cost-savings and improve-
ments. Simulation is an established tool for optimizing manufacturing systems. 
The paper shows a new production-state based approach for integrating material 
flow and energy consumption in commercial discrete-event simulation soft-
ware. Besides typical investigation of production assets, also technical building 
services as one potential major source for energy consumption are taken into 
account. The approach considers TBS as energy demand requirements from as-
sets and does not require modeling the behavior of TBS systems. Hence, robust 
simulation results can be achieved by much faster modeling time. 

Keywords: eco-factory, energy efficiency, sustainable manufacturing,  
simulation.  

1 Introduction  

Energy efficiency in manufacturing has raised the attention of research and industry 
for quite a while. With a consumption of primary energy sources of ca. 30%  and 36% 
of CO2 emission, the manufacturing sector is a promising area for reduction and op-
timization potential [1]. Gains in energy efficiency have been tackled from various 
directions including process and technology optimization, identification of barriers 
and support of drivers, development of adequate performance measures, and devel-
opment of supporting tools and methodologies. 

Especially quantitative and qualitative tools and methodologies can support deci-
sion-makers and stakeholders in gathering information, enlarging perspectives,  
providing ideas and solutions for improving energy efficiency in production systems. 
Simulation has been identified as a promising tool to address energy efficiency  
investigations appropriately in research as well industry. 
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2 State of Research 

A remarkable progress has been done in the modeling and simulation of energy effi-
ciency related aspects in manufacturing in the past 5 years. Simulation and modeling 
is seen as a core information and communication technology in manufacturing to-
wards the next decade [2]. The usefulness of Discrete-Event-Simulation (DES) in 
manufacturing application is nowadays undisputable and has been demonstrated in 
various studies [3], hence diverse commercial simulators like Arena, FlexSim, Plant-
Simulation, Anylogic, just to name a few, support the planning and optimization of 
manufacturing systems. But the implementation of energy related functions or indica-
tors or other environmental-oriented functions within commercial simulators is not 
realized yet, although recent empirical studies have shown that companies see the 
combination of simulation enhanced by the empirical perspective as a supporting 
methodology [4] and requirements for future eco-oriented factories claim the same 
issue [5].  

Approaches for including energy flows into material flow simulation are merely 
dependent on two issues: the first one is programming and coding work if the soft-
ware allows it dependent on the modeling approach chosen, the second one is the 
scope of the simulation model. Standard simulation tools concentrate on production 
asset objects like machines, conveyors, robots, handling systems etc. Since the total 
energy consumption of a production system is not only dependent on production as-
sets but also periphery systems like compressed air and steam generation as well as 
central technical building services (TBS) such as HVAC, the scope of the model from 
production assets via periphery systems to central TBS can have a significant impact 
on the simulation results. A detailed overview and comparison of existing simulation 
approaches taking into account energy flows is presented in [6]. 

Using the PlantSimulation software, Schulz and Jungnickel contribute by combin-
ing two different approaches [7]: the calculation of energy consumption associated to 
each manufacturing state of the production system assets starting from the power 
profile as proposed by Kulus et al. [8] and the calculation of energy consumption 
associated to the power profile of each process step as proposed by Putz et al. [9]. The 
approach is very detailed and gives the user a very good estimation of the real system 
performance. However, in order to apply the simulation tool and to build the model, 
detailed information in form of power profiles are required to feed the model. Usually 
that kind of information is difficult to get since it requires additional measurement 
activity directly at the production asset of the different energy carriers like electricity 
and air.  

The aim of this paper is to present an approach which suggests the inclusion of pe-
riphery systems in the modeling without the reproduction of the TBS behavior but 
consideration as energy demand requirements from the assets. This approach is sup-
posed to deliver robust and sufficient results with much faster modeling time.  

3 Concept Development 

Integrating energy consideration in DES requires enlarging the system of investiga-
tion in order to get a comprehensive view of the energy consumption of a production 
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system. In a production system energy consumers can be divided twofold: consumers 
which are directly and indirectly involved in the production. Direct consumers are 
referred to as production assets. Production assets are machines, robots, working sta-
tions, conveyors, transport systems, storages, buffers etc. They are comprised by all 
elements which foster the material flow and manufacturing processes directly. Indi-
rect consumers are referred to as technical building services (TBS). TBS are units 
which enable the production conditions, either by servicing production assets with the 
right form and quantity of energy or by keeping the production environment in  
the required condition. The first one is referred to as periphery system, whereas the 
second one is referred to as central TBS. Since the periphery system are connected to 
the production assets, the following model for DES will consider both production 
assets and periphery systems in the modeling approach.  

The challenge is to integrate periphery systems, which are typical continuous sys-
tems, in a discrete event environment. Within the current state of the art, two ap-
proaches have been chosen to integrate periphery systems into DES simulation: the 
first approach is connecting two different software environments, i.e. a discrete-event-
simulator with specialized software for TBS design. This approach tries to reach the 
highest level of detail and highest granularity of the model built, however large chal-
lenges occur in  combining the two different models and programming a suitable in-
terface. Another approach is to model both production assets and periphery systems in 
one software environment. While this approach has been proved to be feasible and 
applicable, it puts some rigid constraints on the application. First, the simulation envi-
ronment has to be able to cope with discrete and continuous flows simultaneously. 
Most commercial and in industry used software do not support this requirement. 
Second, both production asset and periphery system behavior needs to be modeled in 
detail, which puts high demands on modeler skills. Third, the efficiency of the ap-
proach concerning requested information and output from the simulation compared to 
modeling effort can be questioned. The intention of this paper is based on previous 
work in this field, to derive an approach which enables a fast integration of periphery 
system into discrete event simulation while maintaining short modeling time, easy 
application in industry and foremost robust results. 

The production assets pass through different productive states during their opera-
tion cycle. The power requirements of each state are satisfied by different energy 
carriers and can be constant or not, according to the type of process and part to be 
worked. The production assets modelled in this work are exemplarily machines, con-
veyors and robots, to which a specific power profile can be associated. Each profile 
results from the approximation to the closest polynomial function for each state ap-
plying the EnergyBlocks methodology [10]. The integral of the approximated power 
profile [kW] calculated along the state interval given by the simulation, provides the 
calculations of the energy consumptions [kWh] for each entity.   

The machine behaviour has been modelled through their productive states. The 
considered states for the machine are: off, idle -divided in blocking and starvation- 
working, set-up and failure. From the energy point of view, there exist also the states 
ramp-up and ramp-down, which are not productive states but which can imply peaks 
in the power profile and may have an  impact on the energy consumption of a  
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machine.  The energy consumption associated to the peaks has been considered add-
ing the correspondent value to the energy consumptions calculations coming from the 
simulation. Assuming that the interval and the extension of the peak are known and 
that the peak cannot be interrupted by other events, the energy calculation is done 
independently from the simulation environment. Instead of being calculated gaining 
from the simulation the real duration associated to the peak, the peak energy con-
sumption value is calculated multiplying ¾ the peak extension for the known peak 
duration. As a matter of fact, for the reason that the peaks present a cusp shape and 
that calculating the peak energy consumption as the product of the peak extension for 
the duration would overestimate it, ¾ the peak extension has been used as a realistic 
estimation of the area included under the peak function. 

The model has not differentiated where the energy requirements satisfaction of the 
production assets come from; they could be due to direct electricity feeding or they 
could come from the periphery system provision through the energy carriers. For each 
entity the energy consumption calculation is performed considering the equivalent 
electrical energy consumption for each of the different carrier feeding the equipment. 
For a machine which receives in input electricity and compressed air, the energy con-
sumption calculation will be performed calculating the sum of the electrical energy 
consumption and the equivalent electrical energy consumption consumed by the peri-
phery system which feed the machine with compressed air. 

Pe
ri

ph
er

y 
Sy

st
em

s

Pr
od

uc
tio

n 
A

ss
et

s

 

Fig. 1. Production assets and periphery systems energy requirements 

The periphery system chosen to be integrated in the model was the compressed air 
system. It is called by the production assets in specific states -the working and the set-
up- which need the power coming from the compressed air system for the pneumatic 
components. The energy consumption associated to the compressed air system has 
three different consumption ways: the energy provided by the periphery system to the 
production asset, necessary to satisfy the power requirements of the pneumatic com-
ponents; the energy required to bring the compressed air system at operational level, 
filling tanks and pipes; the energy associated to the losses in the compressor and  
inside the system itself.  
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The modelling of the compressed air requirements of the production assets both in 
terms of power and of associated compressed air has been based on thermodynamic 
laws. Starting from the calculation of the mechanical work to compress a litre of air 
passing to the electrical energy consumed by the compressor and arriving then to the 
calculation of the amount of air required by each single production asset as the equa-
tions below show.  

 1     

  

   

The energy consumption has been then calculated multiplying the energy required to 
compress one litre of air with the compressed air demand of production assets. As-
suming uniform distributed compressed air consumption and energy consumption, 
dividing them for the value of the processing time for the specific asset and product, it 
has been possible then to calculate the air consumption per time unit and the power 
requirements, data required in order to calculate the real time consumption of air and 
of energy inside the simulation model. The real time calculations inside the model 
have been needed by the fact that the failures are stochastic events which affect the 
duration of other states which cannot be considered fixed; furthermore different prod-
ucts can require different power levels and different processing times, making clear 
why real time calculations are necessary. 

The deployment phase has been represented by the translation of the conceptual 
models in the discrete event simulation software Tecnomatix PlantSimulation. The 
model performed the calculations of the energy consumed by the production assets 
real time at three different levels: the production state level, the production assets 
level and the manufacturing system level. These energy consumption calculations 
have considered also the energy consumptions coming from the compressed air  
system as described above.  

4 Application 

The model developed has been assessed in a case study represented by an automated 
line for the filling of sacks with powders. The automated manufacturing system is 
composed by two parallel lines, a line for the processing of three types of sacks and a 
line for the processing of the pallet.  

The entities of the system have been customized with the data related to the 
processing/set-up times, the availability, the speed and the length for the conveyors, 
the electrical power, the power coming from the compressed air system and the asso-
ciated consumption of air. Three different tests have been performed on the line used 
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as a case study in order to validate the model and to see its application. The different 
tests have been performed using KPIs articulated at different levels of analysis and 
dealing with different dimensions – production, economic and energy. 

The first test has dealt with the assessment of different parts sequencing: random, 
big batches and small batches. As it could be easily predictable, the big batches solu-
tion has represented the best trade-off of production and energy performances, a result 
which represented also a validation for the model developed. The simulations have 
been conducted over a total production of 90 parts, divided in the three tests as the 
table shows.  

Table 1. Part distribution 

Strategy Part Type 1 Part Type 2 Part Type 3 

Random 17% 33% 50% 

Big batches 15 30 45 

Small batches 5 10 15 

While the manufacturing performances remained constant, the energy ones have 
been shown to change: having big batches represents the best solution in terms of 
total energy consumption.  

Table 2. Consumption and emissions based on batch sizes 

Strategy 
Total Energy  

Consumption [kWh] 

 Emissions [Kg] 

Random 4,005 2,127 

Big batches 3,675 1,951 

Small batches 3,692 1,961 

The big batches solution represents the most valuable solution also from the point 
of view of the energy efficiency performances, meant in terms of energy efficiency 
(process output/energy input), SEC (1/energy efficiency) and eco-efficiency (parts 
produced/environmental influence). 

The second test conducted dealt with the assessment of the reduction of the 
processing time for the bottleneck. The reduction of the processing times even imply-
ing more energy consumed, assures the best trade-off with the parts produced. The 
performances have been assessed changing the processing times of the bottleneck, 
respectively decreasing it by 10% and 20%. 

Table 3. Altering process times 

Processing Time 
Processing Time  

(P1) [s] 
Processing Time  

(P2) [s] 
Processing Time  

(P3) [s] 
AS-IS 4,00 8,00 9,60 
-10% 3,60 7,20 8,64 
-20% 3,20 6,40 7,68 
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In this scenario the happening of the failures cannot be forecasted, the outputs are 
not deterministic and are represented by the average values. The decrease in the proc-
essing time of the bottleneck increased the flow rate and decreased the throughput 
time of the entire manufacturing system. Nevertheless, it did not cause significant 
changes in the total energy consumption of the manufacturing system, decreasing 
instead the energy consumption of the bottleneck. The following table shows the 
global results in terms of manufacturing and energy consumption.  

Table 4. Consumptions for altering process times 

Processing Time 
Flow Rate  

[pallet /month] 

Total Energy 
Consumption 

[kWh] 

Total Air  
Consumption [l] 

AS-IS 18619 13991,665 4242139,590 
-10% 18610 13967,169 4073167,231 
-20% 18702 13990,639 3925761,366 

Finally, the third test has dealt with the doubling of the bottleneck station, bringing 
to the conclusion that a slightly improvement of the productive performances lead to a  
worsening of the energy ones, as the table below, reporting the energy efficiency per-
formances, shows. 

Table 5. Results for doubling bottleneck 

 Energy efficiency SEC Eco-efficiency 
AS-IS 1,331 0,751 2,506 
TO-BE 1,324 0,755 2,493 

5 Summary and Outlook 

The aim of the paper is to highlight the opportunity of using discrete-event simulation 
with material flow simulation as a standard tool in manufacturing and enrich it with 
taking into consideration energy consumption. The approach is based on production-
states of the production assets and has shown that implementing energy measures is 
possible and can lead to a widened decision sense. The approach has shown the use-
fulness of the equivalent energy consumption, which allows also the detailed plan-
ning, sizing, and consideration of periphery systems within material flow simulation 
without modelling the detailed behaviour of the TBS but including it in the energy 
demand requirements of the assets. The enlarged provision of information for the user 
from the environmental perspective point of view might be an opportunity for consid-
ering green issues in production system optimization. 
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