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Abstract. Methods for evaluating productivity and energy consumption simulta-
neously have been getting significant interest in the industry. In particular, alt-
hough injection molding machines are important system components for produc-
tion in plastic molding, a method for simultaneously evaluating their productivity
and energy consumption has not been established. Therefore, we propose a sim-
ulation method that is based on a state transition model containing state transi-
tions and states of machines in an injection molding production line.

Keywords: Manufacturing system simulation, Injection molding machine,
Modeling, Energy consumption, Productivity.

1 Introduction

In the industrial world, on account of the revision of the “Act on the Rational Use of
Energy” which was implemented in Japan in April 2014, a decrease of more than 1%
of the annual average energy consumption was systematically implemented. In the plas-
tics industry, more than 90% parts are produced using injection molding machines. An
injection molding machine involves processes that consume large amounts of energy,
such as material plasticizing, part cooling, and opening and closing of molding die with
high-pressure clamping. Therefore, the energy consumption per a part in manufacturing
tends to be high. Moreover, the production line includes, in general, injection molding
machines and several auxiliary machines that are used to improve productivity or main-
tain the product quality. Since injection molding and auxiliary machines work in series,
the relations among processes in the production line are complicated. Currently, the
relations between the states of machine and their transitions are not well organized.
This causes difficulties in improving the productivity and energy consumption of the
machines in injection molding lines. To address these matters, as first step, it is neces-
sary to appropriately evaluate the productivity and energy consumption in production
lines. Concerning studies on evaluation of energy consumption of injection molding
machine, there were three types of the studies. The first type is to focus on evaluating
energy consumption of physical phenomenon in injection molding processes such as
plastic resin dissolution phenomenon, plasticization phenomenon and so on
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[1]1[2][3][4]. The second type is to focus on considering the life cycle Assessment
(LCA) in injection molding processes using real measurement data [5][6]. The third
type is to focus on simulation methods. Concerning the simulation method, several
studies have focused on evaluating productivity and energy consumption in production
lines including machining and industrial robot[7][8][9]. As the relations among pro-
cesses in the injection molding production line are complicated, the simulation methods
for production lines did not often consider the injection molding machine. Concerning
the simulation method for injection molding processes, there are two studies [10][11].
The first study proposed considering the influence of production conditions and part
shape [10]. However, this method focused on only single injection molding machines
and did not consider auxiliary machines and multiple production lines to calculate the
productivity and energy consumption of the whole production system. The second
study proposed a simulation modeling method that defined a relationships among in-
jection molding processes, necessary machines, and auxiliary machines, and defined
states and transitions of each machine [11]. However, this simulation modeling method
was not implemented in manufacturing system simulation.

In this research, a simulation method for pre-evaluating the productivity and energy
consumption is proposed by using the simulation modeling method of the relationship
between the machine states and the transitions in the injection molding production line.
The proposed simulation method is implemented in manufacturing system simulation.
Case studies to evaluate the effectiveness of the proposed simulation method were ex-
amined.

2 Proposal of the evaluation method of productivity and energy
consumption of an injection molding production line

Productivity and energy consumption of a production line can be calculated by inte-
grating the work time or energy consumption of each system constituting the produc-
tion line. The work time and energy consumption in each system changes over time,
often in response to the state and state transitions in each system. Therefore, the evalu-
ation of productivity or energy consumption requires a model linking the state, state
transition, and energy consumption for each process. The production line of injection
molding consists of material supplying processes, material drying processes, material
plasticizing processes, producing processes, and product removing processes. These
processes are executed by material loaders, material dryers, injection molding ma-
chines, and product take-out machines. In previous research, a state transition model
was proposed for organizing the relations between the machine states and state transi-
tions in an injection molding production model constituting these five processes. In the
proposed state transition model, the state in each process, the state transition, as well as
the inter-process sub-states’ relations are organized as shown in Figure 1.

To evaluate the productivity of a production system, we use discrete simulation. In
particular, we simulate the flow of material and information in the production line



through a discrete-time progression. In this case, the machine states and the state tran-
sition in a production system is modeled, and the productivity of the production system
is evaluated by grasping the working and non-working states in the system states.

By implementing the state transition model of an injection molding production line
that was previously proposed in our present simulation and modeling the state transition
over time, it is possible to calculate the production time and throughput amount. More-
over, by assigning energy consumption to each of the system states, the total energy
consumption over time can be calculated. Furthermore, by simultaneously evaluating
the throughput amount and energy consumption, we are able to calculate the specific
energy consumption, which is a representative index for evaluating the productivity and

total energy consumption.
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Fig. 1. Injection molding production line’s state transition model.

The specific energy consumption is an index evaluating the amount of energy consump-
tion per product, and it is calculated from the amount of throughput P [product] and the
energy consumption amount E [J] using equation (1).

U=E/P 1)

We will explain the method of applying an injection molding production line’s state
transition model to a simulation.

First, we implement a state transition model of each process. For every process, a
computer model based on a simulation is implemented, and information regarding state
transitions at each state and sub-state is programed in the model. Overall, we implement
this model for five processes.

Next, the constraints for the state transitions of each process are implemented. Since
an injection molding machine and auxiliary machines in the production line work to-
gether, the proposed state transition model has procedural relations and constraints re-
lating to the defined state transitions. In the procedural relations of state transitions,



there are state and sub-state transitions in each process that serve as constraints for the
generation of state transitions in other processes. Hence, with simulations, by imple-
menting an imaginary signal for the state and sub-state transitions in each process and
establishing a program for the process and other processes’ states and sub-states to in-
corporate those signals, the procedural relations and restrictions in the state transitions
are modeled.

Furthermore, a program for managing the input and output of information at each
state is implemented. For each state of a process, the energy consumption is provided
as input data. Moreover, a program that provides information related to productivity
and energy consumption as output by simultaneously generating information on energy
consumption and state transition over time is used.

Based on the above procedures, a state transition model is implemented in a simula-
tion. The implemented simulation simultaneously generates time-labeled state transi-
tion information as well as time-labeled state and energy consumption information, and
it evaluates productivity as well as energy consumption. A summary of the evaluation
method based on the implemented simulation is shown in Figure 2. The state transition
model in the production line is implemented in WITNESS which is a modeling tool for
production system based on a discrete event simulation. WITNESS comprises basic
models to represent machine behavior and can be extended using Visual Basic to create
the required production system models.

3 Case study

In this chapter, the proposed simulation method is used to assess whether the method
successfully yields evaluation indicators regarding productivity and energy consump-
tion. To verify the performance of the proposed method for different sys-tem bounda-
ries, the following three cases were studied. Case study 1: single injection molding ma-
chine, Case study 2: one injection molding line including a single injection molding
machine with auxiliary machines, and Case study 3: two parallel injection molding
lines.

The following assumptions are made in this case study: six product items are pro-
cessed in each production line, the lot size of each item is fixed, a production line pro-
duces one lot for each of the six product items every working day, changeover of mold-
ing die or material occurs during lot switching, and the simulation period is one-day
operation from machine turn on to machine shutdown, i.e., about 10 h.

The energy consumption of each machine state was measured. The measured da-ta
were different for each product item owing to changing production conditions, such as
the cycle time and the amount of material usage.

In this case study, we confirmed reproducibility of the proposed method. When we
applied the simulation model to a product item whose lot size was one, the model cor-
rectly yielded the state transition times and energy consumption of the machines. In
addition, by adopting similar approaches not only for different product items but also
for different lots, we could confirm reproducibility of the proposed method.



In this case study, the measured production time and energy consumption values
were input to the state transition model in the injection molding production line. For
simulation model validation, we examined whether the results of the evaluation indica-
tors were in accordance with the results of manual calculations.
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Fig. 2. Summary of the proposed evaluation method.

3.1 Casestudy 1

In this section, the material plasticizing and manufacturing process attempted by the
injection molding machines are targeted to access the proposed evaluation method. The
simulation results are shown in Table 1 and Figure 3.

3.2 Casestudy 2

In this section, we verify the evaluation method with respect to the injection molding
production line of case study 1 incorporating the material supplying process, material
drying process, and product taking-out process. The implementation conditions are the
same as in case study 1. The results are shown in Table 1 and Figure 3.



Table 1. Calculated evaluation index for consumption energy and productivity.

Case study 1 Case study 2 Case study 3
classification evaluation index unit » ‘Machie No.L & atdiary | Machine No.1 & audlery | Machine No 2 & iy
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Fig. 3. List of the computed results for electricity consumed in case study.

3.3 Casestudy 3

In this section, we verify a production system with two injection molding production
lines, such as those used in case study 2. The results of the simulations are shown in
Table 1.

In addition, Case study 3 also attempts change the production lot sequence so that a
better production plan takes into account both the productivity and electricity consump-
tion can be considered. The lot sequence in the production line with injection molding
machine No. 2 is fixed. On the other hand, the lot sequence in the production line with
injection molding machine No.1 is changed. The original lot sequence in the line with



injection molding machine No.1 is item No. 1, 2, 3, 4, 5, and 6. The better sequence is
item No. 5, 6, 4, 3, 1, and 2. By changing the lot sequence in the production line, the
specific energy consumption reduces from 2.19 kWh/product to 1.93 kWh/product. The
maximum electricity demand, which is defined as the mean electricity consumption in
30-min intervals in the two production lines, decreases from 285 kW to 249 kW.

3.4  Results of the Case study

In case study 1, we evaluated whether the proposed simulation-based evaluation
method can evaluate the productivity and energy consumption of the material plasticiz-
ing and producing processes conducted by the injection molding machines. The state
transition in each process can be modeled as the simulation progresses, confirming the
fact that the proposed method can be used to evaluate productivity. Moreover, it was
confirmed that the energy consumption in each state can be calculated. Furthermore,
by generating the system state and the energy consumption simultaneously over time,
the specific energy consumption, which is a representative index for simultaneously
evaluating productivity and energy consumption, could be calculated. Therefore, in
case study 1, the effectiveness of the proposed simulation-based evaluation method
could be confirmed.

In case study 2, whether the proposed simulation-based evaluation method can eval-
uate the productivity and energy consumption of a production line constructed with the
addition of three auxiliary machines to case study 1 was verified. As with case study 1,
the state, state transition, and energy consumption vary with time. Moreover, the state
transition generation in other processes following the state transition of each process
could be modeled. Hence, in case study 2, the effectiveness of the proposed simulation-
based evaluation method could be confirmed.

In case study 3, whether it is possible to evaluate the productivity and energy con-
sumption of a production system with two production lines constructed from injection
molding machines and three auxiliary machines was verified. Even when the number
of production lines increased, evaluations of productivity and energy consumption were
possible, as in case study 2. Therefore, in case study 3, the effectiveness of the proposed
simulation-based evaluation method could be confirmed. Furthermore, we confirmed
that the proposed simulation method could evaluate energy consumption of the entire
production system, which is one of the important matters of concern when we consider
production plans. Thus, the proposed method can be useful for production planning in
terms of energy consumption of production systems.

According to the above, the usefulness of the proposed method for simultaneously
evaluating productivity and energy consumption by implementing a state transition
model for an injection molding production line through a simulation was confirmed.

4 Conclusion

This research presented a method for simultaneously evaluating the productivity and
energy consumption of an injection molding production line. The method proposed



method involves application of the state transition model of an injection molding pro-
duction line to a simulation. Different case studies were examined, and the effective-
ness of the proposed evaluation method was confirmed. The proposed method could
efficiently evaluate the productivity and energy consumption using different system
boundaries of the production system, such as a single injection molding machine, single
injection molding machine with auxiliary machines, and multiple production lines. In
future, we will attempt to develop a method for reducing the electrical cost of maintain-
ing specific energy consumption in an injection molding production line.
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