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Abstract: The improvement of energy efficiency is considered as one of the keys
to the sustainable development of manufacturing enterprises. This paper proposes
an energy efficiency improvement method for the manufacturing process. Based
on the analysis of the characteristics of energy consumption in the manufacturing
process, a necessary energy consumption model, an assistant energy consumption
model and an ineffective energy consumption model are constructed for identify-
ing the energy consumption attributes of the manufacturing process. Then, the
relationship model of energy consumption is built, and the energy efficiency
improvement method for the manufacturing process is proposed based on ECRSR
(Elimination, Combination, Rearrangement, Simplification and Recovery).
Finally, an injection molding machine in a workshop is studied as a case. The
results show that the average hourly power-saving rate of a single machine is
37.3%, and the average power-saving rate per piece is 30.9%. This paper
provides a feasible method for improving energy efficiency of the manufactur-
ing process from the perspective of IE (Industrial Engineering), and provides
both theoretical and methodological support for the sustainable development
of the manufacturing industry.

Keywords: Energy efficiency; manufacturing process; improvement;
sustainability

1 Introduction

The manufacturing industry is regarded as the pillar industry to create human wealth [1]. However, in the
process of transforming manufacturing resources into products, the manufacturing industry consumes
energy, which is also one of the main causes of the current serious global environmental problems [2].
The energy consumption of the manufacturing process across the world accounts for 75% of the energy
consumption of the manufacturing industry [3]. The energy efficiency of the manufacturing process is
very low. The average energy efficiency is less than 30% [4]. At the same time, emissions caused by
energy consumption in the manufacturing process have a huge impact on the environment. Gutowski
found that the emission of CO2, SO2 and NOx caused by the energy consumption of a machine tool
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running for one year is equivalent to that of 61, 248 and 34 SUVs (Sport Utility Vehicles) respectively [5].
The energy consumption and environmental problems in the manufacturing industry have attracted extensive
attention [6,7].

Many experts have studied energy efficiency of the manufacturing process. A virtual machine tool to
optimize machining to reduce energy consumption during machining was proposed by Lee et al. [8], and
the total energy consumption of the machining process was reduced to 13%. Compared to empirical
parameters, the processing time and the specific energy consumption can decline to 19.6% and 15.2%
respectively through the method integrating Taguchi, RSM (response surface method) and MOPSO
(multi-objective particle swarm optimization algorithm) with CNC (Computerized Numerical Control)
machining parameters optimization [9]. An energy-efficient multi-objective optimization for the flexible
job-shop scheduling problem is proposed by Mokhtari et al. [10], and the results revealed the importance
of the total energy cost as an important objective function in the scheduling of production. The multi-
objective optimization model for the machining process is proposed by Deng et al. [11], aiming at
improving the energy efficiency and reducing carbon emissions in the machining process. Sangwan’s
research [12] showed that the reduction of energy consumption during the machining phase is extremely
important for improving the environmental performance over the entire life cycle, and an optimization of
machining parameters for improving energy efficiency with the response surface methodology and the
genetic algorithm approach is studied. A comparison of the actual power consumption during machining
with an energetic model of the load-free condition enables the calculation of energetic efficiency and
primary processing time for an approach to determine relevant energy efficiency and productivity Key
Performance Indicators (KPIs) of machining processes [13]. A considerable amount of energy is
consumed by machine tools during run-time operation, such as tool change and tool path. The method of
energy efficiency optimization based on tool replacement and tool path is studied by Hu et al. [14]. A
novel approach for energy modeling and machining cycle optimization is introduced by Wójcicki et al.
[15] for efficiency management in multi-machine manufacturing systems. An optimization-based control
strategy for energy efficiency of discrete manufacturing systems is proposed to reduce the global energy
consumption and avoid highest power peaks during operation of manufacturing systems by Diaz et al.
[16], and reductions of nearly 7% could be achieved, allowing improvements in energy efficiency.
Improving energy efficiency in manufacturing using peer benchmarking to influence machine design
innovation is studied by Sheppard et al. [17]. Manufacturing companies are faced with the challenge of
reducing energy consumption whilst maintaining or increasing profits and productivity, and then the
development of modeling tools to improve energy efficiency in manufacturing processes and systems is
studied by Mawson et al. [18]. A variety of effective energy management methods are put forward and
developed, among which reducing energy consumption through reasonable energy production scheduling
technology is a promising method [19]. Based on a sample of 236 German manufacturing companies,
Schulze’ research results proved that the extent of energy management control system implementation
positively relates to firms’ energy efficiency [20]. There are also some studies on improving the energy
efficiency of the production process through equipment maintenance [21,22] and personnel [23].
Moreover, a novel methodology for energy audit developed and implemented by a large manufacturing
company to overcome internal barriers to industrial energy efficiency is presented and discussed by
Chiaroni et al. [24]. Industrial practices in some regions also show that energy efficiency of the
manufacturing process is beneficial to the sustainable development of enterprises, such as California [25],
China [26], Malaysia [27] Chile [28], Italy [29] and some developing countries [30].

Based on the analysis of the above-mentioned research results [31–33], the research status and
limitations in this field are as follows:

� The existing research mainly focuses on the modeling, evaluation, optimization and energy-saving
scheduling of the machining manufacturing system. Although a lot of achievements have been made,
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there is still a lack of research on the definition and recognition of energy consumption attributes in the
manufacturing process.

� For optimal control of the mechanical manufacturing system, the main objectives of the existing research
are energy efficiency, work piece quality and so on, and there is less research on comprehensive energy
efficiency of the manufacturing process.

In the manufacturing process, the actual energy efficiency in product manufacturing is about 30%, and
even lower in some manufacturing processes. Part of the energy is wasted in the process of energy conversion
and transmission, which can be reduced or recovered through manufacturing process improvement. On the
other hand, with the increasing pressure from energy and environmental protection, energy consumption has
become an important factor affecting production costs, and has become the object of ecological policy
pressure, affecting normal operation of enterprises. Therefore, it is of great theoretical and practical
significance for the sustainable development of the manufacturing industry to re-examine the
manufacturing process from the perspective of energy efficiency so as to cope with the increasingly
serious energy crisis and environmental pollution.

In view of this, an energy efficiency improvement method for the manufacturing process is proposed in
this paper. It both makes the theoretical contribution and has practical significance. The theoretical
contribution is that the necessary energy consumption model, the assistant energy consumption model
and the ineffective energy consumption model for manufacturing process energy are constructed. An
energy consumption characteristic model of the manufacturing process is established to identify the
process energy consumption attributes. Therefore, the degree of energy consumption in the manufacturing
process is accurately quantified, and the energy efficiency improvement for the manufacturing process is
designed. The practical value is that it can accurately tell the managers the status of energy consumption
in each manufacturing process, provide quantitative data for the horizontal and vertical comparison of
each process, and then provide guidance for the managers to identify where the energy efficiency is
improved, and give the improvement guidance scheme. It provides practical method support for
manufacturing enterprises to cope with the increasingly serious energy crisis and environmental pollution.

To achieve above-mentioned research goals, Section 2 describes the improvement method for energy
efficiency for the manufacturing process. In Section 3, the method is verified by a case study, and the
results show that the method can effectively improve energy efficiency and reduce energy consumption.
Section 4 presents the conclusions.

2 Method

This section mainly discusses the methods, including (i) modeling of energy consumption in the
manufacturing process, (ii) evaluation of process energy consumption and (iii) energy efficiency
improvement method for the manufacturing process based on ECRSR.

2.1 Modeling of Energy Consumption in the Manufacturing Process
The manufacturing process refers to the combination of elements in the production process from raw

materials to products. From the perspective of energy, the manufacturing process uses energy to make
raw materials into products. Some of these energy sources are necessary for production, some are used to
assist production, and the others are ineffective.

(1) Necessary energy consumption: from the perspective of product manufacturing, necessary energy
consumption is the minimum energy in physical theory to ensure product manufacturing, independent of the
manufacturing environment. For example, when the machine tool is being processed, the four stages are
start-up, standby, no-load and processing, and only the processing stage is the effective energy
consumption stage.
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The calculation formula is:

EnF ¼
XI

i¼1

Z t

0
½Dsi � e Dsið Þ� (1)

where Dsi is the processing quantity of the work piece, such as the cutting thickness dimension and the
milling depth dimension. e Dsið Þ is the energy consumed in processing the Dsi of the work piece.

(2) Assistant energy consumption: the energy consumed by the assistant measures used to realize the
necessary energy consumption of product manufacturing, such as preheating, standby and start-up. The
calculation formula is:

EnA ¼
XJ
j¼1

Z t

0
½Aj � e Aj

� �� (2)

where Aj is the j-th assistant production process, such as start-up and standby of machining processes. e Aj

� �
is the energy consumed of production process Aj.

(3) Ineffective energy consumption: all ineffective energy consumption and assistant energy
consumption are nonfunctional energy consumption, such as heat dissipation, waiting and other energy
consumption that is invalid for equipment manufacturing products.

The calculation formula is:

EnI ¼ En� EnF � EnA (3)

where EnI is ineffective energy consumption, such as waiting and invalid operation during machining.

Formula (3) shows that ineffective energy consumption refers to energy consumption other than
necessary energy consumption and assistant energy consumption in the manufacturing process.

The above-mentioned formula defines the energy use of the process and supports the improvement of the
manufacturing process.

2.2 Evaluation of Process Energy Consumption
Based on the above-mentioned process energy consumption relationship modeling, the energy

consumption is evaluated. The basis of the evaluation is that the input energy of components is Eni, and
the output energy is {EniN ; En

i
A; En

i
I}.

(1) Efficiency of Necessary Energy Consumption

The efficiency of necessary energy consumption is the ratio of the necessary energy consumption of the
process to the total energy input Eniof the i-th manufacturing process.

piN ¼ EniN
Eni

(4)

where EniA is the necessary energy consumption of the i-th manufacturing process. Eni is the total energy
input of the i-th manufacturing process.

(2) Efficiency of Assistant Energy Consumption

Efficiency of assistant energy consumption is the ratio of the assistant energy consumption EniA to the
total energy input Eni of the i-th manufacturing process.
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piA ¼ EniA
Eni

(5)

where EniA is the assistant energy consumption of the i-th manufacturing process.

(3) Efficiency of Ineffective Energy Consumption

Efficiency of ineffective energy consumption is the ratio of the ineffective energy consumption EniI to
the total energy input Eni of the i-th manufacturing process.

piI ¼
EniI
Eni

(6)

where EniI is the ineffective energy consumption of the i-th manufacturing process.

We make the i-th manufacturing process have the following properties:

D ¼ Eni; piN ; p
i
A; p

i
I

� �
(7)

Formula (7) realizes the quantitative evaluation of the energy consumption status of each process.

This model provides support for identifying the energy consumption attributes of the manufacturing
process. It clearly represents the necessary energy consumption, the assistant energy consumption and the
ineffective energy consumption of the manufacturing process. It provides quantitative reference for
horizontal and vertical comparison between processes, and provides evidence and basis for the
improvement of process energy efficiency, and affords the decision basis for the energy efficiency of the
manufacturing process.

According to Formula (7), we can work out the standard in energy efficiency improvement, that is, the
effect of this improvement is better than the original one. The standard in energy efficiency improvement is
set as follows:

ImprovedðEniÞ,OriginalðEniÞ
Improved piN

� � � Original piN
� �

Improved piA
� � � Original piA

� �
Improved piI

� � � Original piI
� � ð8Þ

8>><
>>:

Formula (8) provides the standard basis for an energy efficiency improvement method for the
manufacturing process; it is a direction for ECRSR.

2.3 Energy Efficiency Improvement Method
Based on the energy consumption modeling and the attribute evaluation of the manufacturing process,

the energy efficiency improvement method for the manufacturing process based on ECRSR is worked out as
follows (Fig. 1). ECRSR is the measures taken to process energy in the manufacturing process, mainly
including elimination, combination, rearrangement, simplification and recovery. For ineffective energy
consumption, it is necessary to eliminate it as much as possible. If it cannot be cancelled, it should be
combined, simplified or recovered. For assistant energy consumption, it should be combined, rearranged,
simplified or recovered as much as possible to reduce its use. For necessary energy consumption, it
should be combined or rearranged to reduce assistant energy consumption and ineffective energy
consumption. These measures can reduce energy consumption in the manufacturing process and optimize
energy efficiency.
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3 Case Study

3.1 Background
The injection molding machine in a workshop adopts hydraulic transmission and electro-hydraulic

proportional control technology. The process of installing the hydraulic system of the quantitative pump
is generally divided into mold locking, injection, dissolved colloid, pressure maintaining, cooling, mold
opening, ejection and standby process stages (Fig. 2).

Each stage needs different pressure and flow, so each process needs a different current. In addition to the
high-pressure mold locking, injection and dissolved colloid, the pressure required by other processes is very
small. Their pressure and flow are regulated by pressure proportional valves and flow proportional valves. In
the hydraulic system of the positioning pump, the oil pump provides a constant current, and the redundant
hydraulic oil flows back to the oil tank through the overflow valve. This process is a high-pressure throttling
process. After testing, it is found that the electric energy loss is up to 50% (Tab. 1). In the production process,
the constant hydraulic pressure can be reasonably combined through the control of the solenoid valve, and
distributed to the flow and pressure required by each action, so as to achieve the injection molding purpose.
Injection molding machine loads are a wide range of variable loads. The flow and pressure required for each
process is very different. The motor efficiency is not only very low, but also wastes a lot of electric energy.

3.2 Results
In view of the working state and process design of an injection molding machine, it is difficult to achieve

ideal stability and energy-saving effect by using ordinary energy-saving devices. About the criteria for the

Figure 1: Energy efficiency improvement method
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Figure 2: Process stages of installing the hydraulic system of the quantitative pump
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use of the five energy management measures of a process, mainly a specific method of measuring the process
energy consumption attributes is developed, and the measures in each stage are mainly determined by
engineers according to the characteristics and data of the specific process. Based on the analysis of
ECRSR, the pressure and current of each process are optimized by using an energy saver.

Therefore, an asynchronous servo energy saver is used to achieve efficient and stable control. The
asynchronous servo energy saver is industrial energy-saving equipment, the specification is TD6000-1kw,
and Suzhou Tengdayuan Electric Co., Ltd., is the manufacturer. The asynchronous servo economizer
adopts multiple terminal signals. The proportional flow and pressure signals of an injection molding
machine are the main feedback input signals of the energy saver. The proportional flow and pressure
signals are used as the auxiliary input signals of the energy saver for fine-tuning to ensure the accurate
and stable operation of the injection molding machine (Fig. 3).

X1: it is the negative end (V−) of the switch power supply on the injection molding machine controller. It
is used as the operation signal of the energy saver. It can clearly indicate the state of energy saving.

X2: it is taken from the mold opening/locking signal on the controller of the injection molding machine
to fine-tune the frequency of the economizer. It supports combination, rearrangement and simplification of
this process.

X3: it is the injection signal from the controller of the injection molding machine to fine-tune the
frequency of the economizer. It supports combination, rearrangement and recovery of this process.

X4: it is from the sol signal on the controller of the injection molding machine to fine-tune the frequency
of the economizer. It supports combination, rearrangement, simplification and recovery of this process.

X5: it is from the mold opening signal on the controller of the injection molding machine to fine-tune the
frequency of the economizer. It supports elimination, combination, and recovery of this process.

Table 1: Process properties

Process
properties

Mold
locking

Injection Dissolved
colloid

Pressure
maintaining

Cooling Mold
opening

Ejection Standby

piN 48% 55% 57% 17% 14% 11% 15% 5%

piA 28% 24% 15% 25% 25% 20% 31% 13%

piI 24% 21% 28% 58% 61% 69% 54% 82%

Table 2: Improvement mode for process stages

Processes Improvement mode

Mold locking Rearrangement and simplification

Injection Rearrangement and simplification

Dissolved colloid Rearrangement and simplification

Pressure maintaining Combination and simplification

Cooling Combination and simplification

Mold opening Combination and simplification

Ejection Combination and simplification

Standby Elimination and recovery
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According to the process identification and judgment, they adjust the frequency of the asynchronous
servo energy saver to realize elimination, combination, rearrangement, simplification and recovery of
each link in the process.

Our test method is to record the power consumption of a working procedure after installing an
asynchronous servo energy saver. First, record the power consumption of a single machine and the
production module in a short time (2 hours), and compare them with the normal mode to confirm whether
they save power and the power-saving ratio; then record the node status of this machine for five
consecutive days to compare whether the power-saving ratio follows a steady trend.

After installing the energy saver, it is found that the energy consumption of a single machine is reduced
from 90.35 to 38.57 kWh, and the energy-saving ratio is more than 30% (Fig. 4). It can be seen that the
energy-saving effect of the converter is stable and the energy-saving amplitude is large.

Figure 4: Energy saving ratio of process stages
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Figure 3: Improvement structure of asynchronous servo energy saver
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3.3 Discussion
The energy efficiency improvement method for the manufacturing process is used in the workshop, and

has achieved good results. In the manufacturing process, the average hourly power-saving rate of a single
machine is 37.3%, and the average power-savings rate per piece is 30.9%. The energy efficiency
improvement is obvious.

For energy consumption of enterprises, the energy consumption of the molding machine before the
improvement is 9.03 kWh/h, and the energy consumption of a single machine after the improvement is 4.52
kWh/h. The annual energy saved is 563,000 kWh/year, and the annual energy-saving cost is 372,000 RMB.
The energy-saving effect is immediate. The implementation results show that this method has the following
advantages: this method can tell the managers to optimize the allocation of processing resources from the
perspective of effective energy consumption, assistant energy consumption and ineffective energy
consumption, and provide guidance for the production personnel to standardize the operation of
energy conservation and emission reduction. It can also reduce the total energy consumption and improve
energy efficiency for the manufacturing process, and then realize the optimal configuration of the
manufacturing process and the rapid improvement of the manufacturing efficiency. Moreover, this method
can provide the original power for energy conservation and emission reduction, realize green upgrading of
the manufacturing process, reduce energy consumption, and enhance the core competitiveness of
enterprises. It can also support the sustainable development of the manufacturing industry.

Based on the above-mentioned research process and conclusions, the following three implications can
be realized:

Firstly, to promote energy conservation and emission reduction in the manufacturing process, the
characteristics and endowment of energy consumption, as well as the impact of the previous and
subsequent stage and the process, need to be comprehensively considered. It is necessary to
comprehensively identify and judge the energy use of the total manufacturing system, so as to provide
effective support for the improvement of energy efficiency.

Secondly, the improvement of energy efficiency in the manufacturing process is a complex system,
which involves equipment, materials, personnel, process and environment. Any one of these factors will
affect the energy efficiency of the manufacturing process. Therefore, the improvement of energy
efficiency for the manufacturing process should define the way of energy consumption, and combine
technology and management to achieve the improvement of energy efficiency in the manufacturing process.

Thirdly, improving the energy efficiency of the manufacturing process plays a greater role in promoting
corporate social responsibility, which is of significance to enhancing the core competitiveness of enterprises
and promoting the sustainable development of enterprises.

4 Conclusions

Improving energy efficiency is the key problem to be solved for energy saving and emission reduction of
the manufacturing industry. It has become a major strategic issue for the sustainable development of the
manufacturing industry in various countries. To solve this problem, an energy efficiency improvement
method for the manufacturing process is proposed based on energy consumption characteristics from the
perspective of IE. The main innovations of this method are as follows: (i) the necessary energy
consumption model, the assistant energy consumption model and the ineffective energy consumption
model are constructed for identifying the process energy consumption attributes of the manufacturing
process; (ii) the relationship model of energy consumption is studied for evaluation of process energy
consumption; and (iii) the energy efficiency improvement method for the manufacturing process based on
ECRSR is proposed. The method was applied in a workshop and the results show that it is feasible and
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effective. This is beneficial for enterprises to cope with the current resource crisis and environmental
pollution pressure, and provides a driving force for their sustainable development.

For future research, it will be interesting to study the integrated application of measurement standard,
management benchmark and neural network of this method considering the energy relationship between
manufacturing processes and energy efficiency, which is necessary and has broad prospects for exploiting
the potential of energy conservation and emission reduction of manufacturing systems.
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