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Abstract: Energy efficiency improvement and environmental impact reduction are emerging issues
in the manufacturing industry. Aside from cutting, metal forming is also an important process
in manufacturing. Metal forming is energy intensive because of the low energy efficiency of the
used metal forming press. Although many literature reviews focused on the energy reduction and
energy efficiency of machine tools, a comprehensive literature review of metal forming processes
remains lacking because of the great difference between cutting machines and forming equipment.
In addition, methods for energy efficiency and energy-saving still need to be promoted in metal
forming. In this review, a novel hierarchy of the metal forming system was presented to describe
the relationship among the equipment, process, and manufacturing system, providing a guideline
of methods for energy efficiency and saving in metal forming. Then, existing energy consumption
modeling and estimation theories and methods were discussed from two aspects. One is energy
monitoring and modeling of metal forming equipment, and the other is process energy analysis of
metal forming based on different parameters. On the basis of the hierarchy of the metal forming
system, the present methods and technologies aiming to promote energy efficiency and energy saving
effects were discussed from the aspects of equipment design and control, process optimization, and
scheduling management and use. Thus, this review may serve as a reference for the decision-making
of producers and managers to realize energy efficiency and energy saving at the system level. In
addition, the major points that need attention are accurate energy models and control of forming
equipment as well as the integrated optimization of equipment, process, and scheduling.

Keywords: energy consumption; energy efficiency; energy-saving; metal forming process; press

1. Introduction

The demand for energy and resources has increased with the fast development of the economy.
Since 1990, the percentage of global energy consumption has increased by more than 30%; in particular,
the energy consumption of developing countries increased faster with their growth because of their
low energy efficiency [1]. Industry is acting to promote economic development, which is a major
contributor to energy consumption and environmental problems. Approximately one-third of the
world’s end energy is consumed by industry, and almost 40% of the total energy is translated to
carbon emissions [2,3]. Nevertheless, manufacturing dominates the developing industry and thus
consumes the largest energy. Manufacturing in 2015 accounted for nearly 57% of energy consumption
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in China [4]. Mounting concerns on energy and resource depletion have rendered energy efficiency
and energy saving technologies highly important.

Metal forming is a significant process in manufacturing; 70% of metals in the world are processed
by metal forming, which has also been widely applied in the automotive and aviation industries [5].
However, in metal forming, high forming force is needed but the energy efficiency of forming
equipment is low [6,7]. Therefore, metal forming consumes a large amount of energy because of its
low energy efficiency.

In a production line/chain or a shop that consists of several metal forming presses, scheduling
control is important for energy saving. Inappropriate scheduling leads to more idling time; consequently,
more energy dissipation occurs. In consideration that energy consumption is the main contributor to
carbon emissions during equipment operation, metal forming presses with considerable energy losses
have become a large emitter of carbon dioxide [8,9]. Nowadays, the energy consumption reduction
and energy efficiency improvement of metal forming have become urgent issues.

1.1. Research Aim and Motivation

Numerous studies have focused on methods and technologies for energy efficiency improvement
and energy saving in manufacturing fields [10,11], and considerable efforts have been exerted to achieve
green and environmental benign processes. Although some maturing methods and technologies are
available for energy-intensive processes, such as machining processes [12–15], the energy reduction
and energy efficiency improvement methods for machining may be not definitely practicable for metal
forming because of the large difference between metal forming and machining processes as well as the
various characteristic features of presses and cutting machine tools. Moreover, comprehensive reviews
in metal forming are rare. Thus, the present review summarizes the existing energy consumption
models and discusses methods for energy efficiency improvement and energy saving in metal forming
to develop environmental-friendly metal forming presses in the future.

1.2. Characteristic Features of Metal Forming Equipment

A metal forming press is an equipment used to reshape or deform a metal through pressure.
According to the design principle and working media, presses can be classified into three categories,
namely, hydraulic press, mechanical press, and pneumatic press. Metal forming presses could
be regarded as the composition of mechanical structure and control systems depending on their
structural features.

The mechanical structure of a press is typically composed of a simple rectangular frame, and
large and medium presses with a heavy body often contain two or four pillars and three crossbeams.
The mechanical structure of some small presses is simple and integrated. The frame is the physical
support and safety protection structure of a press in the forming process. The slide is the moving
structure used for general-purpose forming work, which is driven by the execution unit in the
control system. The slide guide system is used to avoid tilting of the slide during the operation of
equipment [16]. The control system is composed of energy transfer and conversion units, an execution
unit, and an operating device, which provide power for the press operations. During metal forming,
the press provides a large pressure. Combined with the size of its actuator, the output force of the press
would be very high. In particular, the hydraulic press could export very high forming force, which has
been widely used in the manufacturing of large parts. Figure 1 shows the structural composition of a
hydraulic press, and other types of presses have a similar composition as the hydraulic press.
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In a forming process, the highest power operation is SP. Thus, the installed power of a hydraulic 
press is designed to meet the needed highest power, but the operation time of SP is much shorter in 
the whole working process and the needed power of other operations is much less than SF, which 
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hydraulic press. In addition, the waiting time (WT) in two successive processes is unavoidable, which 
is used for the workpiece delivery. Once a hydraulic press is waiting, all pumps are unloaded in the 

Figure 1. Structure and basic components of a hydraulic press.

According to the slide motion feature of the press, metal forming processes can be divided into a
series of short operations as shown in Table 1 [7]. Sometimes, parts of these operations are involved in
different metal forming processes. The feature of the slide motion is shown in Figure 2. Among them,
the necessary operations are fast falling (FF), slow falling and pressing (SP), fast returning (FR), and
slow returning (SR), and the others are alternatives for completing metal forming.

Table 1. Function features of each operation (Reproduced with permission from Li, L., et al., J. Clean.
Prod.; published by Elsevier, 2016) [7].

Operation Function Feature

Fast falling (FF) Slide moves downward at a high speed to reach the workpiece

Slow falling and pressing (SP) Workpiece is formed at a given lower speed

Pressure-maintaining (PM) High pressure is maintained for a given time to avoid the
springback of the parts

Unloading (UL) Pressure is released before moving upward

Fast returning (FR) Slide moves upward at high speed

Slow returning (SR) Slide moves back to the original position at low speed
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In a forming process, the highest power operation is SP. Thus, the installed power of a hydraulic
press is designed to meet the needed highest power, but the operation time of SP is much shorter in the
whole working process and the needed power of other operations is much less than SF, which usually
leads to a mismatch between the needed power and installed power, especially for the large hydraulic
press. In addition, the waiting time (WT) in two successive processes is unavoidable, which is used for
the workpiece delivery. Once a hydraulic press is waiting, all pumps are unloaded in the drive system.
All the input energy is wasted because the motor and pumps cannot be turned on and off frequently.

In consideration of the defects of the conventional presses, servo presses with flexible slide
movement and low energy consumption have been used in the metal forming industry. Mechanical
and hydraulic servo presses are two typical types of servo presses. The drive unit in servo presses is
AC servo motor. The energy consumption of a servo press is only 10–20% of other press machines.
However, for some high pressure demanded conditions in the metal forming process, big servo press
with big motor is need. For the power limitation of the servo motor, the conventional presses are
still widely used in conditions of high pressure demand. Therefore, the conventional press is one of
indispensable parts in metal processing field.

1.3. Scope of the Review

Although servo presses have been used in metal forming processes because of their advantages
of flexibility and energy efficiency, the conventional presses are still irreplaceable when considering
process requirements and high-pressure conditions. However, large energy loss occurs because of
the characteristic features of press operations during metal forming processes. Moreover, the energy
consumption of hydraulic presses is larger than that of other types of metal forming presses. Therefore,
this review focuses on the electrical energy consumption of presses mainly for metal forming processes.

Hence, this research focuses on reviewing the methods and technologies for energy consumption
identification, energy efficiency improvement, and energy reduction in metal forming. Energy
consumption can be understood and identified by energy model analysis and establishment. Energy
efficiency improvement and energy saving could be achieved by direct energy reduction methods, such
as controlling the process, efficient process planning, process time reduction, efficient components,
and lightweight design. In addition, the indirect ways of increasing energy efficiency involve some
energy-related improvements such as stability performance and productivity improvements. Given
that the primary consideration in the manufacturing industry is product quality and productivity, all
energy reduction strategies should be implemented without sacrificing quality or productivity. Both
direct and indirect energy reduction methods and technologies are considered in this review and are
classified according to their application.

2. Hierarchical Approach for the Metal Forming Manufacturing System

In a metal forming manufacturing system or a workshop, many presses are used for various
manufacturing purposes. When the press is used in different processes, the energy consumption
would be different. In addition, the corresponding energy efficiency and energy-saving methods vary
in accordance with the level involved. Numerous studies have investigated the energy-efficient and
energy-saving methods at different levels of the manufacturing system [17–19].

According to the special characteristic features of metal forming presses, the manufacturing
system of metal forming is divided into four levels based on previous research: component/unit level,
equipment level, process level, and manufacturing system level. In this hierarchy, the manufacturing
system could be regarded as the integration of a series of forming processes. Each metal forming
process is implemented on the press, and the press is assembled by a series of unit devices and
components. A schematic view and features of the manufacturing system hierarchy for metal forming
is shown in Figure 3.
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In this review, the methods and strategies for analyzing energy consumption, improving energy
efficiency, and saving energy are explained in accordance with the manufacturing system hierarchy.
The aim is to help metal forming managers conduct these energy-efficient and environmentally
benign methods step by step. The energy efficient methods for cutting machine tools have many
classifications [20,21]. On the basis of previous classifications of machine tools and the manufacturing
system hierarchy of metal forming, three hierarchies are presented in this study. The detailed
classifications of the hierarchical approach for metal forming equipment and processes are described
in Table 2.

Table 2. Energy saving and environmental-friendly methods and technologies at different levels for
metal forming.

Classification Detailed Strategy

Energy consumption models and energy efficiency
improvement of a single press

Monitoring and modeling, identification of energy
consumption

Improving the energy efficiency of the
component/unit within the press

Reducing idle production time

Waste recovery within a press

Lightweight design of presses

Optimization and control for energy reduction of
metal forming processes

Process energy modeling

Optimized process parameters

Process improvement

Energy-efficient scheduling management and use for
multi-presses

Identified and structured decision problems

Energy modeling at multi-press level

Solution selection method

The first hierarchical approach is establishing energy consumption models and improving the
energy efficiency of a single press. This hierarchy corresponds to the component/unit and equipment
level of the manufacturing system hierarchy because the efficiency of the equipment could be improved
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by using more efficient component units such as the wide application of high-efficiency motors [22].
In this approach, measuring and identifying the energy consumption of the press is primary for energy
efficiency improvement. Then, the energy consumption of the press is monitored, characterized, and
modelled, and the system is decomposed into components at this level. Therefore, useful information
on the energy consumption of presses could be obtained. The energy efficiency can be improved by
directly reducing the energy loss or waste energy recovery. In addition, optimal design of presses is an
indirect way of improving energy efficiency. The lightweight design of presses can both directly and
indirectly improve the energy efficiency of presses.

The second hierarchical approach is optimization and control for the energy reduction of metal
forming processes at the process level. Process parameters for optimization include changeable
parameters (e.g., punch velocity, blank holder force, and lubrication), material parameters, and
mold parameters. The process energy models could be established using the energy measuring and
monitoring method or data obtained from the first level, which is basic for process optimization. Process
energy can be reduced with product forming quality and production improvements without significant
structural changes to the presses as well as prognosis of the energy consumption of different processes.

The last one is energy-efficient scheduling management and use for multi-presses. More than
one forming process is usually needed in metal forming. Therefore, several presses can be equipped
into a production line to complete the forming tasks at the manufacturing system level. The energy
strategies in this hierarchical approach involve scheduling approaches of metal forming presses to
increase energy efficiency. Decision problems and their features must be identified and described.
The corresponding methods for operational production scheduling could be effective in manufacturing
companies. Then, the scheduling management and use for the multi-press system are analyzed to
discuss the potential of energy reduction and energy efficiency improvement at the system level.

These hierarchical approaches are arranged in accordance with the level of modification activity
or improvement difficulty as well as the decision-making level. The energy-saving effects are various
in different hierarchical approaches. Each approach can be used separately or in conjunction with other
methods as shown in Figure 4. The research status at each individual level is reviewed and discussed
in detail in the following sections.
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3. Framework for Energy Saving

The review methods used in this research are shown in Figure 5, which is the guideline for this
literature review. After defining the scope and purpose of this research, the review process could be
divided into four main steps. First, the research theme or question should be specified, which could
be described as a conceptualization stage. In this study, the main question is how to reduce energy
consumption and improve energy efficiency in the metal forming process, which also involves the
forming equipment and manufacturing system used. In addition, related environmental problems,
such as carbon emissions, are also caused by energy consumption. Therefore, the search keywords for
this review could be summed up as shown in Table 3. Second, a high number of relevant literature
data were obtained by using the keywords and appropriate search strategies. Third, the current topics
and issues were refined after reading and analyzing the searched literature critically in the evaluation
phase. In the last phase, the findings were synthesized. The research process of the review includes
iterative and circular literature analysis and synthesis process.
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Table 3. Keywords for the review.

Keyword 1 Keyword 2

energy consumption, energy efficiency,
energy-efficient, carbon emissions, light weight

metal forming process, press, hydraulic press,
scheduling

A methodological framework was derived from the previous hierarchical approach for the metal
forming manufacturing system and the above research process of the review, providing an outline
for the review. A descriptive flowchart for depicting the major steps of the proposed methodology is
shown in Figure 6. In this research, the energy consumption analysis and energy models for metal
forming equipment and process were first discussed to find the potential for energy reduction. Then,
the methods and technologies for promoting the energy efficiency and saving from the aspects of design
and control of metal forming equipment, process optimization, scheduling management, and use of
the workshop were addressed in accordance with the proposed hierarchical approach. The detailed
description of the flowchart is addressed as follows.
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Energy consumption features must be identified before investigating the energy-saving methods.
In the beginning of the review, energy consumption was analyzed from the perspective of equipment
and process. Currently, the technologies of energy and power measurement have become faster and
more accurate for energy monitoring at different levels [23]. The existing energy models of forming
equipment were discussed to find which element is the highest energy consumer. The elements could
be the energy consumption units or hardware parts. However, the energy consumption of equipment
varies with different process parameters because the demanded metal forming energy is influenced by
variable process parameters. Hence, manufacturers need to deeply understand the energy consumption
features of the processes to optimize efficiency improvement and energy saving methods.

The current methods and technologies for energy efficiency improvement and energy saving
were addressed from different hierarchies. The energy efficiency and energy saving for a single press
can be improved by direct or indirect ways to reduce the consumed energy of the equipment. At this
level, the existing energy reduction methods enable us to know where and how to apply energy saving
technologies. On the basis of the energy decomposition analysis of presses, the energy reduction
strategies for a single press can be implemented by the efficiency optimization of the control system,
which is the direct way to reduce energy consumption. For the large mass characteristic of the forming
press, the structure optimal design is an efficient way to achieve energy saving.

The next level is the explanation and discussion of process optimization and improvement.
The aim of this level is to discuss how to reduce the energy consumed in the metal forming process
without sacrificing the product forming quality. The parameter optimization technologies for different
metal forming processes and process improvement technologies were reviewed at this level. The
energy consumption of the processes can be reduced by the strategies. The energy efficiency of forming
equipment can also be further improved with a combination of the two levels of technologies.

More than one forming process is usually needed in metal shaping. Therefore, several presses
form a press line to perform a series of forming processes, which are the traditional and common forms
of production in the metal forming industry. The last hierarchy of energy saving and energy-efficient
metal forming process is scheduling management and use for the multi-press system. Energy
and environmental aspects need to be considered in scheduling the multi-presses stage to achieve
energy-efficient scheduling management and use. Energy efficiency of the manufacturing system
and energy-aware production planning and control could be involved at this level. Technologies for
efficiency improvement at this level are from the systematic perspective of a workshop with a number
of pieces of forming equipment.
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4. Energy Monitoring and Modeling for Identifying the Energy Consumption of Metal Forming

4.1. Energy Monitoring and Modeling for Metal Forming Equipment

The energy consumption of presses is measured at the primary power supply, and the obtained
data represent the total energy consumption of all the components and units involved in the press.
Therefore, this measured energy consumption value should first be divided into several independent
energy elements. Each energy element could be tested directly by independent measurement
or indirectly by using the difference between independent operations. Some researchers have
performed on the decomposition of energy consumption values in detail, and the most representative
classification of energy consumption elements of the hydraulic press was performed by Zhao et al. [6].
The decomposition of energy consumption in hydraulic presses is shown in Table 4.

According to the characteristic features of energy conversions within the hydraulic press in
working processes, the energy consumption could be decomposed into six energy elements as shown
in Table 4, which are performed by their corresponding components, as shown in Figure 7. Moreover,
based on the energy dissipation features of the components, the energy consumption models of
the main energy conversion components or units have been established, such as the motors and
pumps [24,25], which means the energy characteristics of energy elements were quantified.
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Different from the characterized classification of six energy consumption elements, another
classification was proposed by Li et al. [7,27–29]. The energy consumption of a press was divided into
two main portions in accordance with its operations as mentioned above. One of them is the active
energy consumption by the actual forming processes, including the operations of FF, SP, FR, and SR as
shown in Equation (1) [27]. The active energy consumption of operations is affected by process load or
forming force. This energy element could vary with the process parameters and forming conditions.

Eworking =

stage(m)∑
m=1

∫ tstage(m)

tstage(m−1)
F(t)v(t)dt

ηstage(m)
. (1)



Processes 2019, 7, 357 10 of 25

Table 4. Decomposition elements of energy consumption in hydraulic presses.

Energy Conversion Energy Elements Input Parameters Output Parameters Energy Dissipation Model

Electrical—mechanical energy Motors
Electric voltage Torque Ewaste

E−M =
∑
k

∫
t(PFe(t) + Pfw(t) + Ps(t) + PCu1(t) + PCu2(t))dt

Electric current Angular velocity

Mechanical—hydraulic energy Pumps Torque Pressure
ηM−H = ηmηv =

(−C2/q2
t )p2+p

p+(C1/qt)
[24]

Angular velocity Quantity of flow

Hydraulic—hydraulic energy Valves, Auxiliaries, Pipes Pressure Pressure Ewaste
H−H =

∫
t ∆p(t)q(t)dt

Quantity of flow Quantity of flow

Hydraulic—mechanical energy Hydraulic cylinders Pressure Quantity of flow

Pressure

Ewaste
E−M =

∫
t pW

EMdt =
∫

t
F f orming(t)v(t)
ηvcηcm

dt
Quantity of flow

Force

Moving speed

Mechanical—deformation
energy

Moved cross beam Force Stress Eforming =
∫

t Fforming(t)v(t)dt
Dies Moving speed Strain

Thermal—thermal energy Heat exchanger Temperature Temperature PT−T = PTank + Pexchanger = K1A1∆T1 + K2A2∆T2
Oil tank Entropy flow Entropy flow
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The other portion of energy consumption is needed for maintaining the basic operations of the
press in WT or idle time between two forming processes. The power consumption during these periods
is nearly constant, which is not easy to alter just by adjusting the process parameters. The unloading
operation energy could be calculated using Equation (2). PLn is the unloading power of the forming
equipment. Reducing the process time is the only way to reduce the energy consumption in this portion.

Eidle = PLn · tidle. (2)

With the energy decomposition approach, energy models of presses can be established based
on the process parameters and operation time. Through energy consumption modeling, the energy
consumption of presses can be quantified and estimated, and the energy efficiency of presses can
be identified.

4.2. Process Energy Analysis of Metal Forming

From the above-mentioned section, the energy consumption in different metal forming processes
was measured, monitored, and quantified form the perspective of equipment, which is the direct
electrical energy consumer, to investigate the energy reduction methods. However, the energy efficiency
of the processes differs depending on the used press; thus, the process energy must be understood to
evaluate the energy saving potential for enabling any improvements in energy saving and eco-efficiency
at this process optimization level [30].

The process energy is the direct energy utilized for the deformation of metal material without
considering the dissipation in energy conversion of forming equipment. In consideration that forming
force is an equating external work with internal dissipation of energy, forming force prediction is an
important research objective in the energy consumption modeling of metal forming processes [31,32].
Another way is directly developing analytical models for estimating the energy consumption of the
material deformation. Many studies have developed comprehensive models that consider the process
energy used for product manufacturing. The energy requirements and environmental impacts with
different parameters in metal forming have also been analyzed [33]. Gao et al. have established energy
models for evaluating the process energy of deep drawing and analyzed the effects of process parameters
on energy consumption [27,34,35]. Ingarao et al. have reviewed the main topics concerning the energy
and resource efficiency of sheet metal forming aiming at the emphasis of principal contributions [36].
The metal forming process energy is usually analyzed as a criterion in environmental impact evaluation
or sustainability issues. The models for sustainability issues in metal forming processes were developed
and analyzed by Rahimifard et al. [37–39].

Recently, hot stamping has been widely used and improved because of the urgent demand
of reducing vehicle weight, improving crashworthiness and safety qualities, and producing
ultra-high-strength steels and other lightweight materials for the manufacturing of automobile
structural components [40,41]. However, compared with cold stamping, hot stamping is more energy
intensive for heating the blank up to a certain temperature, which improves the energy consumption in
heating processes [42]. Therefore, the energy consumption and environmental impacts of hot stamping
are considered in the hot stamping industry. A method for energy and resource balancing was applied
in hot stamping to analyze the energy and material utilization and to improve energy and resource
efficiency in production [43]. Life cycle assessment was performed to measure the energy consumption
in hot stamping, and results showed that improving the energy efficiency in oven curing is an efficient
way to lower the carbon footprint; in addition, the thermal transfer and loss should be a priority for
estimation [44].

Through energy analysis of metal forming, the minimum deformation energy can be determined,
and the energy efficiency improvement potential was also defined. The environmental burdens of the
metal forming processes were quantified for some large energy-consuming processes.
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5. Energy Efficiency and Energy Saving Methods for Metal Forming in Different Hierarchies

5.1. Energy Efficiency Improvement and Energy Saving Methods for Forming Equipment

Analysis of the characteristic features of metal forming presses showed that one of the major
reasons for low energy efficiency of a hydraulic press is the power mismatch control in hydraulic
systems. To address this problem, a series system energy matching control method used to adjust the
output power and demand power has been reported.

The volume control electrohydraulic system is a widely used variable control system.
The variable-frequency motors and servo motors are different types of variable-speed motors that are
directly used to drive the actuator without the intermediate variable valves in the variable control
system [45–47]. The demanded pressure and flow of the control system, and direction of working
liquid are adjusted by the motors and pumps to solve the mismatch control problem and reduce energy
consumption [48–50]. In addition, adaptive control approaches have been developed to fulfill the
control performance of the volume control systems [51–54].

Another control strategy with particular potential to solve the mismatch problem is the application
of digital hydraulics, which has recently achieved significant development. In a digital hydraulic
system, a piston pump can be turned on or off by the valves to control the distribution of flow of the
intervals between several outlets and to match the demanded flow of the cylinder [55]. Compared with
traditional systems, digital hydraulics can reduce considerable energy loss, especially during partial
load [56–58]. Further study could focus on two or more actuators controlled by these digital pumps in
digital hydraulics to reduce the partial load and decrease the installed power of the drive system [59].

In consideration of the features of digital and mobile hydraulics in which a hydraulic drive
system is shared by different actuators [60,61], an energy matching method has been proposed for the
hydraulic press line. In this method, a drive system is composed of several motor–pumps, which is the
only power unit to supply energy for the press. The drive system is decomposed into several drive
zones to provide energy for different operations according to their load profiles [7,62]. The structure of
the hydraulic press line and energy matching method is shown in Figure 8. In this method, the average
energy consumption of each hydraulic press in the group is much less than that of a single hydraulic
press, and the energy efficiency is improved. Moreover, the energy consumption in the forming stage
has not significantly changed, whereas the consumption of hydraulic presses working in idle state has
been reduced and even eliminated.Processes 2019, 5, x FOR PEER REVIEW  12 of 24 
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Another reason for the large energy loss of hydraulic presses is the wasted potential energy caused
by the motion of the slider. The mass of the slider is substantial in large-sized presses compared with
that of the entire machine. Therefore, a great amount of energy is wasted, which is caused by the



Processes 2019, 7, 357 13 of 25

advance and return movement of the slider in metal forming processes. About 20% of the total energy
consumption is wasted in the downward motion of the slider [63]. However, this energy loss could not
be reduced by the above method of press grouping.

Therefore, some regeneration methods were proposed to solve the energy loss problem.
A hydraulic accumulator was applied to recover the kinetic energy, and a flywheel was used to
store the inertia energy [64,65]. An ultra-capacitor can be used to improve the sluggish dynamic
response [66,67]. The harvested potential energy of the perpendicularly moving load can be reused by
the hydraulic drive systems when needed [68–71]. However, these regeneration approaches have two
drawbacks. One is that the configurations of the equipment are more complicated for the conversion
units installed. The other is the low energy efficiency of energy regeneration processes, including
recovery and reuse. In consideration of these defects, an improved energy matching method for two
combined hydraulic presses was proposed to utilize the potential energy. The drive system is shared
by the two presses in different times to reduce the energy loss caused by the slide return operations, so
that the energy efficiency of the drive system is improved [63,72]. Furthermore, this method derived
a more energy-efficient system with a double-actuator in a hydraulic press to reduce the potential
energy as shown in Figure 9. Compared with the current hydraulic press that undergoes services, the
developed system exerts obvious energy-saving effect [73].
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The lightweight design of presses is the other energy saving strategy for single presses.
The lightweight design of presses is a structural optimization to reduce the mass of equipment
without sacrificing its structural stability. Therefore, the lightweight design could be regarded as
a direct and indirect way to improve the energy efficiency of metal forming. The environmental
impacts of the press at the machine design stage must be considered to obtain an energy-efficient press.
Lightweight and friction reduction could lower the energy consumption in the operation process.

A large amount of energy wasted for the large mass of a slide could not only be regenerated by
the above-mentioned control methods but also be reduced by the lightweight design, in which the
mass of the slider or the moving element is reduced. As a result, the drive power consumption is also
reduced. At present, the most typical lightweight design approach is the topology optimization, and
the potential of this method is up to 20% [74,75]. Li et al. proposed a novel self-adaptation bionic design
method that combines topology optimization, size optimization, and geometric optimization [76,77].
The internal manufacturing structure of the slider was optimized to reduce its mass while considering
the manufacturability. Zhang et al. optimized the structure of a large hydraulic press to realize
manufacturing cost reduction, energy saving, and performance degradation minimization [16,78]. The
energy consumption of the press can be significantly reduced with considerable mass reduction by the
structure optimal design for press. Moreover, less material usage means lowering the manufacturing
costs. The energy saving effect of lightweight could be small in one forming process, but the design of
the equipment affects the energy efficiency during the life cycle of the press. Therefore, environmental
influence must be considered at the primary design stage.

5.2. Process Optimization for Energy Saving of Metal Forming

Currently, most studies on process parameter optimization aim to improve the quality of products,
which not only can directly reduce energy consumption but increase forming quality and productivity.
Likewise, the robustness and stability improvement in the forming process can indirectly improve
energy efficiency and help avoid significant energy loss. The uncertainties of forming quality and
makespan can be reduced significantly and allow the press to endure high productivity parameters.
Stochastic analysis and robust optimization help manufacturers and engineers deal with potential
metal forming problems during the early stage of forming product and equipment design, by which
more time and resources could be saved [79–81].

Optimization of process parameters is an efficient way to save energy in metal forming.
The research on process optimization can be divided into three broad categories. The conventional
process optimization was based on the metal plastic deformation theory and combined with the
usage of modern numerical simulation technology. Numerical simulations can quickly predict all
considerable issues of sheet metal forming, including energy consumption, defects, thickness, loads,
and springback [82,83]. In this optimization method, the contributors of process parameters on forming
quality and process energy were primarily discussed by using FE simulations and then combined with
the optimization approach to solve the process problems by adjusting the main parameters of sheet
metal forming [84–86].

Another way to optimize the process is the application of an orthogonal design, which is used for
discussing multiple factors and multiple levels of an research object [87]. The orthogonal design is
often used in conjunction with other methods to form an optimization system. The combination of FE
simulations and orthogonal experimental design could be used to find the effect of process parameters
on the deformation behavior of a sheet metal and to solve the process optimization problem of metal
forming. A matrix of experiments was used in Gao et al.’s research to discuss the contribution of
different process parameters on energy consumption in deep drawing [34]. In addition, the obtained
results can be used for process optimization and selection of the manufacturing parameters. Using finite
element simulations and orthogonal design, Padmanabhan et al. determined the influence of forming
process parameters and optimized them to reduce the manufacturing cost [88,89]. The orthogonal
design can also be used by integrating the artificial neural network, genetic algorithms, and response
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surface methods to develop a design and optimization system for metal forming processes in industrial
production [90,91].

Multi-objective optimization has been widely used in parameter optimization to obtain the best
group of process parameters that can produce the desired metal forming part without the defects of
fractures, wrinkles, insufficient stretching, or thickness variations or has the minimum environmental
impacts, such as low energy consumption and material cost. Many researchers have discussed
the combination of response surface method, neural networks [92], genetic algorithms [93,94], and
multi-objective optimization to solve the process problems of metal forming. Many process parameters
need to be considered in metal forming optimization, and their impacts on the forming quality and
energy consumption are often contradictory. Then, the unavoidable contradiction would turn the
optimization of metal forming processes into a multi-objective problem [95–98]. To reduce the influence
of a stochastic property of process parameters on forming quality, some studies used the conjunction
of multi-objective stochastic approach and response surface methodology to obtain optimal process
parameters in hot stamping [99,100].

5.3. Energy-Efficient Scheduling Management and Use for Manufacturing System

5.3.1. Scheduling Management and Use for Energy Efficiency

The initial product scheduling was performed to overcome the limited resources. In the
manufacturing workshop and service industries, scheduling is an important issue because it determines
the production orders and the relevant sequencing and timing on different machines [101,102].
In scheduling management, the execution of a production process is first determined. Meanwhile, the
amount of process energy demand that affects the energy efficiency is also determined, which means
assigning the high energy consumption jobs to more energy-efficient machines [103].

Improper production plans of subsequent production operations cause avoidable energy losses in
a workshop or production system. Intelligent production planning can reduce buffers in production to
directly avoid the energy loss. Reducing the energy consumption can improve the energy efficiency of
the manufacturing system, and the preconditions in the production should not be reduced. Therefore,
production scheduling is an efficient approach to improve the energy efficiency of an enterprise.

Many review papers have addressed and generalized the scheduling for energy efficiency
from different perspectives [103–107]. However, the explanations and investigations of the analysis
concerning scheduling issues to improve energy efficiency are not in great detail because of the broad
scope of the review study. Previous knowledge concerning energy-saving scheduling is limited but
growing. The present strategies of scheduling management and use for energy efficiency can be
classified into the following aspects according to the emphasis of scheduling.

Reducing the energy consumption caused by standby of the equipment is highly effective to
improve the energy efficiency of the production system. The energy used for the machines keeping
standby for waiting jobs accounts for approximately 10–25% [108]. Controlling the shut down of a
machine appropriately can reduce energy consumption effectively [109]. Previous research showed
considerable energy savings by coordinating rules and a turn off/on strategy in the manufacturing
process [110–112]. However, the interval of the workpiece average arrival time and the production
batch should be considered in turn off/on operations to determine whether the energy consumption
of turn off/on is less than the standby power consumption or not because frequent turn off/on will
prolong the maximum completion time and even affect the stability of machines [113,114].

Dispatching production orders to avoid energy intensive is another way to realize energy efficient
scheduling. The arrangement of workpiece machining procedure influences the energy consumption
significantly [115,116]. The bottleneck process in a workshop determines the maximum workshop
capacity, which also makes the production line lose balance. The WT of the downstream equipment
in bottleneck process would be longer. Then, the standby energy consumption would be increased.
Many high-power demanded processes are operating simultaneously, which would cause the shop
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floor power to peak [117,118]. The optimization of process sequence can improve the utilization rate of
machines. In addition, the WT and makespan of task processing would be reduced by batch production.
The process energy intensive can be avoided and thus improve energy efficiency [119–124].

Selecting the optimal machine tools for operation is also a significant approach to improve the
energy efficiency of scheduling. Sometimes, the same job can be machined in different equipment
and obtain the same required quality, but different equipment consume different amounts of energy
because of their different energy consumption features [125]. The multi-objective scheduling method
can be used for selecting machines and determining the proper processing routine while considering
the energy consumption in flow shops [126–130]. Selecting the optimal processing equipment and
arranging reasonable processing routes is an efficient way to improve energy efficiency.

Other studies also used optimization to achieve energy efficiency improvements in scheduling.
For example, jobs are assigned to machines considering their energy requirements [131]. Adjusting
the processing speed of machines can also improve the energy efficiency [132–134]. Moreover,
integrated optimization of processing parameters and scheduling is another approach to achieve
energy saving [135–138].

5.3.2. Energy-Efficient Scheduling of Multi-Equipment

On the basis of the above-mentioned scheduling management and use for energy efficiency,
scheduling is a suitable method for energy efficiency improvement and energy saving in manufacturing
systems and thus can contribute to the sustainable production of goods. However, the proposed
energy-efficient scheduling method is mostly for machine tools, especially for cutting machines.
Significant differences exist between forming presses and machine tools, as stated in the previous
sections. Therefore, the following content provides a detailed analysis of energy-efficient scheduling
for multi-presses.

In Section 5.1 energy efficiency improvement and energy saving strategies for single press, the
energy matching method was implemented by press grouping [7]. Through matching the output power
of the drive unit in equipment and the demanded power of process operations, the result showed a
significant energy reduction, but the drawback of this method is that the makespan was extended
compared with the consumed time of each press operating independently. After reviewing previous
studies on machining workshop, we found that energy saving by considering the configuration
of the drive system when optimizing the scheduling of several presses is a promising method for
energy saving.

Using the energy flow of the units in each press, Li et al. proposed an improved scheduling
approach to balance the makespan and the energy consumption [139]. In this approach, the physical
structure and drive system of the press in a production line are separated. Then, the physical structures
named actuators are grouped to share a redesigned drive system by a valve matrix. The drive system
consists of several motor-pumps that can supply energy to each actuator individually, whereas the
valve matrix is composed of several on–off valves. The motor-pump can drive an actuator on the
condition that the corresponding valve in the valve matrix is open. The configuration of the improved
scheduling system is shown in Figure 10. The status of the matrix and the configuration of the drive
system depend on the scheduling of the system. Based on this configuration, formulations of energy
consumption and the makespan in the multi-press system were obtained by employing the energy
flow of the energy conversion units at the single press level. This scheduling model considers two
objectives, i.e., energy consumption and makespan can be solved by changing the configuration of the
drive system. Finally, the optimal solution that can minimize these two objectives can be output.
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Based on the results, it can be found that the duration of the forming operation is the decisive factor
of the makespan of the multi-press system. However, the duration of this operation has great effects
on the forming quality. To shorten the duration, the relationship between the energy consumption and
the forming parameters should be identified in the future.

5.4. Discussions and Challenges

Existing methods and technologies were reviewed and discussed from different hierarchies to
provide a reference and clarify the challenges in energy efficiency and saving during metal forming.
The improvement potentials of previous methods for energy saving and energy efficiency in different
hierarchies are illustrated in Table 5. The deficiencies of each method were also discussed to indicate
the problems and challenges for future studies.

Table 5. Potential and deficiencies comparison of the reviewed energy saving and energy efficiency
improvement methods in different hierarchies.

Energy Efficiency and Energy Saving
Methods and Technologies

Potential for Energy Efficiency
Improvement and Energy Saving Deficiencies

Equipment design and control Considerable large

• Some limitations in these methods for
equipment, and high costs for applications such
as changing some energy elements
or components.

• Some methods should be applied in the design
stage of the equipment and cannot be
implemented on old equipment

Process optimization for energy
saving Relatively small

• The energy saving potential is very small with
parameter optimization alone, and the forming
quality may be sacrificed if only the energy
efficiency is improved.

• The adjustment of some parameters is
constrained by the deigned products and
forming equipment, such as the parameters
of molds.

Scheduling management and use Very large

• The energy saving potential is very large in the
workshop, but the flexibility is not good in
these methods.

• The manager and producer need to consider the
comprehensive situation of the workshop,
which increases the ability demand of the
decision maker.
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Table 5 shows that more elements and factors are considered in energy saving strategies. Larger
potential would be achieved, but the generality and flexibility of the strategies would be decreased.
Despite their deficiencies for energy efficiency improvement and energy saving of metal forming
processes, all existing methods and technologies can provide reference for future research. The following
points present challenges that need to be considered in future studies:

(1). Energy consumption analysis and modeling identifies which element is the main factor influencing
energy consumption. Understanding the energy consumption features is most necessary for
energy saving goals. Therefore, obtaining accurate data and exact analysis are extremely needed
to establish accurate energy models.

(2). Energy analysis of metal forming processes determines the minimum deformation energy and
defines the energy efficiency improvement potential. The environmental burdens of the metal
forming processes were quantified for some large energy-consuming processes. Further studies
on the energy consumption of metal forming processes can focus on applying the current methods
to complex profiles in industrial manufacturing. These methods can be extended by integrating
with the load profiles of different types of forming equipment.

(3). In addition, robust design of press cannot directly contribute to energy consumption but help
allow higher productivity. Similarly, increases in natural frequency and process stability can
indirectly contribute to energy efficiency improvement by improving the performance without
significant loss of energy. They allow the press to endure high productivity parameters. The effect
of lightweight and robust machine tool structure can be small in one cycle run, but the design
of the machine tool affects energy efficiency throughout the lifetime of the press. Thus, energy
efficiency and environmental concerns must be considered from the initial design stage.

(4). Metal forming processes were optimized through many optimization methods. Nevertheless, the
energy consumption and environmental impact should not be neglected in process optimization.
In consideration of relevant issues such as low carbon manufacturing and sustainable development,
energy consumption must be considered as an optimization objective in further investigations of
metal forming optimization. The relevant knowledge within this research field is still lacking
at present.

(5). Furthermore, given that energy saving operation can be achieved individually by each strategy,
an integration of these strategies under the perspective of manufacturing system hierarchy
can be developed to implement energy management and control at the system level. Thus,
energy-efficient manufacturing can be further realized.

6. Conclusions

Nowadays, the demand for energy-efficient and environmentally friendly manufacturing processes
is high. Metal forming processes are important in manufacturing but are energy intensive because of
the low energy efficiency of the used metal forming press. This review may serve as a reference for
finding proper and effective methods and technologies to solve the energy inefficiency and energy
dissipation problems in metal forming fields.

In this review, a novel hierarchy is presented for providing a direction and steps for the
discussion of energy modeling, energy efficiency improvement, and energy saving methods at
different manufacturing levels. Each method in different hierarchies can be used alone and in
conjunction with others. However, these methods at different levels have different deficiencies in their
applications. The improvement potentials for energy saving and energy efficiency in the system are
very high, but the flexibility of the application of technologies at higher level are not satisfactory. In
addition, they are difficult to directly apply to different manufacturing systems.

To achieve metal forming processes with high energy efficiency, more efficient equipment should
survive in industry markets. Therefore, the energy efficiency and environmental influence of the
equipment should be considered in the design stage. Accurate energy models and control of forming
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equipment are still needed, and a precise process energy analysis for complex profiles is also essential.
The energy consumption and environmental impact as well as the load profiles of different types
of equipment should be synthetically considered in the process optimization and scheduling of the
manufacturing system. On the basis of this review, future studies on energy efficiency and energy saving
should be at the system level. Therefore, manufacturers and producers must understand the equipment,
process, and scheduling management to realize environmental-friendly metal forming processes.
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