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Abstract: This research aims to develop a comprehensive mathematical model to analyze the energy
usage of essential equipment in the hot stamping production line (HSPL) and identify opportunities
for improving energy efficiency. This involves refining existing models and parameters related to
energy consumption in hot stamping to ensure precise energy usage monitoring throughout the
HSPL. The main focus is on accurately calculating and validating the energy consumption efficiency
of equipment within a product’s production cycle on the roller hearth furnace’s HSPL. The model
has proven to be highly accurate in predicting energy consumption for various equipment. The
average energy consumption of the HSPL in the case study is calculated as 0.597 kwh/kg, and the
actual measurement is 0.625 kwh/kg. However, it revealed significant deviation in the cooling
system, primarily due to the incorrect water pump head parameters utilization. As per the model’s
calculations, most energy consumption is attributed to the furnace (77.51%), followed by the press
(10.92%), chillers (6.86%), cooling systems (2.76%), and robots (1.95%). Actual measurements and
model calculations highlight mismatches between equipment power ratings and actual demand,
resulting in average operating power significantly lower than the rated power. In line with efforts
to promote low-carbon manufacturing, practical approaches are being explored to conserve energy
and enhance overall process efficiency by refining process parameters, reducing quenching duration,
improving SPM on the production line, and adjusting load matching.

Keywords: hot stamping process chain; energy consumption; low carbon manufacturing;
energy saving

1. Introduction

To meet global environmental protection goals, including carbon peak and carbon neu-
trality, countries have significantly increased their investment in the automotive industry’s
green and sustainable development [1]. Within this scope, lightweight technology emerges
as a critical area of focus. Using ultra-high-strength steels, specifically hot-stamped Steel
(HSS) in body-in-white components, has become a pivotal technical metric for leading
automobile manufacturers [2]. This advancement has resulted in the development of the
hot stamping industry chain, where elements like A-pillars, B-pillars, side impact rein-
forcement beams, and bumpers are increasingly manufactured using Ultra-High Strength
Steel through hot stamping. According to a 2017 study by Roland Berger, the percentage of
hot-stamped parts in the BIW market is forecasted to increase from 8% in 2015 to 17% by
2025 [3]. These procedures necessitate specialized equipment, including heating furnaces,
rapid transport robots, press machines, cooling systems, and laser trimming. The energy
expenditure of these devices contributes to the overall lifecycle of hot stamping products.
This study aims to enhance energy consumption’s modeling and calculation capabilities
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in hot stamping production by developing a practical model that accurately represents
energy usage. Establishing such a model will improve the accuracy of predicting energy
consumption in hot stamping, thereby assisting equipment manufacturers and production
line managers in aligning their efforts to address discrepancies between equipment energy
consumption and production planning.

2. Literature Review

Nevertheless, a comprehensive analysis and modeling of these production lines’ de-
sign and energy consumption still needs improvement. Existing models predominantly
focus on modeling and optimizing press [4] and heating furnace equipment [5], neglecting
the hot stamping production line’s overall energy consumption, encompassing the pro-
duction cycle, beat planning, material selection, and product requirements. This oversight
necessitates manufacturers to consider safety design factors extensively, inadvertently
increasing energy losses in the hot stamping process. According to a recent review report,
the number of papers related to hot stamping technology has recently stabilized or slightly
declined. This shift indicates a transition from basic research to application and optimiza-
tion, focusing on refining processes, enhancing materials, and developing more advanced
equipment [6]. This section provides a comprehensive overview of the progression of hot
stamping processes, tracing their journey from scientific exploration to widespread com-
mercial implementation. This encompasses the technological advancements in materials,
equipment, and production planning specific to thermal forming processes. A particular
emphasis is placed on the existing accomplishments and limitations in energy consumption
modeling, which is the focal point of this study.

2.1. Regulation of the Hot Stamping Process

In the past decade, 22MnB5 Steel has been the most prevalent type. It achieves a fully
martensitic microstructure with a cooling rate of at least 27 ◦C/s, yielding an Ultimate
Tensile Strength (UTS) of up to 1500 MPa [7]. In the process of heating and transfer, HSS
are inevitably exposed to the air, which results in surface oxidation and decarburization.
The production of PHS entails a series of energy-consuming processes, including ore
mining, smelting, rolling, hot stamping, assembly, and recycling [8]. The primary goal
of lightweight design is to minimize carbon emissions during component assembly or
use. However, the energy consumption associated with PHS materials and their forming
processes, which should be considered during the design stage, is often neglected.

The quenching time directly impacts the production speed and the energy consump-
tion of various equipment, making it a critical research area. Numerous experiments and
analyses have been undertaken in this context. One study presented an experimental appa-
ratus to estimate the thermal resistance at the interface between parts and tools [9]. This
apparatus was mainly utilized to improve the cooling efficiency of Usibor1500P during the
hot stamping process. The evaluation of contact thermal resistance employed a nonlinear
one-dimensional inverse technique. A separate experiment and analysis also investigated
the interfacial heat transfer coefficient (IHTC) between boron steel 22MnB5 and the tool [10].
The thermal conductivity of the tool material influences the temperature difference at the
contact surface, which can decrease IHTC due to heat accumulation after multiple stamp-
ing cycles. Another study proposed a model for predicting the hot stamping process’s
cycle time based on the material’s temperature changes after removal from the furnace.
The model calculated the process window time considering temperature limitations at
crucial points [11]. Building on this foundation, a cycle time calculation method based on
the Design of Experiments (DOE) was established to optimize cycle times during the hot
forming process. Furthermore, researchers studied the cooling water channels within hot
stamping tools [12,13]. They developed a mathematical model of structural parameters
based on the analysis and simplification of heat transfer models, mainly optimizing the
cooling channel diameter, the distance between cooling channels, and the distance from the
tool surface to the center of the cooling channel. However, improving quenching efficiency
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implies increasing the cooling water flow rate in the cooling system. The rapid increase in
cooling water temperature over a short period further intensifies the instantaneous power
load on the chiller unit.

The stamping process places high energy requirements on large stamping machines,
and the demand for hot stamping processes has made servo-hydraulic presses the main-
stream choice due to the need for pressure-holding and quenching processes. Research
on the energy consumption of hydraulic presses mainly focuses on quantitative analysis
of energy consumption and optimization for energy use and conservation. In a series
of representative studies [14], the energy transfer and conversion within the entire hy-
draulic system were analyzed from the perspective of energy flow, and an energy flow
quantification model was constructed. Based on this model, various energy-saving meth-
ods for hydraulic presses were proposed. For example, Gao et al. [15] proposed a new
energy-saving system with dual actuators. Li et al. [16] proposed an energy-saving method
by balancing the load of operations for hydraulic presses. Additionally, Gao et al. [17]
demonstrated that servo-driven systems can effectively reduce energy consumption in the
stamping industry. This method was simplified to represent the model with the fewest
unknown parameters, enhancing computational convenience [18]. It identified the primary
reason for inefficiency was the mismatch between load characteristics and driving methods.
A novel mathematical model for predicting carbon emissions was developed. This model
decomposes the carbon emission process and explores a new approach for energy-efficient
hydraulic unit matching [19].

Optimizing the hot stamping process is invariably geared towards enhancing product
quality. The literature above has focused on refining various specific process parameters,
such as heating temperature, holding time, transfer time, pre-stamping temperature, stamp-
ing speed, quenching pressure, quenching time, thermal conductivity, the dimensions
and positioning of cooling channels, cooling water flow rate, intermittent timing, and
overall cycle time, through meticulous regulation and adjustment. These adjustments aim
to prevent macroscopic defects such as excessive thinning, cracking, and wrinkling, as
well as microscopic issues like hydrogen embrittlement and martensitic transformation.
However, there has been a notable scarcity of studies examining these optimization pa-
rameters from the vantage point of production line energy consumption. It is essential to
recognize that the impact of these process parameters on energy consumption is not merely
a matter of simple linear correlation; instead, they exhibit complex interdependencies and
require a balanced approach. For instance, increasing the stamping speed can shorten the
process cycle time and increase the press’s energy consumption. Similarly, augmenting the
quenching pressure may reduce the quenching time and impose a higher load on both the
media and the cooling system. Consequently, a more profound analysis and refinement of
these process optimization parameters are essential to understanding and mitigating their
influence on the energy consumption of the production line. A holistic approach consider-
ing product quality and energy efficiency is imperative for sustainable and cost-effective
manufacturing processes.

2.2. Related Works on Energy Consumption Modeling of Hot Stamping

The energy consumption analysis in the hot forming process mainly focuses on large-
scale equipment, starting with the heating furnace. Heng et al. [5] established a concentrated
heat transfer model for roller hearth furnaces to predict the furnace temperature distribution
and part exit characteristics, finding the most optimal (energy-efficient) furnace operating
method, especially for flameless combustion furnaces. Cheng et al. [20] studied energy-
saving production planning for a forging cycle heating furnace. This model provides
valuable insights for optimizing production and achieving energy-saving goals. Verma
et al. [21] established models for sheet heating and austenitization thermomechanics and
optimized using nonlinear methods, selecting different constraints based on the precision
of heat transfer and austenite dynamic models. This underscores the importance of accurate
model establishment and parameter identification [22]. For thin sheet austenitization, a
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comparison analysis of various temperature control models and material transport models
for roller hearth furnaces was conducted [23]. This provided the foundation for calculating
heating furnace energy consumption and productivity. It is worth noting that the energy
consumption modeling methods and precision vary significantly due to the differences in
heating methods and fuels used in different types of heating furnaces.

Subsequently, there have been advancements in research on production efficiency
and cycle time optimization in hot stamping production lines. Hot stamping is a high-
energy consumption process, and research has aimed to optimize the process parameters
considering multiple objectives related to energy consumption and product forming qual-
ity [24]. A notable reference for this paper is developing a quantified energy model for
the blank stamping process in hot stamping. Wang et al. [25] used a modeling approach
based on finite-state machines for the hot stamping process. Researchers have tackled
issues of coordinated scheduling in various manufacturing units within a newly devel-
oped multi-layer box-type heating furnace production line. This approach has allowed for
an in-depth analysis and adjustment of production sequences, energy consumption, and
delivery periods.

A reference model known as the Real-time Intelligent Iterative Manufacturing System
(RIIMS) has also been developed for this production line [26]. It is employed for itera-
tive analysis and optimization of production processes. Two potential bottlenecks in the
transportation process were identified by analyzing the correlation between equipment
and production processes. Moreover, the increased workload of handling robotic arms
has introduced complexities in paths and temperature control for the sheet metal before
forming. An analysis conducted in reference [27] indicates that the energy consumption of
robotic arms is closely related to factors such as motion paths, loads, and speeds. Frequent
equipment start-stop cycles and extended idle times increase energy consumption. How-
ever, the above models focus on inspecting equipment in laboratory settings while ignoring
most of the actual production process problems, especially without considering the vast
energy consumption difference between roller-bottom heating and multi-layer box-type
furnaces. Furthermore, most production lines today are integrated with more suitable
automated handling equipment for hot stamping production lines, such as four-fold speed
robot arms and shuttle manipulators.

As mentioned above, energy consumption in the hot forming process varies signifi-
cantly among devices, involving various forms of energy transfer like electrical, mechanical,
thermal, and hydraulic energy. These energies continuously convert and balance among
different components in the process chain. Therefore, it is crucial to establish a reliable,
fast, and highly accurate energy consumption model for the production line. Both theo-
retical principles and data analysis can be used to develop energy consumption models.
This paper will use various methods to tailor energy consumption modeling for specific
equipment in the hot forming process. The adaptation will consider multiple dimen-
sions, including production line cycle times, thermal balance, motor loads, etc. Through
this multidimensional approach, the study aims to analyze the sensitivity of parameters
and energy-saving potential. This will provide valuable guidance for reducing energy
consumption and emissions

3. Energy Consumption Modeling of Sequential Process Stages
3.1. Hot Stamping Production Line and System Boundary

The blank is disassembled and transported to the hearth furnace for heating, then
rapidly transported to the hydraulic press for forming and quenching, and finally removed
from the tool for the next production stage. Figure 1 shows the typical HSPL. It should be
noted that the temperature for forming the blank exceeds 700~800 ◦C, and the temperature
before quenching must surpass the martensite start point. Moreover, the temperature after
quenching is beneath the martensite finish point [28]. Given these process cycles, the energy
consumption analysis is further refined by delineating the process boundaries. This study
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meticulously analyzes the energy consumption at each stage of the process, categorizing
them into the following points:

(1) Handling: each step must be transferred from the mechanical arm to the next step,
and these operations must consume energy.

(2) Heating: heating the blank to the optimal temperature and maintaining it until com-
plete austenitization is achieved constitutes a critical aspect in the energy consumption
analysis of HSPL.

(3) Forming: operating the hydraulic press to form and quench the blank results in
significant energy consumption.

(4) Cooling: the quenching process requires continuous operation of cooling pump
motors and heat exchangers, resulting in substantial energy consumption.
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Figure 1. General production line process of hot stamping.

The energy consumption of HSPL can be decomposed into the energy demands of its
constituent equipment and components. Accordingly, the total energy consumption Etotal
can be approximated as the cumulative energy expenditure of each piece of equipment,
expressed as follows:

Etotal = Ehanding + Eheading + Eforming + Ecooling (1)

where Ehandling, Eheating, Eforming, and Ecooling are the energy consumption of the handling,
heating, forming, and cooling. Subsequently, physical modeling and energy consumption
analysis were conducted for the four stages of process equipment.

3.2. Energy Consumption Analysis of Automatic Transfer Device for Loading and Unloading

Before entering the heating furnace, robots extract the blanks from the storage area.
These blanks then sequentially proceed through a labeling machine and a thickness gauge
to ascertain fundamental parameters. Given the thermal constraints preceding the hot
stamping process, operations outside the furnace are subject to strict time limitations. Upon
completion of the stamping process, the robot conveys the blanks, which retain a residual
temperature ranging from 100 to 200 ◦C, to a conveyor equipped with cooling fans. Various
handling robots are employed throughout this procedure, encompassing industrial robotic
arms, gantry systems, and rapid shuttle machines.

Figure 2 demonstrates that the motor requires a significant torque during the startup
and braking phases, which is essential for overcoming inertia and bringing the system
to a halt. In contrast, the motor maintains a steady torque level primarily to counteract
minimal frictional forces during uniform motion. Consequently, the calculation of energy
expenditure can be deduced from the trapezoidal speed profile and the corresponding
torque curve, which reflects the varying energy demands at different operational stages.
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Regardless of the specific type of robot, its energy consumption fundamentally stems
from converting electrical energy into mechanical energy [27]. Based on previous research,
their power varies with time, and the energy consumption during the transfer process is
defined as Ph(t). The expression for this is as follows:

Ph(t) = Pwaiting(t) + Pactive(t) (2)

where fixed Power Pwaiting(t) denotes the power required to maintain its system, and
Pactive(t) represents the power consumption during standby and load movements, includ-
ing return movements. Robotic arms typically employ servo motors, ideally suited for
operations involving frequent start-stop cycles.

By incorporating these factors and considering the mechanical efficiency ηmec,i along
with referencing the motor efficiency ηel,i from the MAP chart, the formula for calculating
active power can be derived as Equation (3):

Pactive,i =
n

∑
i=1

Pm,i/ηmec,iηel,i =
m

∑
i=1

n

∑
j=1

Ti,j
(
ti,j
)
· ωi,j

(
ti,j
)
/9550 × ηmec,iηel,i (3)

where Pactive,i and Pm,i represent the operating and computational power of the ith motor,
respectively. The torque-time and velocity curves for the jth action of the ith motor are
denoted by Ti,j(ti,j) and ωij(ti,j), respectively. ti,j is used to convey the time (an independent
variable) for the jth action of the ith motor.

Therefore, the formula for the energy consumption model during the handling stage
can be calculated as Equation (4):

Ehanding =
n

∑
i=1

∫
ti

Pactive,i(ti)dt +
n

∑
i=1

Pwaiting,i × (1 − ti) (4)

where Pactive,i(ti) is the real-time input power for each motor, ti is the operating time of each
motor, Pwaiting,i(ti) is the average power of each motor in waiting time, and n is the number
of motors.

3.3. Energy Consumption Analysis of Hearth Furnace

The roller hearth furnace (furnace), integral to the HSPL, utilizes diverse heating
methods, including resistance, gas, or a hybrid approach. The primary mechanisms of heat
transfer within this furnace are radiation and convection. This discussion is centered on the
energy consumption model, particularly emphasizing the electric radiation tube heating
method. In practical practical production, as illustrated in Figure 3, the furnace extends
approximately 30 to 40 m long and is segmented into several distinct heating zones. The
conveyor rollers of each heating zone advance forward the blank.
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Different areas of the furnace are powered by independent reduction motors that
drive chain and sprocket mechanisms, allowing for zoned speed control. Each zone has
multiple high-power resistance thermal radiation tubes and independent temperature
monitoring and control units. The temperature is regulated through ON-OFF control,
where each thermal radiation heating tube provides a fixed power output. The temperature
control subsystem in each zone manages these tubes’ opening and closing times to ensure
a uniform temperature within each section. The power input to the heating furnace is
directed towards three principal objectives: (1) Supplying heat to the heaters. (2) Providing
mechanical power for roller rotation, centering devices, and atmosphere circulation fans.
(3) Powering control systems and other electronic devices.

According to the energy flow direction, the power input to the furnace can be divided
into two types. The first type, Econ, encompasses the energy directed into the equipment
through rotating machinery and control circuits. This includes the atmosphere-circulating
fan, the roller-driven conveyor motor, and various control systems that incorporate sensors
for monitoring and regulation. The second type, Eheater, represents the energy transformed
by the heater into thermal energy. This heat is transmitted through three principal mecha-
nisms: heat conduction, convection, and radiation. These mechanisms are fundamental to
the heat transfer process within the furnace and can be summarized as follows:

Eheating = Econ + Eheater (5)

Econ =
∫

t
Pmachine(t)dt +

∫
t

Pcontrol(t)dt (6)

Eheater =
∫

t
Pheater(t)dt (7)

where Pmachine(t) is the power function of machines, and Pcontrol(t) is the power function
of the control system. Pheater(t) is the power function of heaters. Further, the heat energy
Eheater released by the heater can be broken down into two parts: the heat loss of the
heating furnace Qloss and the heat energy used to heat the blank Qblank. It is important
to note that the model does not account for the heat storage within the furnace structure
itself. This simplification assumes that the heat exchange between the furnace and its
surrounding environment has reached a steady state. In other words, the rate of heat loss to
the environment is balanced by the heat input from the furnace’s heating elements, leading
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to a stable thermal condition within the furnace’s operational parameters. The expression
is as follows in Equation (8):

Eheater = Qloss + Qblank (8)

While Formulas (5)–(8) have delineated the energy consumption model for the heating
furnace, they incorporate parameters that are highly sensitive to temporal fluctuations.
Since the energy efficiency assessment is fundamentally based on the mean value calculated
over a predetermined time frame, the complexity introduced by these temporal consider-
ations can impede the comparative analysis. To address this, Section 3.3.1, Section 3.3.2,
Section 3.3.3 of the document aim to refine the integral form of the model. This refine-
ment simplifies the computational process, making it more accessible for analyzing and
comparing energy efficiency within fixed time intervals.

3.3.1. Fixed Energy Consumption Model of the Roller Hearth Furnace

A portion of the energy consumption within the furnace can be simplified as fixed
consumption. For example, energy consumption related to system controllers, displays,
communication equipment, and similar components can be considered constant values.
When processing parameters, such as plate size, production cycle, heating time, and atmo-
sphere circulation, remain unchanged, and the furnace reaches a relatively stable operating
state, the electric motor loads and equipment speeds like rollers and fans also stabilize.
Consequently, this portion of energy consumption can be treated as fixed. Therefore, the
fixed energy consumption model of the furnace can be simplified from Equation (6) to
Equation (9) [20]:

Econ =
m

∑
i=1

Pcontrol,i × tc,i +
n

∑
j=1

Pmachine,j × tm,j (9)

where Pcontrol,i is the average input power characteristics of the control system, the average
output power characteristics of the mechanical power system, including the roller rotation
machines and other transmission devices, tc,i, tm,j, the operating time of the control system
and the mechanical power system.

3.3.2. Heat Loss Model of the Roller Hearth Furnace

The energy consumption due to the heat loss in the furnace can be primarily attributed
to three principal areas:

(1) Heat exchange with the surrounding environment. Heat is transferred through the
furnace’s outer walls due to temperature gradients with the environment. To minimize
this heat loss, modern furnaces are equipped with a multi-layered design that includes
a refractory lining, an insulating layer, and an outer wall enclosure.

(2) Extended opening of furnace doors: Continuous loading of the roller-bottom heating
furnace for prolonged periods with open doors can lead to heat loss.

(3) Atmosphere circulation: Circulation of the furnace atmosphere is crucial for the
heating process. However, releasing exhaust gases during this circulation can lead to
heat loss.

The model for these energy losses can be established as follows in Equation (10):

Qloss =
n

∑
i=1

Qloss
wall,i + Qloss

door + Qloss
gas (10)

where Qloss represents the overall heat loss of the heating furnace. Qloss
wall,i represents the

heat loss in different sections of the furnace. Depending on the process, different regions
of the furnace may have different temperatures, leading to varying heat losses. Qloss

door
represents the heat loss through the furnace doors. Qloss

gas represents the heat loss due to
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exhaust gases. Furthermore, the heat loss at the furnace door can be expressed as follows:
Equations (11)–(13) [29]:

Qdoor = Qrad + Qconv (11)

Qrad = ε · σ · Arad ·
(

T4 − T4
0

)
(12)

Qconv = h · Aconv · (Ts − T∞) (13)

where Qrad represents the heat loss due to radiation by the doors. Qconv represents the heat
loss due to convection (both air intake and exhaust) by the doors.

Calculation methods for radiative and convective heat transfer are well-established,
as shown in Equations (12) and (13). However, plates’ sequential entry and exit in a
roller hearth furnace introduce a constant disturbance at the entrance and exit. This
situation complicates the measurement of parameters related to heat transfer. Estimates are
typically based on a fixed percentage derived from post-production test data provided by
manufacturers, and these are combined with production conditions.

Qloss
gas = (1 − δ)VgasρgasCgas

(
T2

gas − T1
gas

)
(14)

where δ represents the heat recovery efficiency of exhaust gas, Vgas represents the volume
of the protective atmosphere, ρgas: gas density, Cgas represents the value of the specific
heat capacity of the protective atmosphere changing with temperature, T2

gas − T1
gas gas

represents the temperature corresponding to different specific heat capacity of the protec-
tive atmosphere.

3.3.3. Heating Energy Consumption Model of Blank

The heat energy from the heater mainly provides the energy used to heat the blank.
This energy is transferred into the furnace through thermal convection, thermal radiation,
and thermal conduction between the atmosphere in the furnace and the wall boundary. The
energy model can be determined using an immobile volume constant specific heat method:

Qblank = 60NVρ
∫ Tb

Tair

Cp(T)dT (15)

where Qblank represents the heat energy required to heat the blank, Cp(T) represents the
function of the specific heat capacity of the blank changing with temperature, Tb is the
target temperature for heating the blank, Tair is the temperature of the blank before entering
the heating.

3.4. Energy Consumption Analysis of the Press During Forming

After transformation into an austenitic state, the blank is transported to the hydraulic
press via a transmission robot. Here, it undergoes two crucial process steps: forming
and hardening. The energy flow within the hydraulic press is illustrated in Figure 4c.
The motor pump units in the drive system, the pipe-valve assemblies, and the hydraulic
cylinders sequentially convert electrical energy into mechanical energy, hydraulic energy,
and mechanical force applied to the workpiece. The hot stamping process comprises a
series of continuous actions. Hence, creating an energy consumption model for hydraulic
presses requires a detailed analysis of the transformation and energy loss across different
components. Since estimating energy consumption under varying operating conditions is
challenging, integration with a data-driven model is essential. We follow periodic energy
consumption calculations at each stage based on the data.
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The deformation energy that shapes the blank is supplied by the load-forming force
driven by the hydraulic cylinder. The power for driving the hydraulic cylinder originates
from the power system of the servo-hydraulic press. It can ultimately be detected as the
electrical energy acting upon the servo motor. Due to these losses being counteracted
through various forms of conversion and transmission, they react back to the input end
of the motor. As a result, the total energy consumption of the forming equipment can be
gauged by measuring the overall electrical energy consumption input into the motor. The
operational power of the electric motor exhibits distinct characteristics in different stages.
Specifically, it can be divided into energy consumption during the stamping process Epress.
Its main components are the energy consumption of the hydraulic press during stamping
Eworking, the overflow energy consumption during pressure holding quenching Equench,
and the energy consumption of the equipment waiting for no load time Eidle. It is expressed
as follows in Equation (16):

Epress = Eworking + Equench + Eidle (16)

Work is performed by pushing objects to move, and energy consumption can be calcu-
lated as the integration of power over time. Power is the product of force and velocity. By
understanding hydraulic machines’ energy or power transmission characteristics, energy or
power balance equations can be established. Among these, the hydraulic press movement
is divided into distinct zones: fast forming (FF), slow forming (SF), pressing (P), holding
pressure (P(H)), unloading (UD), fast return (FR) and slow return (SR) phases as shown
in Figure 4a,b. The servo-hydraulic press controls the hydraulic cylinder’s movement of
the slider along the intended displacement curve by manipulating the servo motor, axial
piston pump, and a series of hydraulic control valves. Different zones exhibit varying slider



Energies 2024, 17, 5798 11 of 26

velocities and applied forces, leading to differing energy efficiency [19]. Consequently, the
energy consumption expression for each phase is given by Equation (17):

Estage(m)
ex =

∫ xstage(m)

xstage(m−1)

F(x)dx =
∫ tstage(m)

tstage(m−1)

F(t)
∣∣νp(t)

∣∣dt (17)

where stage(m) represents the different speed stages of equipment operation, m = 1, 2, 3,
4, 5, 6 represents FF, SF, P, P(H), UD, FR, and SR, F(t) is the function of the output force
of the hydraulic cylinder of the stamping machine with time, vp(t) is the function of the
moving speed of the press slider with time, tstage(m) represents the time spent in each action
stage, The expression of each action stage is merged to calculate Eworking, as defined by
Equation (18):

Eworking =
∫

tworking
Pworking(t)dt

=
stage(m)

∑
m=1

∫ tstage(m)

tstage(m−1)
F(t)

∣∣νp(t)
∣∣dt/η(t)

=
stage(m)

∑
m=1

∫ xstage(m)
xstage(m−1)

F(x)dx/ηstage(m)

(18)

where ηstage(m) is the energy consumption efficiency of each action stage, for energy losses
occurring within the internal transmission and conversion of the equipment, such as motor
magnetic losses, hydraulic circuit efficiency losses, hydraulic cylinder friction loss, etc.,
it is essential to determine fitting parameters and approximate representations based on
experimental data obtained under varying equipment operating conditions.

During the quenching process, the actual output power of the hydraulic press is
relatively low. It relies on the overflow mode of the hydraulic circuit to maintain holding
pressure. Therefore, the power during the quenching and holding period can be represented
by Equation (19):

Equench =
∫

tquench

Pquench(t)dt .
= Pquench × tquench (19)

where Equench is the energy consumption of quenching. Pquench(t) represents the power
consumption curve of the hydraulic press in the overflow mode, which is affected by the
pressure demand. tquench is the time of the quenching stage.

In addition, the idle waiting time between each production cycle is referred to as the
idle time of the stamping press. Its energy consumption can be determined by integrating
the idle power of the servo-hydraulic press over the idle time. The specific expression is as
follows in Equation (20):

Eidle =
∫

tidle

PLn(t)dt .
= PLn × tidle (20)

where Eidle is the energy consumption of waiting in each process cycle, PLn(t) is the power
consumption curve of the hydraulic press in the waiting time, PLn is the average value; tidle
is the waiting time in each process cycle. The power during the hardening period can be
expressed as a constant value in the steady working state.

3.5. Energy Consumption Analysis of the Cooling System

In actual production processes, to enhance SPM efficiency, the hardening time is
compressed to 5–10 s. The cooling rate is increased to over 100 ◦C/s. This increased cooling
rate places higher energy demand on the cooling system. Hence, a detailed calculation of
the cooling system’s energy consumption is crucial.

In the hardening process, the heat exchange between the blank and the tool follows the
pattern shown in Figure 5. By the energy conservation law, the heat transferred from the
blank to the tool, denoted as Qm, is subsequently carried away by convective heat exchange
between the tool and the cooling water Qc. Furthermore, convective and radiative heat
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exchange between the tool and the surrounding air and heat conduction within the tool
itself results in storing a certain amount of thermal energy Qe. These processes reach a
dynamic Equation (21) [30]:

Qm + Qc + Qe = 0 (21)
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production line.

The blank is considered in a closed environment during quenching, thus eliminating
heat convection and radiation. As a result, Equation (22) displays the heat balance equation
from the blank to the tool:

Qm = 60Nhc A′
b(Tb − Td) = 60NVρCp

∆T
∆t

(22)

where the contact heat transfer coefficient (HTC) is a nonlinear function related to temper-
ature and pressure can be determined using the inverse heat transfer method based on
experimental results. In practical applications, an average value is used to represent it [31].
Solving differential Equation (22):

tquench =
ρCpV
hc A′

b

ln
Tb0 − Td
Tbt − Td

(23)

where Tb0 is the initial temperature of the blank in the cooling stage, Tbt is the initial
temperature of the blank in the transfer stage, A′b

is is the cross-sectional area of the tool
in contact with the blank, and Td is the temperature of the tool. During continuous
operation, the tool temperature fluctuates periodically and is usually set to the average
value according to the concentrated heat capacity method to calculate the theoretical time
required for hardening.

As the values of other heat components are relatively small and do not involve cooling
power consumption issues, only the heat transferred from the tool to the cooling water
is considered.

Qe = 60NVρφ
∫ Tbt

Tb0

Cp(T)dT (24)

where Tbt and Tb0 represent the temperature of the blank at the beginning and end of the
hardening process, respectively, φ signifies the cooling efficiency influenced by parameters
related to the cooling water and tool material, Qc transfer results in the cooling water
temperature rising from Twa at the inlet to Twb at the outlet. Therefore, the required water
flow rate qw is given by Equation (25):

qw = Qc/ρwtwCw(Twb − Twa) (25)
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where ρw is cooling medium density, Cw is the specific heat capacity of water, tw indicates
the actual cooling cycle time, and the cooling system in the non-hardening stage maintains
the water flow operation to cool the tool.

Equation (25) determines the required flow of cooling water, from which the power
model of the pump motor can be obtained as follows in Equation (26):

PM = ρwgHqw/η1η2 (26)

where PM indicates the input power of the motor, η1 and η2 represent the efficiency of
the pump and the efficiency of the motor, and H is the pump head. To compensate for
losses along the pipeline and local losses while ensuring stable operation during short-term
overloads, the H will exceed the demand value.

In addition to the external circulation for cooling the tool’s cooling water channels,
the cooling system requires an internal circulation setup provided by the water chiller unit.
This internal circulation facility is responsible for removing the heat from the cooling water,
which has been heated due to the hardening process, and maintaining a supply of low-
temperature water in the reservoir. In scaled-up production lines, it is common to establish
centralized cooling water stations outside the entire facility. These water stations feature
large water circulation cooling pipelines containing multiple sets of chiller unit equipment
operating in parallel. Frequently encountered models include screw-type water-cooled
chiller units or air-cooled units. The operation of a screw-type water-cooled chiller unit
involves the following stages: (1) Evaporative Cooling Cycle, (2) Compression Process,
(3) Condensation Process, and (4) Expansion Process.

The entire sequence forms a continuous cycle, with the refrigerant consistently moving
through the evaporator, compressor, condenser, and expansion valve. This cyclic process
enables the cooling water to continuously draw heat from the evaporator. As a result, the
cooling water’s temperature is maintained at a lower level, ensuring a consistent supply of
cooled air to the air conditioning system or other equipment requiring cooling.

However, the power consumption of the refrigeration units is indeed intricate. In re-
sponse to changing production plans, factories generate varying load demands, controlling
the utilization of different quantities of chiller units. The operational process of chiller units
involves transferring and converting various forms of energy across multiple devices. This
encompasses but is not limited to conversions from electrical energy to mechanical energy
and the transfer of thermal energy under different mediums. It is necessary to consider the
efficiency of equipment and energy transformations.

The standard for evaluating the energy efficiency level of refrigeration units is the
Coefficient of Performance (COP) of the chiller [29]:

COP = Q/Pchiller = qtρwCw(Twd − Twc)/Pchiller (27)

where Q is the chiller cooling output, q is the chilled water flow rate, Twd − Twc is the
difference in chilled water temperature, and Pchiller is the power input to the chiller. The
chiller plant control (CPC) and condensing temperature control (CTC) technology are used
to control and consider that it is a linear value affected by part load ratio (PLR) under
stable operation.

Part load ratio (PLR) of the chiller:

PLR = Q/Qtotal (28)

where Qtotal is the nominal cooling capacity, The power of the chiller Pchiller under stable
operation is as follows Equation (29):

Pchiller = PLR · Pe
chiller/ηPLR

= QPe
chiller/ηchillerQtotal

(29)
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where Pe
chiller is the rated power of the chiller, so the energy consumption model of the

chillers is as follows Equation (30):

Echiller =
n

∑
j=1

∫
Pchiller,j(t)dt (30)

Summaries Equations (26) and (30), the energy consumption of the cooling system can
be expressed as Equation (31):

Ecooling =
n

∑
i=1

∫
PM,i(t)dt +

n

∑
j=1

∫
Pchiller,j(t)dt (31)

where PM,i (t) is the power curve of motors and Pchiller,j (t) is the power curve of chillers.

4. Case Study
4.1. Calculation Results of Energy Consumption of Production Line

To validate the feasibility of the model, it should be implemented in a specific hot
stamping production line to analyze its potential for energy savings and propose effective
energy-saving solutions. Identifying critical parameters from the actual production line
equipment is necessary to meet the energy consumption calculation requirements.

The overview of the validated production line is shown in Figure 6. The processing
material is a specific model of automobile A-pillar reinforcement, with two symmetrical
pieces stamped at once. The blank’s material, dimensions, and thermal properties are
detailed in Table 1. The model’s calculation parameters are listed in Table 2.
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Table 1. A-pillar production material parameters. 

Type Unit Value 
Material —— 22MnB5 (Al-Si) 

Thickness mm 1.7 
Blank Quality kg 6 

V: Volume of blank (m3) m3 7.66 × 10−4 
Ab: cross-sectional area of blank m2 0.451 

Figure 6. Field conditions of hot stamping production line of roller hearth heating furnace. (a) Blank;
(b) Furnace construction; (c) Cooling syestem; (d) Chillers; (e) Robot and Roller conveyer; (f) Roller
hearth furnace; (g) Press; (h) Mold.

The roller hearth furnace consists of five sets of roller conveyors. Conveyor #1 serves
as the entrance conveyor, as shown in Figure 6e. Roller conveyor #5 is designed to rapidly
remove the sheet (including centering clamps). The heating furnace includes Sections 2–4
for transporting the blank to designated heating zones using heat-resistant ceramic rollers.
Eight motors control conveyors, and power is transmitted to each roller via a chain sprocket
structure, as depicted in Figure 6b. The heating furnace is divided into 15 heating zones,
the values of which are typically based on manufacturer-provided technical specifications,
as shown in Table 3. The specific operational cycle times for all the mentioned equipment
in HSPL can be found in Table 4.
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Table 1. A-pillar production material parameters.

Type Unit Value

Material —— 22MnB5 (Al-Si)
Thickness mm 1.7

Blank Quality kg 6
V: Volume of blank (m3) m3 7.66 × 10−4

Ab: cross-sectional area of blank m2 0.451
A′

b: cross-sectional area of the tool in contact
with the blank m2 0.485

ρ: Density kg/m3 7830
ε: Emissivity —— 0.7

σ: Stefan Boltzmann constant Wm−2K−4 5.670373 × 10−8

Table 2. Calculation parameters of energy consumption model of HSPL.

Processing Parameter Unit Value

Tair: Ambient temperature K 303
Tf: Temperature of floor and surrounding facilities K 313

Tb0: Initial temperature of blank in the cooling stage K 1024
Tbt: Temperature after hardening K 454

Td: Temperature of tool K 349
SPM(N): Statistical parametric mapping —— 3.125

GSPH: Gross stamping per hour —— 188

Table 3. The roller hearth furnace parameters.

Areas Temperature (K) Heater Power (kW) Eloss (kWh)

1 1023 200 18

2 1023 150

20
3 1033 150
4 1023 150
5 1023 150

6 1053 150

27.7
7 1083 150
8 1133 150
9 1173 150

10 1213 60

45
11 1213 60
12 1213 60
13 1213 60
14 1213 60

15 1213 90 16

Total —— 1790 126.7

Table 4. Production equipment cycle schedule.

Equipment Working
Time (s)

Holding
Time (s)

Returning
Time (s) Waiting Time (s)

Robot#1 9.6 6 3.8 0.1
Roller conveyor#5 6.4 0 0 13

Robot #2 2.3 0 3.7 13.4
Press 2.5 7 3.7 6

Robot#3 5.3 0.2 1.2 12.7
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Indeed, the roller heating furnace has a rated power of 1794 kW. This rating includes
not only the rated power of the heaters but also the power consumption of other equipment,
such as controllers, sensors, roller conveyor motors, and other associated devices. The
aforementioned heat loss is predicated on the standard conditions within the laboratory set-
ting. However, in practical production processes, it is influenced by seasonal variations and
regional factors, with the convective heat transfer coefficient being significantly impacted
by both ambient temperature and wind velocity.

The detailed production line parameters reported above are from the built-in and
external sensor data of the production line equipment. There are certain errors in the
coordination of various sensors, such as the temperature drift of the temperature sensor,
the time deviation of the speed sensor and the torque sensor. These errors are partly from
the sensor itself and partly from the sensor’s setting position. Therefore, it is inevitable that
a certain cumulative error will be produced in the actual calculation.

4.2. Measurement Method and Results of Energy Consumption of Production Line

Simultaneously, power measurements will be obtained using a Three-Phase Multi-
function Power Meter, an energy quality analysis instrument, to generate apparent power
curve charts for each equipment on the production line during a specific timeframe. The
power values will be calculated using the three-phase AC electrical parameters outlined
below in Equation (32):

P(t) = cosϕ(t)
3

∑
i=1

Ui(t)Ii(t) (32)

where the phase voltage is set at a constant value Ui=1,2,3 ≈ 230 V, the phase current is I(t),
and the apparent power factor is cosϕ(t). Energy consumption calculation will be performed
by integrating the collected data over time, as shown in the following Equation (33):

E =
∫

P(t)dt =
N

∑
i=1

Pi∆t (33)

where the calculation of energy consumption involves integrating the collected numerical
values over time, ∆t represents the sampling interval time, and Pi (N = 1, 2, 3, . . .) represents
the average power for different equipment within the time interval.

The average hourly energy consumption was calculated by utilizing the data obtained
from the abovementioned device and incorporating specific production line design data.
Subsequently, this result was compared with the energy consumption predicted by the
model, as shown in Figure 7.

Based on the results presented in Figure 7, the left side represents the calculated
values, and the right side represents the actual measured values. Substantial deviations,
amounting to 16.9% and 50.7%, have been observed between the theoretical predictions and
the empirical data in the cooling system and water chiller unit, respectively. Upon detailed
examination, several factors contributed to these discrepancies: the factory houses four
separate production lines that operate concurrently, each manufacturing different products.
The roller hearth furnace necessitates these production lines to function in parallel, with
the water cooling system located in a distinct external area of the factory. This arrangement
results in an intricate pipeline configuration for the cooling system, incorporating multiple
parallel and series pipelines that operate simultaneously. The pressure, flow rate, and other
parameters of each branch pipeline are regulated by parallel and series pumps and valves.
The water pump’s head exceeds 120 m, more than tripling the theoretical parameters.
It is powered by a 37 kW motor, leading to considerable extension loss, local loss, and
ineffective water circulation due to valve control. Four screw-type water chiller units
operate in parallel, each cycling every 15 s. The variability in the materials and quality of
products across the four production lines necessitates a heat calculation that is 4.5 times the
average, resulting in certain inaccuracies. Other minor discrepancies in the heating furnace
data can be attributed to heat losses and controller errors. The heat loss of the furnace body
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is affected by the fluctuation of the temperature in the furnace and the life of the insulation
material. The temperature in the stove fluctuates within the set temperature range, and
the theoretical calculation is based on the mean value. Due to the complexity of the energy
transfer form of the hydraulic press, there is a delay between the speed sensor and the
pressure sensor, and there is still a cumulative error in the calculation with the corrected
data. The calculation error of the energy consumption of the robot equipment comes from
the underestimation of the heat dissipation of the motors. To analyze each equipment’s
energy consumption characteristics and parameter sensitivity, continue to dig deep into
the production line data, which will be detailed in the next section.
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4.3. Power Profiles and Analysis of Each Piece of HSPL
4.3.1. Power Analysis of the Roller Hearth Furnace

The power curve for the heating furnace is shown in Figure 8, with a peak power of
approximately 1252.3 kW. The blank passes through each heating zone, absorbing heat and
reaching the setpoint temperature for that zone. As a result, when the furnace’s internal
temperature drops below the lower temperature limit, the heating elements are activated.
The blank is periodically introduced into the furnace, causing the power curve to exhibit
periodic fluctuations. The pronounced magnitude of these fluctuations can be attributed to
the varying activation of heating elements throughout each cycle. The power fluctuation is
intricately linked to the quality and thickness of the sheet material; the greater the mass, the
higher the heat energy required for heating. Similarly, an increase in thickness necessitates
extended periods for heating and insulation. However, examining the heating furnace’s
rated power, 1794 kW, reveals a low utilization rate. A significant number of heat pipes
remain inactive, a consequence of the spatial underutilization due to the lightweight nature
of the produced parts and the processing time intervals. Consequently, optimizing the
process in this regard is pivotal for enhancing the energy efficiency of the heating furnace
and, by extension, the overall hot-forming production line. The potential for improvement
lies in optimizing the heating elements’ activation strategy and synchronizing with the
production cycle to minimize idle periods and maximize the use of available power.
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4.3.2. Power Analysis of the Automatic Handling Equipment

Figure 9 compares several parameters derived from the z-axis rotating servo motor
within Robot#1 under varying operational conditions. Precisely, Figure 9a–d corresponds
to the comparative diagrams for speed, acceleration, input current, and torque, respectively.
The operational conditions encapsulated in these comparisons include:

(1) Rotation of 180◦ on the z-axis at 30 rpm under a 30 kg load.
(2) Rotation of 180◦ on the Z-axis at 30 rpm under a 50 kg load.
(3) Rotation of 180◦ on the Z-axis at 50 rpm under a 30 kg load.
(4) Rotation of 180◦ on the Z-axis at 30 rpm under a 30 kg load, with simultaneous

operations on the X and Y axes.

The fourth scenario is particularly representative of real-world operations due to
the continuous nature of the robotic arm’s movements, where all motor rotation angles
are computed concurrently post-path planning. By comparing conditions one and two,
it can be analyzed that the load rate has a negligible impact on the robotic arm motor’s
speed and acceleration (stability). The starting and braking torque are more significant
under high load conditions, but the uniform speed segment is unaffected. Comparing
conditions one and three, it can be analyzed that high speed significantly impacts motor
energy consumption. The acceleration during acceleration is the same as the constant value
at low speed, so it takes longer to accelerate to higher speeds, which further shortens the
uniform speed time and total running time. The torque is high during acceleration and
deceleration, which can also be seen from the current feedback (Figure 9b). The motor’s
torque can be calculated from the current curve and the motor’s torque constant (Nm/A).
In addition, by comparing conditions one, two, and four, it can be seen that in the actual
operation process, motors in multiple directions of the robotic arm run simultaneously,
causing the center of gravity of the load to change and changing the moment of inertia, thus
changing the motor’s torque. It is more evident that the uniform speed stage is no longer a
constant value, so the calculation part of motor energy consumption needs to correct this
point further. Summarizing the above comparison results, the conclusion can be drawn: the
energy consumption of the robotic arm is related to the operating conditions, among which
the sensitivity of the load rate is low. This is because the production line’s design initially
set 2–3 times redundancy for the load of the robotic arm, which undoubtedly increased
unnecessary motor energy consumption. Secondly, the operating speed has a more direct
impact on energy consumption. The motor limits the starting torque, acceleration limit, etc.,
while ensuring process demand time and stable operation. High-speed operation naturally
brings high energy consumption but can also improve the efficiency of the production line,
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so the key is how to balance efficiency and stability. At the same time, from an overall
perspective, the energy consumption of the entire robotic arm system accounts for a lower
level in the production line, and the weight of stable operation is higher than that of
energy-saving optimization.
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Figure 9. The monitoring data of the manipulator under different operating conditions (taking one
of the servo motors as an example), (a) motor speed comparison diagram, (b) motor acceleration
contrast diagram, (c) motor current comparison diagram, and (d) motor torque comparison diagram.

4.3.3. Power Analysis of the Servo-Hydraulic Press

Figure 10 illustrates the actual velocity (red), output force (blue), and power curves
(black) within a single cycle of hot stamping in the servo-hydraulic press. The alternating
grey and white segments indicate different operating stages. Data analysis concludes
that the average power usage in the WT and P(h) stages is reasonable. Despite the peak
phenomenon caused by the instantaneous rise of pressure at the beginning of the P(h) stage,
its short duration means its influence on the average value can be disregarded. Throughout
the working time of the hydraulic press (including the return time), the conversion of
potential energy, kinetic energy, and internal energy occurs frequently. Therefore, accurately
determining the energy consumption of the hydraulic press requires an analysis based on
expert experience and actual data, presenting challenges for accurate calculation.
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4.3.4. Power Analysis of the Cooling System

The number of flow curves of the channels within the mold in the cooling system is
shown in Figure 11a, where it can be seen that the flow rates of each channel are maintained
near a constant value and do not exhibit periodic fluctuations, so the tw = 1 h. The Twa
parameter in Figure 11b shows that the inlet temperature of the mold channel is constant,
proving that the chiller system is operating normally. The Twb parameter shows that
the outlet temperature is affected by periodic fluctuations, with a marked increase in
temperature during quenching. Therefore, the cooling system energy consumption can be
calculated, and specific parameters are listed in Table 5.
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4.4. Perspectives for the Reduction of Energy Consumption

With the parameters extracted from the information provided and additional details
from the equipment manuals for the production line, we calculated the energy consumption
components and created the Sankey diagram as follows in Figure 12. The model calculates
that the HSPL consumes a total of 673.09 kWh of electric energy per hour. The average
energy consumption of the HSPL in the case study is calculated as 0.597 kWh/kg, and
the actual measurement is 0.625 kWh/kg. To power the furnace, 77.51% is used, and
73.93% is used to heat the blank at an average electric energy quality ratio of 0.342 kWh/kg.
Additionally, 24.29% of the electric energy is dissipated as heat loss. The second largest
consumer is the stamping machine, accounting for 10.92%, with stamping and holding
each representing approximately half (47.17% and 46.39% respectively), while standby
consumption makes up the remainder. Subsequently, chiller unit electricity consumption
accounts for 6.86%. Analyzing specific equipment’s energy consumption within this
unit proves challenging due to complex energy conversion and intermediate parameters
involved; however, based on historical data and proportions, fixed percentages have been
assigned—with compressors constituting over 75% of total consumption as shown in the
figure—while other components and auxiliary equipment account for the rest. Thanks
to advanced servo motors and control technology development, automation equipment
exhibits the lowest energy consumption ratio. While it is evident from the above figures
how energy distribution occurs across different processes, further research and analysis are
required to understand the interrelationships between various forms of energy usage.
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vancements in various processes, including using plates with varying thicknesses, weld-
ing plates, and applying patch plates, are increasing the demands on the equipment’s ca-
pabilities. Heating equipment is especially critical, and heating furnaces are moving to-
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fits of roller hearth furnaces, ongoing research and development are necessary to improve 
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According to the preceding discussion, the figure illustrates the specific technical
route for optimizing energy efficiency in HSPL. The overarching energy-saving approach
should focus on enhancing the SPM of the press, which essentially means boosting the
production line’s efficiency, reducing each machine’s idle time to enhance productivity
and curtail unnecessary energy expenditure. This methodology primarily involves the
following strategies, as shown in Figure 13.

The top part of the fishbone diagram shows different energy-saving concepts related
to equipment arranged based on their importance and feasibility. The main focus is on
choosing materials, emphasizing developing new materials that are stronger, tougher,
and have a lower critical temperature for certain processes. The design optimization
aims to improve stamped materials’ quality by reducing cracking and wrinkling issues.
Advancements in various processes, including using plates with varying thicknesses,
welding plates, and applying patch plates, are increasing the demands on the equipment’s
capabilities. Heating equipment is especially critical, and heating furnaces are moving
towards customized heating to meet the requirements of different processes, requiring
precise temperature control systems and exploring new heating methods. Despite the
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benefits of roller hearth furnaces, ongoing research and development are necessary to
improve insulation and rotating roller materials that are resistant to heat fatigue. In
addition, the renewal of heating methods is also gradually carried out, such as using
biofuels and ammonia fuel to reduce carbon emissions [32].
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The stamping equipment and mold cooling system are crucial aspects of the hot
stamping process. Upgrading the stamping equipment involves using high-power servo
motors and controllers, optimizing hydraulic systems for energy efficiency, designing
lightweight sliders, and implementing energy recovery technologies. The mold’s precision
directly influences the final product’s quality, while factors such as oxide scale dislodgement
and heat accumulation significantly impact the mold’s lifespan. Future mold development
will focus on materials with improved thermal conductivity and heat fatigue resistance, as
well as precise mold temperature control and conformal cooling channels. Additionally,
energy optimization of handling equipment, which has the lowest energy consumption
among all hot forming equipment, relies on small servo motors and advanced motion
control. The future development direction in this area will involve trajectory planning,
energy recovery, and lightweight design.

The lower section of the fishbone diagram illustrates the energy-saving strategies
employed in the hot stamping process. The production line planning begins once the
material grade and dimensions are determined. Material parameters such as density,
surface area, specific heat capacity, maximum allowable heating rate, phase transition
temperature, etc., are crucial in determining the overall process time. Energy-saving
strategies for process parameters consistently revolve around line efficiency (SPM) and
energy utilization efficiency. Ultimately, all parameters converge on time, efficiency, and
power. Thus, based on the models for competition time of the last process and total energy
consumption in a working cycle, the multi-objective optimization problem for the minimum
makespan and energy consumption can be expressed as:{

minEtotal
mintcycle

Etotal = Ehanding + Eheading + Epress + Eforming + Ecooling

Ehanding ∝
(

ηmec,i, ηel,i

)
Eheading ∝

(
ηh, Pcontrol,i, Pmachine,j, Qloss

)
Eforming ∝

(
F(x), νp(t), ηstage(m)

)
Ecooling ∝ (Qm, φ, qw, H, PM, η1, η2, COP, ηPLR, ηchiller, Pchiller)

(34)

The optimization problem is not a simple convex function problem but a complex
multi-parameter local optimal solution problem. Despite prior analysis and calculations,
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achieving a comprehensive quantitative analysis between energy consumption data and
process parameters remains challenging. The primary reason is the limited digitization level
of the production line, which results in inadequate matching and connection between the
data monitored by sensors, thereby impeding sensitive closed-loop analysis. Furthermore,
a shortage of effective analysis methods for handling large volumes of data, such as Design
of Experiments (DOE), exists.

5. Conclusions and Future Works

This paper uses energy consumption modeling and quantitative analysis of HSPL,
including actual production energy consumption tests and calculations for a group of
automobile A-pillar production lines. The established energy consumption model and the
exact measurement results confirm each other; the error is within the acceptable range,
except the chiller system needs additional improvement measures. Summarize the above
chapters and draw the following conclusions:

(1) The analysis reveals that the roller hearth furnace is the primary contributor to the total
energy consumption. The energy loss is concentrated in the heat loss, especially the
large area of the furnace wall and the usually open furnace door. In actual production,
the space utilization rate of the furnace is meager, but the heat loss is only positively
related to the temperature setting of the region.

(2) The deformation energy of the blank is supplied by the servo hydraulic press, consum-
ing an average of 0.033 kWh/kg. However, significant energy wastage occurs during
the hardening time. Compared with the locking pressure holding of the mechanical
press, the overflow pressure holding of the hydraulic press is not economical.

(3) Energy efficiency for automation equipment relies on modern servo control sys-
tems, superior path control methods, lightweight structural design, and optimized
cycle scheduling.

(4) The energy consumption calculation error of the cooling system is significant, mainly
due to the wrong estimation and use of the head parameters of the pump. The
extensive use of modern intelligent water pump equipment makes it effective in
energy saving, and the monitoring and management of energy consumption is also in
urgent need of improvement.

The model has some limitations that need to be addressed. The hot-forming pro-
cess does not currently take into account the trimming process, which is essential. The
equipment cost for the trimming process is high, and energy consumption needs further
refinement. However, there have been recent advancements in the trimming integrated
die, which incorporates the trimming process into the hot stamping process. This has the
potential to change the overall energy consumption calculation of the hot forming process,
leading to improved efficiency of the overall production line. Additionally, efficiency values
for various stages of the servo-hydraulic press and heat loss values for the heating furnace
are based on fixed values derived from manufacturer-provided data or measured power
curve data without considering the impact of equipment lifespan on losses, leading to
reduced model accuracy. Future research should focus on investigating these issues and
utilize equipment measurements, pattern recognition, and data processing to enhance mod-
eling precision. The emergence of digital twin technology will make energy consumption
monitoring an essential area of research.
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Nomenclature

SPM Statistical parametric mapping Econ The fixed energy consumption of the furnace (kWh)
V Volume of blank (m3) Eloss The furnace heat energy loss (kWh)
Ab The surface area of blank, single side (m2) Eloss

gas Heat loss of protective atmosphere in furnace (kWh)

A′
b

The surface area of blank after forming, Eloss
wall,i Wall surface energy loss (kWh)

single side (m2)
ρ Density (k) tstage(m) The time consumed by each operation (s)
ε Emissivity νp(t) Motion speed curve of servo-hydraulic press (m·s−1)
σ Stefan Boltzmann constant (W·m−2·K−4) F(t) Punching pressure curve of the hydraulic press (kN)
Cp(t) Specific heat capacity (J·kg−1·K−1) ηstage(m) The energy efficiency of each operation (%)
Tb Tapping temperature of blank (K) PLn No-load power consumption of hydraulic press (kW)
Tair Ambient temperature (K) tidle The idle time of the process (s)

Tf
Temperature of floor and surrounding

Pquench Quench power consumption of press (kW)
facilities (K)

Tbi
End temperature of blank in the transfer

Qc The heat transfer between blank and die (kJ)
stage (K)

Tb0
Initial temperature of blank in the cooling

Qe Convection heat transfer between cooling and die (kJ)
stage (K)

Tbt Temperature after quench (K) Qm The heat stored in the die (kJ)
Td Temperature of tool (K) qw Theoretical cooling flow rate (m3·h−1)
tcycle Interval time (s) tw Total cooling time (s)
tFF Fast forming time (s) ρw Cooling medium density (kg·m−3)
tSF Slow forming time (s) Cw The specific heat capacity of the water (J·kg−1·K−1)
tForm Forming time (s) Twb-Twa Temperature difference of cooling medium (%)
tquench Quenching time (s) φ Cooling efficiency (%)
tUD Unloading time (s) η1 Pump efficiency (%)
tFR Fast returning time (s) η2 Motor efficiency (%)
tSR Slow returning time (s) PM Motor power (kW)
Etotal Average total energy consumption (kWh) g Gravity (kg·N−1)
Ecooling Average energy consumption of cooling (kWh) H Pump head (m)
Eforming Average energy consumption of forming (kWh) PM,i(t) The power curve of the motor (kW)
Ehandling Average energy consumption of handling (kWh) COP Coefficient of Performance
Eheating Average energy consumption of heating (kWh) PLR Part load Ratio
Pheater The power of heaters (kW) Qtotal The nominal cooling capacity (KJ)
Eloss

door Heat loss of furnace door opening (kWh) Pe
chiller Rated power of chillers (kW)

Erad
Radiation heat loss energy when opening the

Twd-Twc
Temperature difference between inlet and outlet of

furnace door (kWh) water tank (K)

Econv
Convection heat loss energy when opening the

ηPLR The efficiency of the chiller on PLR
furnace door (kWh)

Eblank Energy consumption of heating blanks (kWh) Pchiller,j(t) The power curve of the chiller (kW)
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