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With the introduction of a high proportion of new energy sources, the power
system needs new means to enhance its regulating flexibility. High-energy-
consuming industrial loads on the demand side have significant potential to
improve the grid’s regulating flexibility. Unplanned power adjustments can affect
normal load production. This paper proposes a power control strategy that
considers the normal production order of loads, aiming to balance load
response capacity requirements and safe production order. Taking copper
electrolysis load as an example, based on the load process flow and the
power characteristics of production equipment, factors affecting load
production order and methods for calculating impact weights are analyzed,
and a strategy to reduce the demand response to production order caused by
power control is proposed. The effectiveness of the power control strategy is
verified through simulation examples, providing a feasible solution for industrial
loads to participate in demand-side response.
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1 Introduction

The intensification of the greenhouse effect has led to a series of global climate change
issues. To effectively address the greenhouse effect and climate change, the use of renewable
energy and the development of low-carbon technologies are considered effective
approaches. Among them, the construction of a new power system with a high
proportion of renewable energy is an effective way to accommodate renewable energy
(Li et al., 2008). However, renewable energy sources have fluctuations and intermittency
(Gwec, 2014; Poncelet et al., 2016; Shu et al., 2017), which can affect the frequency stability,
safety, and power quality of the power system. Therefore, the introduction of a high
proportion of renewable energy poses new requirements for the regulation flexibility of the
power system. Enhancing the regulation flexibility of the power system can be approached
from the power generation side, grid side, and demand side. On the power generation side,
deep flexibility retrofitting of thermal power units can be carried out to enhance the
regulation flexibility of the power system. However, during the deep peak shaving operation
of thermal power units, the operating costs can significantly increase, and it can also lead to
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increased energy consumption and fuel pollution (Lin et al., 2017).
On the grid side, deploying energy storage devices can enhance grid
regulation flexibility. However, energy storage devices are limited by
geographical conditions, cost considerations, safety issues, and
technological aspects (Yang et al., 2014). Currently, they are still
in the small-scale experimental stage and have not been widely
applied on a large scale. On the demand side, balancing the
electricity supply and demand can be achieved by reducing user
loads. Currently, there are several challenges in the demand side,
including small individual load capacities, difficulties in aggregation
due to distributed nature, and insufficient willingness to participate
in demand-side response for residential and commercial loads (Liu
et al., 2015; Muhammad and Yan, 2018). However, high-energy-
consuming industrial loads on the demand side have several

advantages, such as larger individual load capacities, strong
power controllability, and fast power response speed (Ding et al.,
2014). In particular, energy-intensive loads like electrolysis loads
possess characteristics like thermal energy storage, which offers
significant potential for enhancing grid regulation flexibility
(Samad and Kiliccote, 2012; Shoreh et al., 2016). In some
regions, policies such as detailed guidelines for auxiliary service
transactions aimed at encouraging load participation in demand-
side response have been introduced. However, the current level of
participation of high-energy-consuming industrial loads in
demand-side response to enhance grid regulation flexibility is not
high. The reasons for this are as follows: high-energy-consuming
industrial loads lack effective means to control their own power, and
they often have complex physical and chemical characteristics in

FIGURE 1
Electrolytic copper load process.

FIGURE 2
Schematic diagram of the effective cross-sectional area.
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their process flows. Unplanned control can disrupt the normal
production sequence of loads and even affect load production
safety. Under the support of demand-side response-related
policies, there is a lack of load power control strategies to
maximize the participation benefits of demand-side response.

Industrial load power control technology is crucial for the
participation of high-energy-consuming industrial loads in
demand-side response. In regards to power regulation of high-
energy loads, a study mentioned in reference (US Department of
Energy, 2012) proposes an orderly electricity consumption scheme.
In situations where the grid’s power supply capacity is insufficient or
during other emergency conditions, the study suggests temporarily
shutting down some interruptible loads to alleviate the power supply
constraints in the grid. Reference (Tu, 2018; Tu et al., 2018) focus on
high-energy-consuming industrial loads in mineral smelting

furnaces. They analyze the process flow and identify the main
controllable electrical equipment. An electrical equivalent circuit
model is established, and a voltage-impedance coordinated active
power regulation method is proposed for the mineral smelting
furnace. In another reference (Chen, 2018), the research focuses
on high-energy-consuming industrial loads in polysilicon
production. The study establishes the process characteristics and
equivalent models of critical production stages. It utilizes the least
squares method for online identification of polysilicon production
parameters, and provides the active power regulation range and
response time. In the direct load control using fuzzy logic proposed
in reference (Bhattacharyya and Crow, 1996), user preferences are
treated as variables to flexibly control load power (Liu and Pei,
2015). focuses on the main electrical production equipment in
aluminum electrolysis industrial loads. Based on the thyristor-

FIGURE 3
Equivalent circuit model of the electrolytic refining stage.

FIGURE 4
Power regulation weight calculation model.
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controlled current stabilization system and the wide-range power
regulation characteristics of thyristors, a power grading control
scheme is designed. Reference (Wang and Zhang, 2021) explores

the coupling relationship between the production process stages and
production resources in the steel industry load. It plans the
production operations for different stages and proposes a
scheduling model for participating in demand-side response to
facilitate the integration of renewable energy. Reference (Jiang et
al., 2014) proposes a power control method for grid impact
considering industrial load characteristics under high penetration
of renewable energy.

Electrolytic copper load is a typical high-energy-consuming
industrial load with multiple complex process flows involving
intricate physical and chemical reactions. The power control
strategies for participating in demand-side response considering
the production process still require further research. Addressing the
aforementioned issues, this paper takes electrolytic copper load as an
example of a high-energy-consuming industrial load with multiple
process flows and proposes power control methods that consider its
production process. The aim is to reduce the impact of its
participation in demand-side response on its production
sequence, incentivize its involvement in demand-side response,
and enhance grid regulation flexibility. The main contributions of
this paper are as follows:

1) Based on the process flow of electrolytic copper load, the
characteristics of different stages in the process flow are
analyzed. Power control methods are proposed according to
the power characteristics of production equipment in different
stages. This provides a model foundation for power control
strategies that take into account the production sequence
of the load.

2) Analyzing the key factors that influence the impact of power
control on the normal production sequence of the load,
quantifying the weights between different factors and the
factors relative to the adjustable production equipment.
This paper proposes a method for selecting the mode of
participation in power control production equipment, with
the aim of minimizing the impact on the production sequence
while considering the factors mentioned above.

3) Based on the power control model of load-adjustable
production equipment and the method for selecting

FIGURE 5
Industrial load base power.

FIGURE 6
The load power curve during the response period.

FIGURE 7
Power curve graphs of the production equipment in the
electrolytic copper load during the demand response period.

FIGURE 8
Power control state curves of the production equipment in the
electrolytic copper load during the demand response period.
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production equipment to participate in power control, this
paper considers the impact of power control on load
production. It proposes a power control strategy that
minimizes the impact on the production sequence of the
load by considering the power control’s effect on load
production.

The rest is organized as fellows: The second section
introduces the process flow and power control model of
electrolytic copper load. The third section discusses the impact
of power control on the production sequence of the load. The
fourth section presents power control strategies that consider the
production sequence of the load. The fifth section provides a
simulation case study.

2 Analysis and modeling of the
electrolytic copper load process flow

This chapter mainly introduces the process flow of electrolytic
copper load and the power control model of adjustable production
equipment in the process stages.

2.1 Characteristics of the electrolytic copper
load process flow

Electrolytic copper load is a typical high-energy-consuming
industrial load with multiple process flow stages. There are
variations in the physical, chemical, and corresponding power
characteristics of the main electrical production equipment across
different process flow stages. Systematically describing the process
flow characteristics of electrolytic copper load plays a crucial role in
minimizing the impact of power control on the normal production
sequence of the load.

The electrolytic copper process design involves complex
physical and chemical reactions. The main production stages of
the electrolytic copper industry load process can be divided into: raw
material preparation, pyrometallurgical copper smelting, oxygen
production, intensified smelting, electrolytic refining, and acid
production. Other production stages are not considered at the
moment. In the electrolytic copper load process, the raw material
preparation stage provides raw materials, namely, copper ore and
solvents, for subsequent production stages. The pyrometallurgical
copper smelting stage consists of processes such as flash smelting,
top-blown smelting, and anode furnace smelting. Flash smelting
melts copper ore and solvents into blister copper, while top-blown
smelting refines blister copper into crude copper. Anode furnace
smelting refines crude copper into anode copper, which is then cast
and sent to subsequent stages. The essence of the pyrometallurgical
copper smelting process is to gradually oxidize copper ore and
remove other impurities. The oxygen production stage provides
oxygen for the pyrometallurgical copper smelting stage, while the
intensified smelting stage accelerates the oxidation reaction of
copper by providing air for the pyrometallurgical copper
smelting stage. Both stages provide a certain proportion of
oxygen-rich air to assist in the oxidation of copper ore in the
pyrometallurgical copper smelting stage. The acid production
stage absorbs the sulfur dioxide gas generated in the
pyrometallurgical copper smelting stage and sends it to the acid
production tower for sulfuric acid production. In the electrolytic
refining stage, anode copper is electrolyzed in a certain temperature
sulfuric copper solution to obtain cathode copper, and some
precious metals can also be obtained in this stage.

The overall schematic diagram of the electrolytic copper load
process flow is shown in Figure 1.

2.2 Power characteristics of electrolytic
copper load production equipment and
its modeling

There are differences in characteristics between different process
stages in electrolytic copper load. Power control in certain key
production process stages may have a significant impact on the
normal production sequence of the load. Therefore, it is necessary to
analyze the feasibility of power control in different process stages.

For the raw material preparation stage: The main electrical
production equipment in this stage is the conveyor belt driven by
a variable frequency motor. Based on the power characteristics of the

TABLE 1 The power and weight of the process stages in the case study.

Process stage name Process stage power kWh/h Maximum power control limit Power control weight

Raw material preparation stage 9931 5% 0.2167

Pyrometallurgical copper refining stage 14390 — —

Electrolytic refining stage 21689 8% 0.2019

Oxygen production stage 18264 8% 0.249

Intensified smelting stage 5356 10% 0.1072

Acid production stage 10273 7% 0.225

TABLE 2 Response effect.

Demand respond time period (PM)

3:00 4:00 5:00 6:00 7:00

PHr
report 9840 10160 10210 9920 9760

∑Tr

tr

Ptr
res

9840.1 10160 10210 9920 9760
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variable frequency motor, it can be determined that the active power
consumed by the motor is directly proportional to its frequency. The
specific relationship is illustrated in Eq. 1.

PC1 ∝fC1 (1)
Where PC1 represents the active power consumed in the raw
material preparation stage, and fC1 represents the frequency of
the variable frequency motor.

From the above characteristics, it can be inferred that power
control can be achieved by changing the frequency of the
variable frequency motor in this stage. Additionally, reducing
the power in this stage moderately for a short period of time will
have a minimal impact on subsequent process stages. Therefore,
it is considered feasible to adjust the power in this stage.
However, when there is a significant change in the frequency
of this stage, it may affect the material supply in subsequent
process stages. Hence, there are control boundaries and
constraints on the frequency of this stage, which can be
illustrated as Eq. 2:

fC1min ≤fC1 ≤fC1max (2)
Where fC1min and fC1max represent the minimum frequency value
that does not affect the production sequence of the load and the
rated operating frequency of the variable frequency motor,
respectively.

For the pyrometallurgical smelting stage: This stage gradually
oxidizes the copper ore into anode copper through three smelting
processes. These stages have high temperature requirements inside
the smelting furnace. Power adjustments have a significant impact
on the normal production sequence of the load, and restoring the
furnace temperature requires a large amount of coal consumption,
which is not conducive to low-carbon production in industrial load
operations.

Furthermore, considering the complex power characteristics of
the three smelting processes, it is considered that the
pyrometallurgical smelting stage does not have feasibility for
power control.

For the oxygen production, intensified smelting, and acid
production stages: The oxygen production stage separates oxygen
from the air using an air compressor. The intensified smelting stage
introduces air into the smelting furnace using a blower. The acid
production stage uses a fan to draw the generated sulfur dioxide
from the pyrometallurgical smelting stage into the acid tower for
sulfuric acid production.

The common characteristic of these stages is that their active
power consumption is related to the volume of gas. The effective
cross-sectional area of the ventilation duct can be changed by
adjusting the inlet vane angle, thereby altering the active power
consumption in these stages. From the perspective of the
effective cross-sectional area, rotating all the inlet vanes
around the axis by a certain angle is equivalent to a single
vane with an area equal to the cross-sectional area of the
ventilation duct rotating around the axis. Therefore, the
principle schematic diagram for calculating the effective
cross-sectional area is illustrated in Figure 2.

Based on the above characteristics of active power consumption
in the aforementioned stages, it can be illustrated in Eqs 3–5.

PC2 ∝ SC2 (3)
SC2 � π · R2

0 · 1 − sin θC2( )[ ] (4)
PC2 � PC2N · 1 − sin θC2( ) (5)

Where PC2 and PC2N represent the power consumption of the
production equipment and the rated power of the production
equipment, respectively. SC2 represents the effective cross-
sectional area of the ventilation duct of the production
equipment, R0 is the radius of the ventilation duct, and θC2 is
the angle of rotation of the inlet vane around the axis.

It can be concluded that adjusting the angle of the inlet vane can
achieve power control in the aforementioned production stages.
Therefore, it is considered feasible to adjust the power in these
production stages. However, to avoid excessive adjustment of the
inlet vane angle, which may result in insufficient oxygen
concentration in the pyrometallurgical smelting stage or
inadequate absorption of sulfur dioxide, there are control
boundaries on the angle of rotation of the inlet vane. The
constraints on the angle of rotation can be expressed as Eq. 6.

θC2min ≤ θC2 ≤ θC2max (6)

Where θC2min and θC2max represent the minimum and
maximum values of the angle of rotation for the inlet vane,
respectively.

The above is the power control model for the production
equipment and the constraint conditions for key production
parameters in the oxygen production, intensified smelting, and
acid production stages. It should be noted that the model
parameters and constraint conditions may vary for different
production stages.

For the electrolytic refining stage: This stage involves the
electrolytic refining of anode copper in a sulfuric acid copper
solution at a certain temperature to obtain cathode copper at the
cathode electrode. The electrolytic refining stage utilizes an
electrolytic cell for the electrolysis of anode copper, and its
equivalent circuit model is shown in Figure 3.

WhereUCH andUCL represent the high-voltage and low-voltage
side voltages of the transformer, respectively. k represents the
transformer turns ratio. USR represents the voltage drop across
the saturable reactor. UB and IB represent the voltage and
current on the DC side, respectively. R and E represent the
equivalent resistance and electromotive force of the electrolytic
cell, respectively.

Based on the equivalent circuit diagram, the active power
consumption of the electrolytic refining stage can be expressed as
Eqs 7, 8 (Jiang et al., 2014):

PC3 � UB · IB � I2B · R + IB · E (7)
IB � 1.35

UCH

k
− USR( ) − E

R
(8)

Where PC3 is the active power consumption of the electrolytic
refining stage.

From the above characteristics, it can be inferred that the active
power consumption of the electrolytic refining stage can be changed
by altering the voltage drop across the saturable reactor, thereby
modifying the DC current in the process. The copper sulfate solution
in the electrolytic cell has a significant thermal inertia, so short-term
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power control has minimal impact on the electrolytic environment.
Therefore, it can be considered that the electrolytic refining stage has
feasibility for power regulation. To avoid excessively low voltage
drop across the saturable reactor, which may result in the loss of
current stabilization or excessively high voltage drop leading to a low
temperature of the electrolytic cell solution, there are control
boundaries on the voltage drop across the saturable reactor. The
constraints on the voltage drop can be expressed as Eq. 9:

USRmin ≤USR ≤USRmax (9)
Where USRmin and USRmax represent the minimum and maximum
values of the voltage drop across the saturable reactor, respectively.

It is worth noting that the power control rates of the adjustable
production equipment mentioned above are in the order of seconds,
which can meet the requirements for industrial load participation in
demand-side response.

3 Method for calculating the weight of
load production equipment in power
regulation

When the electrolytic copper load participates in demand
response on the power grid, it is necessary to decide which
production stages will participate in power regulation. However,
due to the differences in characteristics among production
stages, the impact of power regulation on load production
order may vary across different stages. To minimize the
impact of power regulation on load production order, it is
necessary to rank the impact of power regulation on
production stages and calculate the weights of the influence
on production. A higher weight indicates a greater impact of
power regulation on production for that stage.

The impact of power regulation on the production of electrolytic
copper load primarily depends on the following aspects:

A. Process flow correlation: The more production equipment is
associated with the process flow, the more important it is for
the load process flow. Therefore, the impact of power
regulation on production order is greater. To assess the
correlation level of production stages more accurately, the
importance of the corresponding materials to the process flow
should also be considered.

B. Production equipment capacity: If the capacity of the
production equipment is larger, it will require more human
resources to be invested in power regulation. Consequently,
the impact on the normal production order of the load will
be greater.

C. Power regulation cost: The additional cost incurred by
production equipment during power regulation needs to be
taken into account. If the cost of power regulation for the
production equipment is too high, it can also affect the normal
production of the load.

Generally speaking, the process flow correlation is relatively
more important than the other two factors. The weight relationship

for power regulation of electrolytic copper load is illustrated in
Figure 4.

It should be noted that there is a weight relationship among the
three factors affecting the production of electrolytic copper load.
Additionally, the impact of these factors on load production may
vary among different electrolytic copper loads. This variation is due
to the influence of the production characteristics of the electrolytic
copper load itself. In other words, the weight of the aforementioned
three influencing factors may differ on an individual basis for
different electrolytic copper loads.

It should be noted that the above-considered factors apply to all
production equipment for loads. The reason for considering these
factors in this study is that actual industrial loads consider the
impact of power control on load production order from the
perspective of these factors when participating in demand
response. However, it is still feasible to analyze the impact of
power control on normal load production from other
reasonable factors.

Assume that the weight matrixw(1) � (w(1)
C , w(1)

S , w(1)
E )T among

the influencing factors is defined, where the elements correspond to
the weights of the degree of correlation, capacity scale, and cost
implications, respectively. The aforementioned weights are
determined based on the characteristics of the industrial loads
themselves. The weight matrix w(1) should satisfy the following
constraints, as shown in Eq. 10.

w 1( )
C + w 1( )

S + w 1( )
E � 1 (10)

There are differences in weights among the factors that affect the
production of electrolytic copper load for different production
equipment in various stages. To calculate the impact weight of
the production equipment, a weight matrix needs to be constructed.
The construction process is illustrated in Eqs 11–13

For degree of correlation: W(1) � (~Ck1, ~Ck2, ~Ck3, ~Ck4, ~Ck5)T

~Cki � Cki

∑5
i�1
Cki

(11)

For capacity scale: W(2) � (~Sk1, ~Sk2, ~Sk3, ~Sk4, ~Sk5)T

~Ski � Ski

∑5
i�1
Ski

(12)

For cost implications: W(3) � (~Ek1, ~Ek2, ~Ek3, ~Ek4, ~Ek5)T

~Eki � Eki

∑5
i�1
Eki

(13)

Where W(1), W(2), W(3) represent the weight matrices of
different adjustable production equipment based on the degree of
correlation, capacity scale, and cost implications respectively. ~Cki,
~Ski, ~Eki represent the weights of different adjustable production
equipment based on the degree of correlation, capacity scale, and
cost implications respectively. Cki, Ski, Eki represent the degree of
correlation values, capacity values, and the additional cost incurred
by the equipment due to power regulation for the adjustable
production equipment respectively.

Frontiers in Energy Research frontiersin.org07

Wang et al. 10.3389/fenrg.2024.1370301

https://www.frontiersin.org/journals/energy-research
https://www.frontiersin.org
https://doi.org/10.3389/fenrg.2024.1370301


Based on the above approach, the weight matrix of production
equipment under different influencing factors can be calculated,
denoted as matrix w(2) � (W(1),W(2),W(3)).

Therefore, the overall weight matrix representing the influence
of production equipment on load production can be expressed in
Eq. 14.

wk � w 2( )w 1( ) �

~Ck1
~Sk1 ~Ek1

~Ck2
~Ck3
~Ck4

~Sk2
~Sk3
~Sk4

~Ek2
~Ek3
~Ek4

~Ck5
~Sk5 ~Ek5

⎛⎜⎜⎜⎜⎜⎜⎜⎜⎜⎜⎜⎜⎜⎜⎜⎜⎜⎜⎜⎜⎜⎜⎜⎜⎝
⎞⎟⎟⎟⎟⎟⎟⎟⎟⎟⎟⎟⎟⎟⎟⎟⎟⎟⎟⎟⎟⎟⎟⎟⎟⎠

w 1( )
C

w 1( )
S

w 1( )
E

⎛⎜⎜⎜⎝ ⎞⎟⎟⎟⎠ �
Wk1
Wk2

Wk3

Wk4
Wk5

⎛⎜⎜⎜⎜⎜⎜⎜⎜⎜⎜⎜⎜⎜⎜⎜⎜⎜⎜⎜⎝
⎞⎟⎟⎟⎟⎟⎟⎟⎟⎟⎟⎟⎟⎟⎟⎟⎟⎟⎟⎟⎠ (14)

Where the values represent the power regulation weight of each
adjustable production equipment. A lower weight value indicates a
lower impact on load production when performing power regulation
in the corresponding production stage. Therefore, a higher priority
is given to power regulation with lower weight values.

4 Considering the power control
strategy for electrolytic copper load
production order

When electrolytic copper load participates in demand response
on the power grid, it is necessary to decide which equipment will
participate in power regulation based on the capacity requirements
of the grid response and the characteristics of the load’s own
production process stages. The objective is to meet the demand
response requirements of the power grid while minimizing the
impact of power regulation on the load’s production order.
Therefore, the objective function can be illustrated in Eq. 15.

min I � ∑T
t

∑K
k

ΔPt
k ·Wk (15)

Where I represents the degree of impact of power regulation on
normal load production,Wk represents the power regulation weight
coefficient of production equipment k, and ΔPt

k represents the
power regulation quantity of production equipment k in time
period t. The specific expression is illustrated in Eq. 16.

ΔPt
k � PkN · 1 − stk · xt

k( ) (16)

When electrolytic copper load participates in demand response
on the power grid, the power of the electrolytic copper load can be
expressed in Eq. 17.

Pt
load � ∑K

k

Pt
k � ∑K

k

PkN · stk · xt
k (17)

Where Pt
load represents the active power consumption of the

load in time period t, Pt
k represents the active power

consumption of production equipment k in time period t. k
and K represent the production equipment and its set,
respectively. stk represents the load switching status of
production equipment k in time period t, and xt

k represents
the power regulation status of production equipment k in time
period t. Each time period t has a duration of 15 min.

When electrolytic copper load participates in demand response,
if power regulation does not consider the power regulation
boundaries of different production equipment, it can impact the
normal production order of the load. Based on the aforementioned
power control model for production equipment and the control
boundaries of key production parameters, the constraint conditions
for the power control strategy considering the production order of
electrolytic copper load are as follows:

Considering that the key production parameters of
dif ferent production equipment have control boundaries
and that long-term load switching can affect the normal
production order, i t is l imited to only one load switching
within any adjacent four t ime periods. The constraint
condit ion can be expressed in Eqs 18, 19

xkmin ≤ xk ≤xkmax (18)
stk + st+1k + st+2k + st+3k ≥ 3 (19)

Where xkmin and xkmax represent the power regulation status of
production equipment k that does not affect load production. For
production equipment that does not have feasibility for power
regulation, its power regulation status and load switching status
are always set to 1. The above-mentioned ramping constraints apply
to all adjustable production equipment.

Load participation in demand response is typically achieved
by reducing its own load power during peak electricity
consumption periods to alleviate the strain on electricity
supply and demand. Therefore, the calculation method for the
response capacity of load participation in demand response can
be expressed in Eq. 20.

Pt
res � Pt

base − Pt
load (20)

Where Pt
res represents the response capacity of the load in time

period t, and Pt
base represents the baseline load of the load in time

period t. The baseline load is typically obtained by averaging the load
power over a previous period of time before the load participates in
demand response, using power monitoring devices designed for grid
power collection.

Load participation in demand response generally has constraints
on the contracted response capacity. If the response capacity of the
load during the demand response period fails to meet the contracted
response capacity requirement, response penalty costs will be
incurred. In order to minimize response penalty costs, the load’s
response capacity should meet the contracted response capacity
requirement. The constraint conditions for load participation in
demand response to satisfy the contracted response capacity
requirement can be expressed in Eq. 21.

∑Tr

tr

Ptr
res ≥P

Hr
report, tr ∈ Hr (21)

Where Ptr
res represents the response capacity of the response

period, Tr represents the set of the response period tr, and PHr
report

represents the contracted response capacity for the corresponding
response hour Hr. This means that the response capacity for that
hour needs to meet the contracted response capacity requirement.
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5 Example and result

5.1 Description of the example

Based on the aforementioned power control strategy
considering the reference production order, the following section
takes the participation of a specific electrolytic copper load in
demand response as an example to verify the effectiveness of the
proposed power control strategy.

The power and weight of the process stages in the simulation
case study are shown in Table 1.

The time period for the electrolytic copper load’s participation in
demand response is from 3:00 p.m. to 8:00 p.m., and the contracted
response capacities for each time period are as follows: 9840, 10160,
10210, 9920, and 9760 kWh/h. The baseline load of the electrolytic
copper load for the corresponding response periods, assuming no
participation in demand response, is illustrated in the Figure 5:

It is worth noting that, due to the collaborative coordination of
different production equipment in the normal production process of
copper electrolysis, there are differences in the working states of
different equipment at different times. Therefore, the baseline load
still exhibits certain fluctuations.

5.2 Example results

When the aforementioned electrolytic copper load participates
in demand response on the power grid using the proposed power
control strategy that considers normal production order, the load
power curve and response effect during the demand response period
of the electrolytic copper load are shown in Figure 6.

The response effect of the load in different response periods is
shown in Table 2.

From the above table, it can be seen that in different time periods
when the electrolytic copper load participates in demand response,
based on the power control strategy proposed in this paper, the load
has responded according to the contracted response capacity of the
power grid during the response period. This has met the demand for
the contracted response capacity of the power grid, thereby avoiding
the generation of response penalty costs.

During the demand response period in which the electrolytic copper
load participates, the power curves and power control states of the
adjustable equipment in the load are as shown in Figures 7, 8.

From the Figures 7, 8, it can be observed that during the demand
response period in which the electrolytic copper load participates, the
load has successfully responded according to the contracted response
capacity. While adhering to the power control constraints of the
production equipment in the electrolytic copper load, the load has
undergone targeted power control based on the power control weight of
each production equipment. Thisminimizes the impact of power control
on the normal production of the load, thus validating the effectiveness of
the proposed power control strategy in this paper.

6 Conclusion

This article addresses the issue of how the participation of
high-energy industrial loads in demand-side response to the

power grid can affect the production order of the load. Taking
the typical multi-process high-energy industrial load of
electrolytic copper as an example, a power control strategy
that considers the normal production order of the load has
been proposed. The power adjustment characteristics of
different process stages of the electrolytic copper load provide
a model basis for this power control strategy. Compared to
conventional industrial loads that regulate power through on-
off control, the power control model proposed in this article can
continuously and discretely control power, thus more flexibly
meeting power control requirements. Conventional industrial
loads lack a basis for power control. This article analyzes the
factors influencing the impact of power control on the
production order of the electrolytic copper load, providing a
more intuitive analysis of the impact of power control on normal
load production. By calculating the weights of different
production equipment participating in power control under
the premise of minimizing the impact of power control on
production order, the article can effectively reduce the impact
of power control on normal load production. Based on the load
power control model and the control boundaries of key
production parameters, a power expression method for the
electrolytic copper load is proposed. Under the premise of
minimal impact on normal load production, optimization of
the power control status of different process production
equipment is carried out to meet the demand-side response
capacity requirements of the electrolytic copper load. This
provides a feasible and effective power control strategy for
high-energy industrial loads to participate in demand-side
response to the power grid.
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