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Abstract

The randomness and volatility of wind power increase peak regulation pressure, leading
to wind curtailment despite the deep peak regulation efforts of thermal power units. By
integrating conventional power source dispatch and high-energy-consuming load con-
figuration, a two-layer optimization model is developed to maximize wind curtailment
absorption and minimize thermal power deep peak regulation costs. The model first ana-
lyzes the fused magnesium load’s operating characteristics and its dispatch-participation
model, then combines with the thermal power deep peak regulation model for hierarchical
joint peak regulation. Applying the method to an actual regional system via CPLEX shows
that it reduces wind curtailment, optimizes thermal power deep peak regulation, and
improves power generation economic efficiency.

Keywords: high energy-consuming load of electrically fused magnesium; wind power
consumption; deep regulation of thermal power; hierarchical optimization; combined
peak regulation

1. Introduction
To achieve the “30·60” dual carbon goals and meet the growing electricity demand,

China’s wind power industry has developed rapidly, with an average annual growth rate
of installed capacity exceeding 20% (data from the National Energy Administration). It
is estimated that by 2030, the installed capacity of wind power will reach 800 million
kilowatts, accounting for 20% of the country’s total installed capacity [1]. As wind power
penetration increases, its randomness, intermittency, volatility, and anti-peak regulation
characteristics significantly amplify the peak–valley difference in the system equivalent
load (load power minus wind power output) after large-scale grid integration [2–4]. The
lack of flexible regulation capability in the system further exacerbates the peak regulation
pressure on the power system [5].

Research has been conducted both domestically and internationally on integrating
high-energy-consumption electrically fused magnesium loads into power grid optimization
operations. The literature [6] states that the dispatching of high-energy-consuming loads
can be combined with price signals in the power market to achieve the goals of peak
shaving and valley filling, as well as reducing system operation costs. The literature [7,8]
proposes a method considering the participation of electric-fused magnesium loads in
optimal dispatching to reduce carbon emissions. The literature [9] addresses high-energy-
consumption loads, such as direct reduction iron furnaces and electric arc furnaces. This
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study develops a low-carbon integrated energy system model tailored for steel industrial
parks. A corresponding park-level scheduling methodology is proposed to coordinate the
optimization of multi-energy flows with flexible industrial processes. The aforementioned
studies collectively demonstrate that high-energy-consumption loads play a significant role
in enhancing the operational flexibility of power systems and promoting decarbonization.
In contrast, the two-layer collaborative optimization model for electric-fused magnesium
high-energy-consumption loads and thermal power units proposed in this paper deeply
integrates such loads into the dispatch framework of power systems with high penetration
of wind power.

At present, thermal power units remain the main peak regulation resources in China’s
power system [10,11]. In recent years, thermal power units have achieved significant deep
peak regulation capabilities through flexibility retrofits, thermal power decoupling, and
other technologies [12–14]. Although the literature [15,16] proposes a day-ahead market
and optimal dispatch model considering deep peak regulation to reduce costs, and the
literature [17,18] investigates the deep peak regulation characteristics of coal-fired power
plants to develop a low-carbon economic dispatch model that simultaneously improves
system economy and reduces carbon emissions, the existing studies exhibit insufficient
modeling of thermal power units’ participation in deep peak regulation. They fail to
systematically account for the multi-stage cost composition during deep peak regulation
processes and overlook the actual operating conditions of thermal power units in peak
regulation scenarios. The comparison of this article with existing articles is shown in
Table 1.

Table 1. Comparison with the existing literature.

Literature Research Subject Deep Peak
Regulation Peak Regulation Cost

[6] IES No No
[7,8] Electric-fused magnesium No No
[9] Electricity loads No No
[16] BES Yes Partial Consideration
[16] VPP Yes No

[17,18] Electricity loads Yes Partial Consideration

This Paper Electric-Fused Magnesium Yes Comprehensive
Consideration

2. Analysis of Electric-Fused Magnesium Load-Absorbing Wind
Power Principle
2.1. Operation Mode of Electric-Fused Magnesium Furnace

The electric-fused magnesium furnace is a high-energy-consuming industrial device.
As shown in Figure 1, it converts electrical energy into thermal energy via an electric arc
for smelting. Its core control objective is to maintain constant smelting current and power
by adjusting the electrode position. Therefore, its operating power can be adjusted quickly
and accurately within a certain range without affecting product quality. This adjustable
power characteristic makes it a high-quality, flexible industrial load resource.
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Figure 1. Structure and flexible regulation principle of the electric-fused magnesium furnace load.

2.2. Model of the Load Regulation Characteristics of Electric-Fused Magnesium Furnace

The formulas of the high-energy-consuming load model of the electric-fused magne-
sium furnace are shown in Formula (1) and (2) as follows:

Pt
Mg,k =

√
3Ut

Mg,k It
Mg,k cos φ (1)

Pt
Mg = NMgPt

Mg base +

NMg adj

∑
k=1

St
Mg,k∆PMg,k (2)

Equation (1) describes the active power consumed by each electric-fused magnesium
furnace. Equation (1): Pt

Mg,k is the operating power of the k-th electric-fused magnesium
furnace at time t; Ut

Mg,k and It
Mg,k are the smelting voltage and smelting current values of

the k-th electric-fused magnesium furnace at time t, respectively; cos φ is the power factor
of the electrical system of the electric-fused magnesium furnace.

Equation (2) defines the total power of all electric-fused magnesium furnace loads
in the system, where Pt

Mg base is the normal operating power of a single furnace at time t;
NMg is the total number of operational furnaces in the enterprise; Nt

Mg,adj is the number
of furnaces available for regulation; ∆Pt

Mg,k represents the power regulation margin of
a single electric-fused magnesium furnace (∆Pt

Mg,k > 0 for power increase, ∆Pt
Mg,k < 0

for decrease); St
Mg,k is a state variable (St

Mg,k = 1, indicates active regulation, St
Mg,k = 0,

indicates no regulation).
In the electric-fused magnesium furnace smelting process, dynamic interval constraints on

single-furnace active power, with upper and lower limits as shown in Formula (3), are required to
prevent power overload-induced splashing accidents and ensure product qualification:

PMg, kmin ≤ Pt
Mg, k ≤ PMg, kmax (3)

In Formula (3), Pt
Mg,kmax and Pt

Mg,kmin are the maximum and minimum values of the
active power of the k-th electric-fused magnesium furnace, respectively.

2.3. Analysis of the Principle of Electric-Fused Magnesium Load-Absorbing Wind Power

Figure 2 illustrates the principle of the high-energy-consuming load of the electric-
fused magnesium furnace participating in the consumption of wind power.

In Figure 2, PG,max and PG,min denote the thermal power plant’s output limits, with its
adjustable range between the upper and lower black dotted lines. The grid’s wind power
accommodation capacity depends on the difference between load and thermal output,
shown as the area between the sum of wind power and the minimum output of thermal
power (the green curve) and the load.
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Figure 2. Electric-fused magnesium load participating in wind power absorption.

During peak consumption (e.g., daytime), wind speed is often low or unstable, while
at night or in the windy season, it is stronger, but load levels are low, creating wind power’s
reverse regulation characteristic. As shown in t1~t2 and t3~t4 of Figure 2, low-load periods
have the lowest wind accommodation and are prime times for curtailment. When large-
scale wind power exceeds thermal plants’ regulation range, fully absorbing it increases
thermal units’ deep peak regulation pressure, risking shutdowns. To ensure system safety
and economy, grids cannot always absorb all wind power, causing curtailment, especially
during low-load and high thermal output. By comparison, when the sum of minimum
thermal power and wind power exceeds load consumption, the high-energy-consuming
electric-fused magnesium furnace load’s participation in regulation reduces the power
system’s wind curtailment area from the left light blue region to the right light green region,
as Equation (4) shows:

E = ∑
(

Pt
W + Pt

G − Pt
L − Pt

Mg

)
∆T (4)

In the formula, Pt
Mg = 0 indicates that the high-energy-consuming load of the electric-

fused magnesium furnace does not participate in the consumption of wind power, and
Pt

Mg = 1 indicates that the high-energy-consuming load of the electric-fused magnesium
furnace participates in the consumption of wind power.

The high-energy-consuming load of the electric-fused magnesium furnace has enor-
mous adjustment potential and consumption benefits. When conventional power sources
fail to meet the fluctuations in wind power output and the load demand, the high-energy-
consuming load of the electric-fused magnesium furnace can be activated to ensure power
balance. As a result, it can enhance the wind power consumption capacity and reduce
wind curtailment.

3. Two-Layer Source–Load Coordination Optimization Model
3.1. The Upper-Layer Model

The main objective of the upper-layer optimal scheduling model is to minimize the
wind curtailment power in the system as much as possible, based on satisfying various
constraints, such as those of thermal power plants, wind power plants, and loads. The
objective function of the upper-layer optimal model is Equation (5):

minECurt =
T

∑
t=1

NMg

∑
k=1

(
Pt

W + Pt
G − Pt

L − Pt
Mg,k − ∆Pt

Mg,k

)
∆T (5)

In Equation (5), T is the number of time periods in the day-ahead scheduling cycle,
and its value is taken as 24; Pt

W is the total active power output of all wind power plants
in time period t; Pt

G is the total active power output of all thermal power plants in time
period t; Pt

L is the active power of the system’s conventional load in time period t; NMg is
the number of electric-fused magnesium furnaces.



Energies 2025, 18, 5361 5 of 19

The constraint conditions include the day-ahead power balance constraint of the
system, the operation constraint of the thermal power plant, the upper and lower limit
constraints of the day-ahead output of wind power, the upper and lower limit constraints
of the adjustment power of the electric-fused magnesium load, and the number of load
adjustment times of the electric-fused magnesium furnace, etc.

1 The active power balance constraint within the system:

T

∑
t=1

(Pt
W + Pt

G) =
T

∑
t=1

Pt
L +

NMg

∑
k=1

(Pt
Mg,k + ∆Pt

Mg,k)

 (6)

2 The constraint conditions for the day-ahead output of wind power:

0 ≤ Pt
W ≤ Pt

W fore (7)

In the formula: Pt
fore is the predicted total active power output of the wind farm in

time period t.

3 The constraint conditions for the output of the thermal power plant.

The upper and lower limit constraints of the day-ahead output power of ther-
mal power:

PG min ≤ Pt
G ≤ PGmax (8)

The ramp rate constraint of the day-ahead output of thermal power:

PG cli,min ≤
∣∣∣Pt

G − Pt−1
G

∣∣∣ ≤ PG cli,max (9)

In the formula: Pt
G is the total active power output of all thermal power plants in

the time period t; Pt
Gcli,max and Pt

Gcli,min are, respectively, the maximum value and the
minimum value of the total ramp rate of all thermal power plants on a day-ahead basis.

4 The upper and lower limit constraints of the adjustment power of the electric-fused
magnesium load:

∆Pt
Mg min ≤

NMg

∑
k=1

∆Pt
Mg,k ≤ ∆Pt

Mg max (10)

In the formula, ∆Pt
Mg,max and ∆Pt

Mg,min are the maximum and minimum al-
lowable power, respectively, for the electric-fused magnesium furnace’s high-energy-
consuming load.

5 The constraint on the number of adjustment times of the electric-fused magne-
sium load:

0 ≤

T
∑

t=1

∣∣∣St
Mg,k−St−1

Mg,k

∣∣∣
2

≤ M (11)

In the formula, during the production process of the electric-fused magnesium furnace,
the number of adjustments should be less than its maximum number of adjustments M.

3.2. The Lower-Layer Model
3.2.1. The Deep Peak Regulation Cost Model of Thermal Power Units

Figure 3 presents the schematic diagram for the deep peak regulation of thermal power
units, where Pi,max denotes the maximum technical output, Pi,a represents the minimum
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technical output for conventional operation, and Pi,b and Pi,c correspond to the minimum
outputs for the first and second stages of deep peak regulation, respectively.

,maxiP
,aiP,biP

,ciP0

Basic Peak RegulationStage 1 Deep Peak 

Regulation

Stage 2 Deep Peak 

Regulation

Figure 3. Schematic diagram of deep peak regulation of thermal power units.

When the output of the thermal power unit is between Pi,max and Pi,a, the thermal
power unit is in the conventional peak regulation state; when the output is between Pi,a

and Pi,b, the thermal power unit is in the first stage of deep peak regulation state; an output
between Pi,b and Pi,c indicates the second deep peak regulation stage, while zero output
signifies a shutdown state.

1. Coal consumption cost.

When the thermal power unit operates within the conventional peak regulation load
range (usually within the range of 50% to 100% of the rated load), its operating character-
istics are mainly manifested as the fuel consumption rate under the reference operating
condition. Under this operating condition, only the conventional coal consumption cost is
considered, and the calculation is as follows:

Fcoal
i,t = aiP2

i,t + biPi,t + ci (12)

In the formula, ai, bi, and ci are the coal consumption characteristic coefficients of unit
i after economic conversion; Pi,t is the generated power of the thermal power unit.

2. Additional costs in the deep peak regulation stage.

When a thermal power unit enters a deep peak regulation state, its operating costs are
no longer limited to conventional coal consumption. A comprehensive deep peak regula-
tion cost model should integrally consider the following four components: (1) equipment
wear cost (Equations (13) and (14)); (2) auxiliary fuel cost (Equation (15)); (3) environmental
additional cost (Equation (16)); and (4) electricity quantity loss cost (Equation (17)). There-
fore, the total additional cost for deep peak regulation of a single unit is the sum of the
above items (Equation (18)).

When the thermal power unit is in the deep peak regulation stage, due to the low-cycle
fatigue loss and creep loss under the action of alternating stress, there exists the wear cost of
the unit. The wear cost of the i-th thermal power unit at time t can be calculated according
to Formula (13):

Fabr
i,t =

1
2Ni,t(Pi,t)

τFunit (13)

Ni,t(Pi,t) = 0.00577(Pi,t)
3 − 2.682(Pi,t)

2 + 484.8Pi,t − 8411 (14)

In Formula (13), Fi,t
abr is the wear cost for deep peak regulation; Ni,t(Pi,t) is the number

of cycles causing rotor cracking, which can be calculated by the Manson–Coffin formula [19];
Funit is the purchase cost of the unit; τ is the actual operation loss coefficient of the unit; in
this paper, when considering the two-stage deep peak regulation of the unit, τ1 and τ2 are
the wear coefficients of the first stage and the second stage, respectively.

Moreover, when thermal power units enter the second-stage deep peak regulation
mode, boiler combustion stability may be affected, requiring auxiliary combustion (e.g.,
oil injection or plasma ignition) and increasing combustion-supporting costs. While most
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units incur no such costs at 35% peak regulation depth due to flexibility retrofits, deeper
regulation depths and a complete cost system necessitate accounting for combustion-
supporting costs during deep peak regulation:

Foil
i,t = poilHoil

i (15)

In Formula (15), Fi
oil is the combustion-supporting cost for deep peak regulation; Hi

oil

is the fuel oil consumption of unit i; poil is the oil price in the current season.
China requires coal-fired plants to install efficient desulfurization and denitrification

devices during flexibility retrofits to comply with “Thermal Power Plant Air Pollution
Emission Standards” for SO2 and NOX. However, in second-stage deep peak regulation,
environmental equipment efficiency may decrease, leading to excessive emissions and fines.
Thus, the i-th unit’s additional environmental cost at time t is described by Formula (16):

Fev
i,t = pSVS∆λS

i,t + pNVN∆λN
i,t (16)

In Formula (16), Fi,t
ev is the additional environmental cost; pS and pN are, respectively,

the fines for excessive emissions of SO2 and NOX per unit volume of gas; VS and VN are,
respectively, the emission standards for SO2 and NOX per unit volume of gas; ∆λS

i,t and
∆λN

i,t are, respectively, the rates of excessive emissions of SO2 and NOX.
Notably, the revenue loss of thermal power units during deep peak regulation is often

overlooked. This loss should be treated as an opportunity cost and included in thermal
power generation’s cost system, calculated as follows [20]:

Floss
i,t,t∈Ti ,dp = ((Pi,a − Pi,t)∆T)Cprice,GC (17)

In Formula (17), Fi,t
loss is the cost of lost electricity revenue; Cprice,GC is the on-grid

electricity price of the thermal power unit; Ti,dp represents the set of time periods during
which the i-th thermal power unit conducts deep peak regulation.

Therefore, the additional cost of deep peak regulation of the thermal power unit can
be calculated as follows:

Fdp
i,t =


0, Pi,a ≤ Pi,t ≤ Pi,max

Fabr
i,t + Floss

i,t,t∈Ti,dp
, Pi,b ≤ Pi,t ≤ Pi,a

Fabr
i,t + Foil

i,t + Fev
i,t + Floss

i,t,t∈Ti,dp
, Pi,c ≤ Pi,t ≤ Pi,b

(18)

In Formula (18), Fi,t
dp is the total deep peak regulation cost of thermal power units.

3. Compensation revenue during the deep peak regulation stage.

At the same time, due to the participation of the thermal power unit in deep peak
regulation, it can receive compensation from the power grid company according to the
compensation price per unit of electricity Ccom. Then the compensation revenue is as follows:

Ci,t,t∈Ti,dp = ((Pi,a − Pi,t)∆T)Ccom (19)

3.2.2. Objective Function

The lower-layer model, based on minimizing the wind power curtailment in the
upper-layer model, optimally arranges the peak regulation structure of each thermal power
unit according to the optimized wind power consumption, the power of the high-energy-
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consuming load of electric-fused magnesium, and the total output of thermal power. The
objective is to minimize the system operation cost, which is as follows:

min

(
T

∑
t=1

N

∑
i=1

(Fcoal
i,t + Fdp

i,t − Ci,t,t∈Ti,dp
)

)
(20)

3.2.3. Constraints

The constraints include the power balance of each thermal power unit, the output
constraints, and the ramp rate constraints.

1. Power balance constraint of thermal power units:

PG,t =
N

∑
i=1

Pi,t (21)

2. Output constraint of thermal power units:

Pi,min ≤ Pi,t ≤ Pi,max (22)

In the formula: Pi,min and Pi,max are, respectively, the minimum output and the
maximum output of the thermal power unit i. In this paper, the lower limit of the output of
the thermal power unit takes into account its two-stage deep peak regulation.

3. Ramp rate constraint of thermal power units:

−Pi,down ≤ Pi,t − Pi,t−1 ≤ Pi,up (23)

−Pi,gramp ≤ Pdp
i,t − Pdp

i,t−1 ≤ Pi,gramp (24)

In the formula, Pi,up and Pi,down are, respectively, the upward ramp rate and the
downward ramp rate of the thermal power unit i during conventional peak regulation.
Pi,gramp and −Pi,gramp are, respectively, the upward ramp rate and the downward ramp
rate of the thermal power unit i participating in deep peak regulation.

4. Output constraint of units for deep peak regulation:

Pi,c ≤ Pdp
i,t ≤ Pi,a (25)

4. Solution Method
Two-layer optimization is a nested optimization that involves two layers of optimiza-

tion tasks with a hierarchical relationship, where the lower-layer optimization optimizes its
own objective function based on the solution provided by the upper-layer decision-making.
This paper establishes a two-layer optimization model to describe the source–load coordi-
nation optimization problem of high-energy-consuming electric-fused magnesium loads
participating in wind power consumption. The proposed hierarchical relationship model
between the upper and lower layers is shown in Figure 4.
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Figure 4. Bi-level optimization model for synergizing renewable integration capacity and economic efficiency.

The left part of the figure represents the upper-layer optimization model: Inputs
include wind power and conventional load forecasts. The objective is to minimize wind
curtailment, with constraints encompassing power balance, upper and lower limits of wind
power output, thermal power unit output, and ramp rate restrictions. The outputs are the
system’s wind curtailment and total thermal power output.

The right part of the figure corresponds to the lower-layer optimization model: It
takes the total thermal power output from the upper-layer model as input. The goal is to
minimize the total cost of thermal power units, and the final output includes the breakdown
of various cost components and the total cost.

The hierarchical optimization model established in this paper belongs to a mixed-
integer nonlinear programming (MINLP) problem at the lower level. In order to reduce
the difficulty of solving the problem, linearization is required. Equation (12) of the lower-
layer model is processed by piecewise linearization [21]. This transformation converts
the original MINLP formulation into a mixed-integer linear programming (MILP) model.
Finally, the commercial solver CPLEX 12.10 is used for solving it based on the Python
3.7 environment.

5. Analysis of Calculation Examples
5.1. Assumptions Section

Taking an actual regional system as an example to verify the effectiveness of the
proposed model. The power supply structure of the system is shown in Table 2, and some
operational parameters of the thermal power units are presented in Table 3.

Table 2. Composition structure of the source and load.

Type Capacity/MW Unit

Wind Power 1800 ——
Conventional load 2000 ——

Thermal Power (3033 MW)

150 G1
275 G2–G4
284 G5, G6
310 G7, G8
435 G9, G10

Electric-fused magnesium load 200 M1—M6
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Table 3. Partial operational parameters of thermal power units.

Maximum
Out-

put/MW

Minimum
Out-

put/MW

Ramp
Rate/(MW/h) a/($/MW2·h) b/($/MW·h) c/($/h)

150 45 60 0.2038 19.80 88.8
275 82.5 70 0.0645 22.00 153.0
284 85.2 80 0.0490 20.50 182.0
310 93 80 0.0450 21.62 192.0
435 130.5 120 0.0211 21.05 1313.6

All dispatched thermal power units, G1 through G10, have completed flexibility
retrofitting and now possess two-stage deep peak regulation capability. Their minimum
technical output Pi,a, first-stage deep peak regulation minimum output Pi,b, and second-
stage deep peak regulation minimum output Pi,c are consistently maintained at 50%, 40%,
and 30% of the rated power, respectively. The retrofitted units exhibit no degradation in
peak regulation capacity due to equipment aging, ensuring reliable long-term participation
in deep peak regulation operations.

The wear cost calculation during deep peak regulation of thermal power units employs
fixed wear coefficients. For the first-stage deep peak regulation, the wear coefficient τ1 is
1.2, while for the second-stage deep peak regulation, the wear coefficient τ2 is 1.5 [22,23].
This methodology is derived from the Manson–Coffin fatigue life theory. The current model
does not account for dynamic effects of unit operational history or start–stop cycles on wear
coefficients. Future research should incorporate long-term operational data to develop
optimized time-varying wear models.

All thermal power units have been equipped with high-efficiency desulfurization and
denitrification systems. During conventional operation and first-stage deep peak regulation,
the environmental protection equipment efficiency complies with the Thermal Power
Plant Air Pollutant Emission Standards, incurring no additional emission penalties. Only
during second-stage deep peak regulation does the efficiency of environmental protection
equipment decrease, resulting in fixed exceedance rates of 5% for both SO2 and NOX

emissions, denoted as ∆λS
i,t and ∆λN

i,t, respectively. The corresponding penalty rates for
emission exceedance are set at pS = 667 yuan/(mg/m3) for SO2 and pN = 842 yuan/(mg/m3)
for NOX [24,25]. The compensation standards for the two-stage deep peak regulation are
set at Ccom-1 = 250 yuan/(MWh) for the first stage and Ccom-2 = 500 yuan/(MWh) for the
second stage. The feed-in tariff for thermal power units is 0.372 yuan/(kWh).

All electric-fused magnesium loads within the region are centrally dispatched and
managed by a unified load aggregator, enabling synchronized response to power regulation
commands with a response delay of no more than 5 min. All electric-fused magnesium
furnaces operate under 24 h continuous production mode, with coordinated production
schedules across all magnesium plants. This ensures no refusal or delay in peak regulation
due to individual enterprise production requirements. The power regulation range for
a single electric-fused magnesium furnace is fixed at 85% to 120% of its rated capacity.
During regulation processes, the molten pool temperature is maintained within the feasible
temperature range, preventing product quality issues or production safety accidents caused
by power fluctuations.

The typical daily load forecast curve is shown in Figure 5.
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To further analyze the impact of the proposed model on the system, this study estab-
lishes three schemes:

Scheme 1: A bi-level model that considers neither wind power uncertainty nor the
regulation of fused magnesium load.

Scheme 2: A bi-level model that considers only the impact of wind power uncertainty,
without incorporating fused magnesium load regulation.

Scheme 3: A bi-level model that considers both wind power uncertainty and fused
magnesium load regulation.

5.2. Typical Wind Power Scenario Generation

Figure 6 illustrates the wind power uncertainty set, which encompasses the various
uncertainty factors that must be considered in wind power generation. To estimate the
potential range of wind power output, multiple methods can be employed to construct
such an uncertainty set. Commonly used approaches include statistical methods based
on historical data and numerical simulation techniques. The process typically begins by
deriving predicted values from historical wind speed data. These values are then used
in Latin Hypercube Sampling (LHS) to generate multiple plausible wind speed scenarios,
thereby further refining the prediction range for wind power generation.
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Figure 6. Wind Power Uncertainty Set.

The scenario reduction method based on the Kantorovich distance was employed
to eliminate scenarios with high redundancy and low probability, ultimately yielding
five typical scenarios, as illustrated in Figure 7. Since the five generated typical scenarios
exhibit broadly similar characteristics, this chapter selects the first typical scenario, which
demonstrates the highest occurrence probability, to analyze wind power integration.
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Figure 7. Five typical wind power output scenarios diagram.

5.3. Analysis of Results

The comparison of the system’s overall peak regulation effect indicators under dif-
ferent schemes is presented in Table 4. When comparing Scheme 1 and Scheme 2, after
incorporating wind power uncertainty, both the thermal power coal consumption cost
and the system operation cost increase to a certain extent. When comparing Scheme 2
and Scheme 3, after introducing the regulation of high-energy-consuming electric-fused
magnesium loads, the thermal power coal consumption cost decreases by 7.33%, and the
system cost decreases by 8.85%.

Table 4. Comparison of system total peak regulation costs and wind curtailment rates among
different schemes.

Scheme
The Coal Consumption

Cost of Thermal
Power/$

System Operation
Cost/$

The Wind
Curtailment

Rate/%

1 3,204,922.451 3,541,972.168 4.53

2 3,372,160.349 3,728,462.535 4.71

3 3,124,824.102 3,398,621.326 3.72

Figure 8 shows the absorption situation of the system’s wind power under differ-
ent schemes. Wind curtailment mainly occurs during the 1–10 time periods across all
three schemes. By comparing Scheme 1 and Scheme 2, it is evident that after incorporat-
ing wind power uncertainty, the wind power accommodation rate during the 1–10 time
periods decreases significantly. Additionally, wind curtailment also emerges in the 22nd
time period. When comparing Scheme 2 and Scheme 3, it is obvious that after consider-
ing the regulation of high-energy-consuming electric-fused magnesium loads, the wind
curtailment volume during the 1–10 time periods is drastically reduced.

Figures 9–11 respectively show the overall output of the system and the situation of
wind curtailment for Schemes 1, 2, and 3. It can be observed that during the period from
00:00 to 09:00, thermal power units maintained a low output level to accommodate wind
power and participated in deep peak regulation on multiple occasions. When comparing
Scheme 1 and Scheme 2, after considering wind power uncertainty, thermal power units
reduced their power output more frequently. This is not conducive to the stable operation of
thermal power units and also has a negative impact on economic efficiency. By comparing
Scheme 1 and Scheme 3, it can be seen that even when the impact of wind power uncertainty
is taken into account, the output characteristics of thermal power units can still maintain a
good state after the introduction of electric-fused magnesium loads. Furthermore, the wind
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curtailment situation has also been improved, which is intuitively reflected in the complete
accommodation of wind power during the period from 06:00 to 09:00.
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Figure 8. Comparison of wind power absorption at different times under different schemes.
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Figure 9. The overall output of the system and the situation of wind curtailment of Scheme 1.
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Figure 10. The overall output of the system and the situation of wind curtailment of Scheme 2.

The power curve of the high-energy-consuming electric-fused magnesium load after
it participates in regulation is shown in Figure 12.

In Scheme 3, the electric-fused magnesium load is actively regulated to complement
system dynamics. During the late-night wind peak and load valley (01:00–06:00), its power
is increased to absorb surplus wind energy. This increase is maintained during the morning
load peak (07:00–11:00) to stabilize the system. The load remains elevated in the afternoon
(13:00–17:00) to offset rising wind generation. Finally, during the evening peak (18:00–22:00)
when thermal units are near maximum output, the load is strategically decreased to alleviate
regulation pressure.
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Figure 11. The overall output of the system and the situation of wind curtailment of Scheme 3.
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Figure 12. The regulation curve of the electric-fused magnesium load.

Figures 13 and 14 show the situations of thermal power units participating in deep
peak regulation in each time period under Scheme 1 and Scheme 3. Through comparative
analysis, at 01:00, in Scheme 1, four thermal power units are dispatched to participate in
deep peak regulation, among which one unit participates in the deep peak regulation of the
first stage and three units participate in the deep peak regulation of the second stage. While
in Scheme 2, it is optimized to have two thermal power units participating in deep peak
regulation, and the numbers of thermal power units participating in the first and second
deep peak regulations are one unit and one unit, respectively. At the moments of 02:00,
03:00, 09:00, 10:00, and 11:00, Scheme 3 correspondingly reduces the number of thermal
power units participating in deep peak regulation. Due to the participation of the high-
energy-consuming electric-fused magnesium load in Scheme 3, the deep peak regulation
structure of the thermal power units is further optimized, enabling more efficient and
economical allocation and utilization of the deep peak regulation resources of the thermal
power units.

In order to evaluate the impact on the peak regulation economy of each thermal power
unit in a more detailed manner, Table 5 presents the economic indexes of the deep peak
regulation of thermal power units under different schemes.
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Figure 13. The situations of thermal power units participating in Scheme 1.
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Figure 14. The situations of thermal power units participating in Scheme 3.

Table 5. The economic situation of the deep peak regulation.

Scheme Wear Cost of Deep
Peak Regulation/$

Fuel Consumption
Cost of Deep Peak

Regulation/$

Environmental
Additional Cost/$

Electricity
Quantity Loss

Cost/$

Compensation
Revenue of Deep
Peak Regulation/$

1 53,107.57 316,000.00 151,479.64 15,930.00 140,625.00
2 54,278.23 324,152.64 159,832.01 16,620.49 147,203.58
3 51,325.70 306,920.52 144,692.97 14,952.21 125,831.20

It can be seen from the analysis of the results in the table that Scheme 2 has the
highest costs in all categories among all schemes. This is because after incorporating wind
power uncertainty, the fluctuations in wind power output impose an additional burden
on the system, preventing the units within the system from generating power according
to the scheduled plan and thus increasing costs. Compared with Scheme 1, the deep peak
regulation cost of Scheme 2 increases by 3.55%. When comparing Scheme 2 and Scheme 3,
it is obvious that after considering demand response, all cost categories under Scheme 3
have decreased significantly. Specifically, the deep peak regulation cost of Scheme 3 is
4.93% lower than that of Scheme 2.

5.4. Sensitivity Analysis

We analyzed the impact of model outputs with respect to the frequency of wind
power fluctuation periods. In this sensitivity analysis, the maximum duration of wind



Energies 2025, 18, 5361 16 of 19

power fluctuation periods was set to 12 h. The sensitivity analysis results are shown in
Figure 15. As seen in Figure 15, there is a strong correlation between the total cost and the
frequency of wind power output fluctuations, indicating that the number of wind power
output fluctuations affects the total cost. When wind power output fluctuates significantly,
frequent grid adjustments are required to maintain a stable power supply, which may
involve activating more reserve generation units or adopting other methods to stabilize
the power supply. These additional costs are incorporated into the total cost, leading to an
increase in the overall cost.
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Figure 15. Sensitivity analysis.

5.5. Comparison of Solution Times Across Different Schemes

The comparison of model solution times across different schemes is presented in
Table 6. As shown in the Table, the total solution time of Scheme 2,3 is significantly
longer than that of Scheme 1; however, the solution efficiency of the three schemes falls
within an acceptable range. From the perspective of practical application scenarios for
day-ahead scheduling, both can quickly meet the computational efficiency requirements,
which ensures the timeliness of scheduling decisions.

Table 6. Simulation time for different schemes.

Scheme Solution Time/s

1 10.7256

2 15.3208

3 35.2910

6. Conclusions
This paper explores the inclusion of the high-energy-consuming electric-fused mag-

nesium load in the optimized dispatching of the power grid, and its joint participation in
the system peak regulation operation together with the deep peak regulation of thermal
power units. A hierarchical optimization model is established with the aim of minimizing
the wind curtailment volume and the operation cost of the system. Finally, taking an actual
regional system with a relatively high proportion of wind power as an example, this paper
verifies the effectiveness of the proposed strategy and conducts an in-depth analysis of
the economic and technical impacts on the deep peak regulation of thermal power units.
Through the research, the following conclusions are drawn:

(1) The proposed hierarchical optimization strategy significantly enhances wind power
absorption capacity, improves the overall peak regulation performance of the system, and
reduces system operation costs.

(2) The study investigates the impact of wind power uncertainty, adopts the scenario
method to simulate wind power uncertainty, and uses CPLEX for solution in combination
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with the case study. Simulation results show that wind power uncertainty exerts a sig-
nificant impact on the system: it substantially increases the system’s economic costs and
wind curtailment volume, which is detrimental to the stable operation of thermal power
units. However, after considering the high-energy-consuming electric-fused magnesium
loads, the negative impacts caused by wind power uncertainty can be effectively mitigated,
thereby enhancing the system’s wind power absorption capacity and reducing system
operation costs.

(3) This study directly contributes to the achievement of emission reduction targets
by mitigating wind curtailment and optimizing the operational efficiency of coal-fired
power units. Although the emission intensity of coal-fired units increases during deep peak
regulation due to reduced combustion efficiency and the use of auxiliary fuels, the proposed
strategy indirectly reduces SO2 and NOX emissions by shortening the duration of deep
peak regulation and lowering its depth. These characteristics strongly align with China’s
“Dual Carbon” goals and air quality improvement requirements, fully demonstrating the
environmental feasibility of the strategy. Furthermore, the research findings provide an
implementable framework for the “source-load coordination” mechanism emphasized in
national policies such as the Action Plan for the Low-Carbon Transformation of Coal-Fired
Power (2024–2027).

Discussion

Although this study validated the hierarchical optimization strategy using electric-
fused magnesium loads, the proposed two-layer source–load coordination framework
can be extended to other high-energy-consuming industrial processes. By leveraging
the adjustable power characteristics of high-energy-consuming loads and coordinating
them with the deep peak-shaving capabilities of thermal power, the framework effectively
mitigates renewable energy fluctuations in a cost-efficient manner. It is applicable to flexible
industrial loads such as steel-making electric arc furnaces, which require consideration
of stricter power variation rates and batch-specific constraints based on “heats”, and
aluminum electrolysis, where narrow-range slow adjustment and its impact on current
efficiency and product quality must be accounted for. This study provides a generalized
modeling framework for industrial load dispatch in systems with high penetration of
renewable energy.

For future research, the following directions can be explored: first, expand multi-
energy coupling scenarios by incorporating energy storage and hydrogen energy equipment
into the model, and study the “wind-thermal-storage-load-hydrogen” coordinated peak-
shaving strategy; second, optimize the dynamic parameter model, construct a time-varying
cost function by integrating the service life of thermal power units and fluctuations in the
prices of raw materials for electric-fused magnesium.
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