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The flexibility of power systems needs to be enhanced to address the volatility of renewable energy sources, and industrial loads on the demand side have significant potential to improve this flexibility. As a typical high-energy-consuming industrial load, electrolytic aluminum has advantages such as large individual capacity and strong power controllability. However, its participation in various types of grid interaction faces challenges such as unclear power control methods, impacts on normal production, and associated cost burdens. To address these issues, this paper analyzes the production process characteristics of electrolytic aluminum loads and establishes a power control model for these loads. It examines the effects of power regulation on normal production, explores the mechanisms behind regulation costs, and proposes a method for calculating these costs. Considering production safety constraints and power regulation constraints during grid interaction, the paper proposes a control strategy for electrolytic aluminum loads that incorporates process flow and regulation costs. In the case study, the above power control strategy is verified based on the production data of an electrolytic aluminum load. The results show that the above strategy can take into account the response requirements of the power grid and the safety requirements of the load production. A feasible scheme is proposed for the electrolytic aluminum industrial load to participate in the interactive control of the power grid.
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1 INTRODUCTION
The intensification of the greenhouse effect has drawn widespread global attention (Huang et al., 2021). Integrating renewable energy and developing low-carbon technologies can effectively reduce carbon emissions, making low-carbon green development the mainstream direction for the international community. Developing new power systems with a high proportion of renewable energy is one of the effective ways to achieve low-carbon green development in the future. Developing new power systems with a high proportion of renewable energy is one of the effective ways to achieve low-carbon green development in the future. Artificial intelligence-related technologies have been applied to smart grids to address the challenges brought by the large-scale integration of renewable energy into power systems (Cheng and Yu, 2019). The volatility and instability of new energy sources can affect the quality and frequency stability of the power system (Poncelet et al., 2016; Shu et al., 2017), posing new demands on the system’s ability to adapt to renewable energy. The ability of a power system to rapidly adjust itself based on power demand changes is known as the system’s flexibility. Enhancing this flexibility can be approached from the power generation side, the grid side, and the demand side (Cheng et al., 2022; Cheng et al., 2020). studies the bidding problem in the electricity market based on evolutionary game theory. However, improving flexibility on the power generation and grid sides faces challenges such as high equipment retrofit costs, environmental pollution, and stringent technical and safety requirements (Ren et al., 2021; Lin et al., 2017). On the demand side, reducing user load to balance supply and demand in the grid offers significant potential for enhancing system flexibility. Demand response, a method of demand-side management, can effectively improve power system flexibility. Reference (Cheng et al., 2021) investigates the decision-making problem in demand response management from the perspective of evolutionary game dynamics. Liu et al. (2015) analyzes the power characteristics of residential and commercial loads to integrate them into demand response. However, residential and commercial loads often have small individual capacities, high installation costs for power control terminals, and relatively low overall load response rates. In contrast, high-energy-consuming industrial loads on the demand side have large individual capacities and faster power response speeds (Ding et al., 2014), showing a strong willingness to participate in grid interactions and holding significant potential to enhance the flexibility of the power system (Shoreh et al., 2016). However, high-energy-consuming industrial loads face challenges in participating in grid demand response, such as unclear power control characteristics, potential impacts on normal production, and a lack of incentive mechanisms to enhance response benefits. As a result, the current level of participation of high-energy-consuming industrial loads in demand response is relatively low. In response to the above issues, the problem of power control for high-energy-consuming industrial loads has been widely studied. Paulus and Borggrefe (2011) identifies the regulation potential of high-energy-consuming industrial loads from the technical perspective of power adjustment based on industrial load production processes. Fan et al. (2024) proposes a method for assessing demand response potential based on the power characteristics of industrial loads. Regarding research on power control for different types of industrial loads, Tu et al. (2018) analyzes the power characteristics of steelmaking loads and proposes a power regulation method using the voltage-impedance coordination of electric arc furnaces. Liu et al. (2022) considers the power characteristics of magnesium electrolytic loads and suggests a method for integrating magnesium electrolytic loads into demand-side management. Jiang et al. (2022) addresses the power control characteristics of various loads such as steel and polysilicon and proposes a method for smoothing out renewable energy fluctuations. The electrolytic aluminum industry load is a typical high-energy-consuming industrial load with significant power regulation potential. Its process involves complex physical and chemical reactions, where power regulation can affect product quality and even production safety. Liao et al. (2018) points out that the electrolytic aluminum load has a large adjustable capacity, and brief power adjustments have little impact on normal production, indicating significant potential for power regulation. Based on the power characteristics of electrolytic aluminum loads, Liu et al. (2019) proposes a power control model for electrolytic aluminum participation in auxiliary services. However, research on the interaction of electrolytic aluminum with other types of grid interactions is relatively scarce. To address this issue, this paper uses electrolytic aluminum loads, a typical high-energy-consuming industrial load, as an example to propose a power control method for integrating electrolytic aluminum loads into multiple types of grid interactions, which can effectively enhance grid regulation flexibility. The main contributions of the paper are as follows:
1) Based on the power characteristics of electrolytic aluminum loads, a power control model for electrolytic aluminum industrial loads is established, and key production parameters and their control boundaries are identified.
2) The relationship between power regulation and anode effects is analyzed, and a method for calculating the power regulation costs associated with anode effects under continuous power regulation is proposed.
3) Considering the time scales of multiple types of grid interactions, a power control strategy is proposed based on the production safety requirements of electrolytic aluminum industrial loads and the needs for power regulation, taking into account the process flow and regulation costs.
The rest is organized as fellows: The second section introduces the process flow of electrolytic aluminum loads and the power control model. The third section discusses the impact of power regulation on the production of electrolytic aluminum loads and the associated regulation costs. The fourth section presents the control methods for integrating electrolytic aluminum industrial loads into multiple types of grid interactions. The fifth section provides a simulation analysis of electrolytic aluminum load interactions with the grid under different scenarios. The final section contains conclusions and a summary.
2 ANALYSIS OF THE PROCESS FLOW AND POWER CHARACTERISTICS OF THE ELECTROLYTIC ALUMINUM INDUSTRY LOADS
This section mainly introduces the process flow and power regulation characteristics of electrolytic aluminum industrial loads, analyzes the feasibility of power regulation for these loads, and establishes a power regulation model for electrolytic aluminum industrial loads.
2.1 Analysis of the process flow for electrolytic aluminum industrial loads
Electrolytic aluminum industrial loads are typical high-energy-consuming industrial loads, and their process flow involves complex physical-chemical reactions. The process flow includes: electrolytic refining, anode assembly, casting, and auxiliary melting. The electrolytic refining process is the core production stage of the electrolytic aluminum industry, accounting for over 90% of the total energy consumption of the entire process. The anode assembly stage involves cleaning, crushing, and assembling new anodes. The casting stage processes aluminum through electrolytic heating. The auxiliary smelting stage provides oxygen and transports raw materials for the three aforementioned stages. Given the high energy consumption of the electrolytic refining stage and the complex power regulation characteristics of other process stages, the analysis of the power regulation potential in the electrolytic aluminum industry focuses solely on the electrolytic refining stage.
In the electrolytic refining process, the modern electrolytic aluminum industry generally uses alumina as the solute and molten cryolite as the solvent. Under high-temperature conditions, electrolytic cells facilitate the electrochemical reaction between the electrodes to produce aluminum. The primary equipment used is the electrolytic cell. In the cryolite-alumina molten salt electrolysis method, a direct current of several hundred kiloamperes is typically passed through, creating an electrochemical reaction between the electrodes. The product at the cathode is molten aluminum, while the product at the anode is carbon dioxide gas. Schematic diagram of the production process for electrolytic refining is illustrated in Figure 1.
[image: Figure 1]FIGURE 1 | Schematic diagram of the production process for electrolytic refining.
In electrolytic refining process, thermal balance is crucial for aluminum production. The process requires maintaining the electrolytic cell within a high-temperature range, which is controlled by adjusting the direct current supplied. Prolonged power adjustments can affect the state of the molten cryolite in the cell, and during the start of production, it's important to prevent cryolite from solidifying to avoid “freezing of the cell,” which can significantly impact production safety and economic benefits. However, the electrolytic cell has a large thermal inertia, allowing it to maintain suitable refining temperatures for a longer period even when power decreases. Therefore, short-term power adjustments have minimal impact on thermal balance. Interruptions in the cell lasting from a few minutes to 3 h might affect aluminum production, but they will not cause cryolite to solidify. Thus, short-term power adjustments have little effect on production, indicating the feasibility of power control in electrolytic aluminum industrial loads.
In electrolytic refining process, the direct current passing through the electrolytic cell is collected into the DC bus after being rectified by multiple sets of rectifier bridges. The topology of the electrolytic refining process is shown in Figure 2.
[image: Figure 2]FIGURE 2 | The topology of the electrolytic refining process.
In electrolytic refining process, the load tap-changing transformer, rectifier transformer, and saturation reactor convert AC into DC through the rectifier bridge. The saturation reactor, which is connected in series, mainly eliminates the anode effect during the electrolytic process. When the anode effect causes an increase in the DC side voltage, the saturation reactor mitigates this by increasing the voltage drop through changes in its inductance. The normal voltage drop across the saturation reactor is around 20 V, with a maximum designed value of 60 V, which can offset the 30–40 V DC voltage variation caused by the anode effect. In the electrolytic aluminum industry load, the electrolytic refining process is divided into different series, each of which is independent. Within these series, all electrolytic cells are connected in series, while the rectification part involves parallel rectification of all rectifier units. All electrolytic cells can be equated to a series resistance and a series back electromotive force. There is a linear relationship between the DC voltage and the DC current of the electrolytic cell, which can be expressed as Equation 1:
[image: image]
Where EAL,i represents the equivalent back electromotive force of series i, RAL,i represents the equivalent resistance of series i, UB,i is the DC side voltage of series i, and Id,i is the DC side current of series i. The equivalent back electromotive force and equivalent resistance of the series are parameters to be identified, which can be determined through parameter identification of the DC voltage and DC current. Therefore, the equivalent circuit diagram of the electrolytic cells within a series can be represented as shown in Figure 3.
[image: Figure 3]FIGURE 3 | The equivalent circuit diagram of the electrolytic cells.
Where UAH,i represents the high-voltage side voltage of series i, UAL,i represents the low-voltage side voltage of series i, and USR,i is the voltage drop across the saturation reactor of series i. The power characteristics of electrolytic refining can be expressed as shown in Equations 2, 3 (Jiang et al., 2014).
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Where PAL,i represents the active power consumed by the electrolytic refining series i, and kAL,i is the tap ratio of the on-load tap changer for series i. From the above power characteristics, it is evident that the power of the electrolytic refining process can be adjusted by regulating the tap ratio of the on-load tap changer and controlling the voltage drop across the saturation reactor. However, the participation of electrolytic aluminum industry loads in multi-type grid interactions requires consideration of different time scales. Adjusting the ratio of an on-load tap-changing transformer typically takes several seconds, while adjusting the taps of a multi-tap transformer may take tens of seconds. In such cases, it cannot meet the grid frequency regulation requirements at the second scale. If the method of changing the voltage drop of a saturated reactor is adopted, power regulation can be completed within tens of milliseconds. To meet the time scale requirements for multi-type grid interactions, this paper considers regulating the voltage drop of the saturated reactor to achieve power regulation of the electrolytic aluminum industry load. For a series of electrolytic cells, the regulation of the saturation reactor is divided into individual and total adjustments. Individual adjustment refers to controlling a single saturation reactor, which has limited power regulation capability. Usually, power regulation in the electrolytic refining process is achieved through total adjustment, where instructions are issued to simultaneously adjust the voltage drops of all saturation reactors. The voltage drop of the saturation reactor has regulatory constraints; excessive voltage drop may cause the saturation reactor to lose its effect of eliminating anode effects, while insufficient voltage drop affects power regulation. The constraints on the voltage drop regulation of the saturation reactor are shown in Equation 4:
[image: image]
Where USR,imin,USR,imax represent the minimum and maximum voltage drops of the saturation reactor required for production safety in the electrolytic refining process. It is assumed that, within the same series of electrolytic refining processes, all saturation reactors have the same voltage drop value when regulating power.
In summary, the power regulation of the electrolytic refining process for electrolytic aluminum industry loads is feasible. The power consumed by different series in the electrolytic refining process of electrolytic aluminum can be expressed as shown in Equation 5:
[image: image]
Where [image: image] represents the power consumed by the electrolytic refining series i during time period t, [image: image] is the rated power of the electrolytic refining series i, and [image: image] denotes the power regulation state of the electrolytic refining series i. This regulation state, achieved through adjusting the voltage drop of the saturation reactor, has the same threshold as the saturation reactor itself, and is expressed as shown in Equation 6:
[image: image]
Where [image: image], [image: image] are the lower and upper limits of the power regulation ratio for the electrolytic refining process. It is important to note that load switching has a significant impact on the production of the electrolytic refining process, so this paper only considers continuous power regulation of the electrolytic refining process through the saturation reactor.
It is important to note that changes in the temperature of the electrolytic cell have a significant impact on the electrolytic aluminum production process. The production of electrolytic aluminum requires high-temperature and high-current density conditions, so variations in the electrolytic cell temperature can affect both the yield and quality of the electrolytic aluminum. When the temperature of the electrolytic cell exceeds the rated temperature, the increase in temperature will lead to a rise in the conductivity of the electrolyte and the rate of the electrolytic reaction. However, if the temperature is too high, it can cause the formation of bubbles and crusts on the surface of the aluminum metal. Additionally, variations in the electrolytic cell temperature can also affect the physical and chemical properties of the electrolyte, such as solubility, viscosity, density, and other characteristics, leading to changes in the electrolyte’s properties and impacting current efficiency, which in turn affects the yield and quality of the electrolytic aluminum. Moreover, changes in the electrolytic cell temperature can also influence the lifespan of the refractory materials and equipment of the electrolytic cell. Excessive temperature can accelerate the wear and corrosion of the equipment, thereby shortening its service life. Therefore, when participating in power regulation for the electrolytic refining process, the temperature within the electrolytic cell needs to be considered. The energy conversion within the electrolytic cell during the electrolytic refining process mainly involves the conversion of electrical energy to thermal energy, potential energy, and energy losses. Here, it is assumed that electrical energy conversion to useful energy and energy losses are constant, meaning that the temperature changes within the electrolytic cell are only influenced by the active power regulation of the electrolytic refining process. When the active power in the electrolytic refining process changes, the temperature variation in the electrolytic cell can be expressed as shown in Equation 7:
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Where [image: image] represents the change in power for the electrolytic refining series i, cimi denotes the product of the specific heat capacity and mass of the molten aluminum in electrolytic cell series i, and [image: image] is the change in temperature of the molten aluminum in electrolytic cell series i. During the time period t, changes in the active power for the electrolytic refining series i will affect the temperature within the electrolytic cell. The temperature constraint for the electrolytic refining series i is given by Equation 8.
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Where [image: image] represents the temperature of the molten aluminum in electrolytic cell series i during time period t, and [image: image], [image: image] denote the lower and upper temperature limits, respectively, for the molten aluminum in electrolytic cell series i.
3 CALCULATION METHOD FOR LOAD POWER REGULATION COSTS IN THE ALUMINUM ELECTROLYSIS INDUSTRIAL LOADS
The process flow in electrolytic aluminum industry involves numerous complex physical and chemical reactions, and power regulation can affect the production order. It is necessary to calculate the cost of power regulation to quantify its impact on normal production. Different production states in the electrolytic refining stage vary, and by quantifying the cost of power regulation for different series, decisions can be made regarding the sequence of series participating in power regulation, which helps to minimize the impact of power regulation on normal production.
When regulating power during the electrolytic refining stage, it is important to consider the anode effects and loss costs due to temperature changes. Since short-term power regulation has minimal impact on the electrolytic cell’s temperature, temperature-related loss costs are not considered here. The anode effect significantly impacts normal production in the electrolytic aluminum industry, and its control costs need to be considered. Typically, losses from the anode effect are categorized into four areas: electrical energy loss, raw material loss, atmospheric pollution loss, and the cost of extinguishing the anode effect. The anode effect increases cell voltage, thereby raising energy consumption. The increased voltage typically converts electrical energy into heat during production, causing a rapid rise in temperature between the cell electrodes and spreading around the anode, leading to substantial raw material volatilization. Additionally, the anode effect produces gases harmful to the atmospheric ozone layer, which adds to atmospheric pollution costs. Extinguishing the anode effect requires additional raw materials. Regulation costs in aluminum electrolysis loads can be expressed as Equations 9–13:
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Where [image: image], [image: image], [image: image], [image: image], [image: image] represent electrical energy loss, raw material loss, atmospheric pollution loss, the cost of extinguishing the anode effect, and the cost loss per occurrence of the anode effect, respectively. [image: image] denotes the change in cell voltage caused by the anode effect, tan represents the duration of the anode effect, [image: image] is the electricity price, p is the cost price of raw materials, m refers to the quantity of raw material loss, Kcon is the atmospheric pollution loss cost, typically a constant value, [image: image] is the amount of raw materials required to extinguish the anode effect, and c is the unit price of these extinguishing materials. However, using the static cost loss of the anode effect to assess the impact of power regulation on production during the adjustment of the saturated reactor voltage drop is not practically meaningful. During the regulation process, on one hand, the larger the voltage adjustment, the greater the change in electrolytic current, which increases the likelihood of gas bubbles accumulating on the anode, thereby triggering the anode effect. On the other hand, the more the voltage of the saturated reactor deviates from its rated value, the worse its current stabilization ability becomes, which alters the reaction environment in the anode electrolytic cell and increases the risk of anode effect. Therefore, this context considers the deviation value of the saturated reactor voltage and uses a quadratic function to describe the probability of the anode effect occurring in a dynamic process, as shown in Equation 14:
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Where [image: image] is the probability of the anode effect occurring during the time period t, b1 and b2 are the relevant coefficients, and [image: image] is the rated value of the saturated reactor voltage drop. It is worth noting that b1 and b2 are parameters derived from the frequency of anode effect occurrences during the power regulation of electrolytic aluminum industry loads. Their accuracy directly affects the precision of the cost calculation for power regulation in electrolytic aluminum loads.
In summary, the cost associated with power regulation in the electrolytic refining process can be expressed as Equation 15:
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Where [image: image] is the total control cost due to the anode effect during the time period t. Considering that the electrolytic aluminum industry load comprises various electrolytic refining series, the control cost arising from power regulation when the electrolytic aluminum industry load interacts with multiple types of the power grid can be expressed as Equation 16:
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Where [image: image] is the total power regulation cost incurred by the electrolytic aluminum industry load interacting with multiple types of the power grid, [image: image] is the total duration of power regulation for the electrolytic aluminum industry load, I is the total number of electrolytic refining series, and [image: image] is the cost incurred from power regulation for the electrolytic refining series i during time period t.
4 STRATEGIES FOR THE ELECTROLYTIC ALUMINUM INDUSTRY LOAD TO PARTICIPATE IN MULTIPLE TYPES OF POWER GRID INTERACTIONS
When electrolytic aluminum industry load participates in multiple types of power grid interactions, it is necessary to consider the impact of power regulation on its normal production. Based on the cost of power regulation, a load power regulation plan should be developed to minimize the costs incurred due to power regulation.
The main method for power regulation of the electrolytic aluminum industry load is through saturation reactors. Saturation reactors can adjust their own voltage drop within a very short time, allowing the electrolytic aluminum industry load to meet the power grid’s interaction control requirements across different time scales. Types of grid interactions generally include frequency regulation and demand response. In different types of grid interactions, the time scale of period t varies. Typically, power users participating in multiple types of grid interactions must meet power regulation capacity requirements. For grid interaction control with shorter time scales, such as aiding the grid in accommodating renewable energy, the power regulation requirements are specifically represented as shown in Equations 17–19:
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Where [image: image] is the power regulation demand of the electrolytic aluminum industry load during time period t, [image: image] is the actual regulated power of the electrolytic aluminum industry load during time period t, [image: image] is the baseline power of the electrolytic aluminum industry load during time period t, and [image: image] is the actual active power of the electrolytic aluminum industry load during time period t.
For grid interaction control with longer time scales, such as participating in demand response, load power curve collection is conducted over a specific time period t. During the specified time period, it is necessary to meet the capacity response requirements, as specifically represented in Equation 20.
[image: image]
Where [image: image] is time scale for calculating the response capacity, and [image: image] is the demand for load response capacity within this time scale.
When electrolytic aluminum industry load participates in different types of grid interactions, it prioritizes the impact of its power regulation on normal production. Its strategies for participating in various types of grid interaction control are as shown in Equation 21.
[image: image]
5 EXAMPLE AND RESULT
5.1 Description of the example
To verify the effectiveness of the electrolytic aluminum load’s participation in different types of grid interaction control strategies, considering process flow and regulation costs, this section sets up scenarios where an electrolytic aluminum industrial load participates in grid fast power regulation, demand response, and other activities. The relevant production data for the electrolytic aluminum load is shown below.
Assuming the electrolytic aluminum industrial load has 3 production series in its electrolytic refining stage, with the number of electrolytic cells being 320, 310, and 335 respectively. The cells are of the same type, with a direct current (DC) current of 445 kA under normal operating conditions and a saturation reactor voltage drop of 20 V. The series equivalent resistances calculated from production data are 2.8764, 2.7865, and 3.0112 mΩ, and the series equivalent electromotive forces are 496.44, 425.28, and 531.9 V, respectively. The load baseline is its rated power during normal operation, as it needs to maintain a stable DC current. The control range for the saturation reactor voltage drop is 0–70 V. The cost of anode effects for different series is 9,500, 8,700, and 10,500 yuan. The anode effect occurrence probability coefficients b1 are 1/6,400, 1/6,200, and 1/7,000, and b2 coefficients are 1/4,000, 1/3,700, and 1/4,500. The temperature limits in the electrolytic cells are 970 and 950°C. The existing power control strategy for electrolytic aluminum industry loads distributes the power that needs to be regulated equally across different electrolytic refining series.
5.2 Electrolytic aluminum industrial load participating in grid fast power regulation scenarios
When the electrolytic aluminum industrial load participates in grid fast power regulation scenarios, the time scale for power regulation requirements is generally not slower than the second level. Assuming the grid issues a power regulation instruction with a total duration of 40 s, the power regulation instruction is shown in Figure 4.
[image: Figure 4]FIGURE 4 | Power regulation demand curve for electrolytic aluminum industrial load.
Based on the above power regulation strategy, the power regulation states of different series in the electrolytic refining stage of the electrolytic aluminum industrial load and the changes in the saturation reactor voltage drop are shown in Figures 5, 6.
[image: Figure 5]FIGURE 5 | Power regulation states of different series in the electrolytic refining stage during fast power regulation.
[image: Figure 6]FIGURE 6 | Changes in saturation reactor voltage drop for different series in the electrolytic refining stage during fast power regulation.
In the above power regulation scenario, the overall cost incurred by the electrolytic aluminum industrial load participating in power regulation amounts to 180,950 yuan. During the interaction of the electrolytic aluminum industrial load with the grid, the overall power in the electrolytic refining stage can follow changes in the power regulation instruction. Throughout the entire power regulation process, the voltage drop of the saturation reactors in different series remains within the normal operating range, and the voltage drop changes in different series are similar. This indicates that the above power regulation strategy ensures normal production of the electrolytic aluminum load while minimizing the cost incurred from power regulation. As shown in Figure 5, each stage’s power regulation capacity accounts for about 5% of the rated capacity. Short-term regulation has a minimal impact on the normal production of the electrolytic aluminum industrial load, so the effect of temperature changes is not considered at this time.
5.3 Electrolytic aluminum industrial load participating in grid demand response power regulation scenarios
When the electrolytic aluminum industrial load participates in grid demand response power regulation, the typical time scale for power regulation requirements is 15 min. Assuming a total response duration of 5 h, the response demands for different hours are: 246,000, 254,000, 255,250, 268,000, and 264,000 kWh. The anode effect caused by power regulation over a longer time scale has a greater impact on the normal production of the electrolytic aluminum load, leading to increased costs of 142,500, 130,500, and 157,500 yuan. Assuming the temperature of the electrolytic refining stage is maintained at 960°C, the power regulation states of different series, voltage drop changes in saturation reactors, and the temperature changes of the electrolytic cell are shown in Figures 7–9, with the power regulation effects detailed in Table 1.
[image: Figure 7]FIGURE 7 | Power regulation states of different series in electrolytic refining during demand response.
[image: Figure 8]FIGURE 8 | Voltage drop changes of different series of saturation reactors in electrolytic refining during demand response.
[image: Figure 9]FIGURE 9 | Temperature change states of different series of electrolytic cells in electrolytic refining during demand response.
TABLE 1 | Response effect.
[image: Table 1]The power regulation cost incurred by the electrolytic aluminum industrial load participating in the above-mentioned demand response scenario is 453,470 yuan. Based on the calculation results, it can be seen that the electrolytic aluminum industrial load’s participation in demand response can meet the power regulation capacity requirements. During the power regulation period, the voltage drop across the saturation reactors consistently meets the normal operational requirements. The temperature of the electrolytic cells decreased by only about 6°C throughout the entire response process, which has almost no impact on the normal production order of the electrolytic aluminum industry, validating the effectiveness of the proposed power regulation strategy.
If the conventional power regulation strategy is used, where the capacity response demand is evenly distributed across different electrolytic refining series, the electrolytic aluminum industry load would still meet the power regulation capacity requirements. During the power regulation period, the voltage drop across the saturated reactor would also meet normal operating requirements. However, the power regulation cost in this case would be 453,787 yuan. This result demonstrates that the aforementioned power regulation strategy, while meeting production safety requirements, reduces the power regulation costs for the electrolytic aluminum industry load’s participation in grid interactions compared to the conventional power regulation method.
6 CONCLUSION
This paper addresses the issue of electrolytic aluminum industry loads participating in multi-type grid interactions, which can affect normal production processes. It proposes a control strategy for electrolytic aluminum load participation in multi-type grid interactions, taking into account the production process and regulation costs. Based on the characteristics of the electrolytic aluminum production process, key power regulation parameters of critical production equipment are analyzed, and a power regulation model for electrolytic aluminum industry loads is proposed, along with the regulation boundaries of key production parameters. The mechanism of anode effect generation during the electrolysis process is studied, and a method for calculating the cost of power regulation resulting from the anode effect is introduced, considering the dynamic nature of continuous power regulation. The strategy integrates production safety constraints of the electrolytic aluminum load and the power regulation capacity constraints for grid interactions, considering the time scale requirements of different types of interactions. A power regulation strategy is proposed, factoring in both the production process and the costs of power regulation. Finally, the proposed power regulation strategy is validated through simulations under different grid interaction scenarios. The simulation results show that the strategy effectively meets grid regulation needs while minimizing the impact of power regulation on normal electrolytic aluminum production. This provides a feasible and effective solution for the participation of electrolytic aluminum industry loads in multi-type grid interactions. In future research, the strategy will be further refined by considering the specific characteristics of the electrolytic aluminum production process for participation in multi-type grid interactions.
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