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Fig. 1 Classification of industrial loads
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Tab.1 Comparison of flexibility characteristics in representative industrial scenarios
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Fig.2 Schematic of multi-energy flow coupling in the H-
DRI short-process
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Fig.3 Schematic of industrial users in power system flex-
ibility regulation across multiple timescales
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Abstract:

Significance Driven by carbon peaking and carbon neutrality goals, power systems are integrating an increasing share of renewable energy,
which is characterized by uncertainty, variability, and intermittency. Maintaining the supply—demand balance in power systems is thus difficult.
Therefore, power systems urgently require flexible resources that can provide effective balancing support. Supply-side flexibility still relies heav-
ily on thermal power units, which are increasingly constrained by carbon-reduction requirements and technical limits. It is therefore necessary to
further unlock the flexibility potential of demand-side resources. Industrial users are characterized by substantial electricity consumption, large
carbon-reduction potential, considerable adjustable capacity, and mature automation and control systems. At the technical level, they can improve
their process routes, while at the operational level, they can reschedule production batches and adjust equipment power. These measures create
flexibility that supports power-system balancing and low-carbon operation, making industrial users a major focus for developing demand-side
flexibility for carbon reduction. Industrial users are evolving from conventional loads into integrated resources that can function as generation,
load, and energy storage. This transition gives industrial users three main resource attributes. Distributed energy, self-owned power plants, and
waste-heat generation provide on-site power. Adjustable production loads can coordinate production with system dispatch. Electrical, thermal, hy-
drogen, and intermediate-product storage enable energy transfer across time. This paper reviews the process reconfiguration of industrial users in
supporting the low-carbon transition of power systems.

Progress First, the transition of industrial users from consumers to prosumers was summarized, outlining their basic characteristics and primary
resource classifications. Second, representative industrial scenarios were examined, including iron and steel, electrolytic aluminum, and cement.
For each process, the characteristics and flexibility mechanisms were analyzed. For the steel industry, special attention was given to the flexibility
differences among three process routes: the blast furnace-basic oxygen furnace long-process route, the scrap-based short-process route, and the
hydrogen-based direct reduced iron (H—DRI) short-process route. The multilevel regulation capability of electrolytic aluminum, which mainly
originates from the thermal inertia of aluminum reduction cells, was examined. The flexibility of the cement industry was considered in terms of
start—stop scheduling and smooth power adjustment. The industries were found to differ in their dominant flexibility mechanisms. Long-process
steelmaking mainly relies on self-generation fueled by byproduct gases. Scrap-based electric-arc-furnace (EAF) production can shift loads
through batch scheduling. In H-DRI processes, electrolyzers, hydrogen storage, and intermediate-product storage can be coordinated to provide
flexibility. Electrolytic aluminum provides a fast frequency response and multilevel load adjustment under thermal constraints. Cement plants
mainly adjust crushing, raw-material preparation, and grinding, with clinker kilns generally operating continuously. A three-dimensional modeling
framework was proposed for industrial users, covering physical characteristics, economic incentives, and carbon benefits to assess flexibility po-
tential based on the process reconfiguration of industrial users. The physical dimension focused on the coupling constraints among material and
energy flows. The economic dimension considered the willingness of users to provide flexibility. The carbon benefits dimension captured how
carbon-reduction benefits affect feasible regulation boundaries. The assessment enabled theoretical potential to be distinguished from actual avail-
able potential. Physical modeling could be applied to identify the feasible regulation region under equipment, production, material-balance, and
energy-coupling constraints. Economic modeling accounted for energy costs, production adjustment losses, operational risks, and management
costs. Carbon benefit modeling was needed to further incorporate marginal carbon emissions, green electricity consumption, carbon market com-
pliance, and product carbon footprint accounting. For flexibility control strategies enabled by the reconfiguration of industrial processes, coordina-
tion should be designed across short-, medium-, and long-term time scales. At short timescales, electrolytic aluminum is a representative resource

for a rapid frequency response. At medium timescales, batch processes, such as EAF steelmaking, can enable intraday load shifting. At long times-
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cales, electrolysis combined with hydrogen storage can support cross-seasonal balancing. These decisions must also account for multiple uncer-
tainties, including renewable energy output, market prices, product demand, equipment states, and material supply. The interactions among mul-
tiple market mechanisms, including electricity and carbon markets, should also be considered.

Conclusions and Prospects By participating in power system flexibility regulation, industrial users can promote renewable energy integration, re-
duce the carbon footprint of industrial products, and support the coordinated low-carbon transitions in the industrial and power sectors. Future re-
search should develop a unified model that captures material flows, energy flows, and industrial production constraints. Furthermore, it is essen-
tial to promote the deep integration of artificial intelligence with industrial production and power system control. Additionally, credible account-
ing frameworks for industrial carbon emissions and product carbon footprints must be established, alongside the improvement of multimarket ben-
efit allocation mechanisms. Ultimately, these developments will enable the large-scale, normalized, and market-driven participation of industrial
users in power-system flexibility regulation.

Key words: low-carbon transition; industrial users; power system flexibility; demand-side resources
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