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Abstract


The industrial motor systems account for 45% of global electricity consumption. A life cycle model is established to quantify the potential environmental benefits of typical adjustable permanent magnet drives (APMDs, 1250 kW) versus variable frequency drives (VFDs) in China. The model covers mining of metals, manufacturing, operation, and recycling phases of APMDs, incorporating empirical data from China’s 3232 coal-fired units. Four scenarios are set up: business-as-usual, moderate, aggressive, and full-retrofit. Key findings demonstrate that APMDs reduce operational energy consumption by 94.5% compared to VFDs through significantly declining frequency conversion losses and cooling requirements. The life cycle carbon emissions of APMDs (29.7 tonnes CO2_eq) represent merely 5% of VFDs emissions (570 tonnes CO2_eq), achieving a 95% reduction. Within APMDs’ footprint, recycling contributes a 45% emission offset (−13.3 tonnes CO2-eq), while operational efficiency drives the majority of the reduction. Sensitivity analysis identifies electricity emission factors, NdFeB production emissions, and metal recycling rates as primary sensitivity drivers (sensitivity index ST = 0.80). Scenario simulations confirm that the aggressive retrofit strategy (covering high- and moderate-potential units) could reduce annual GHG emissions of 3.12 million tonnes CO2_eq., with corresponding 89% decreases in particulate matter (PM). This research demonstrates that APMDs are an effective pathway for the low-carbon transition in coal power systems. Their large-scale implementation can potentially necessitate breakthroughs in tiered retrofit policies, thereby providing crucial technological support for industrial carbon neutrality.
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1. Introduction


In the electrification era, industrial motor systems constitute a critical nexus within the global energy infrastructure, accounting for approximately 45% of electricity consumption [1,2,3]. Among these systems, pumps and fans—widely deployed in the power generation, metallurgy, and chemical industries—contribute 30–55% of total industrial energy use [4]. Most pumps and fans currently employ variable-frequency drives (VFDs) based on power electronics [5,6]. While VFDs achieve IE4 (superpremium efficiency) and outperform traditional drives in energy utilization [3,7], their potential upgrade to IE5 (ultrapremium efficiency) remains constrained by three critical barriers [8,9]. First, converter losses (5–8% of system energy) and auxiliary cooling requirements (>300,000 kWh/MW annually) create an ironic situation in which efficiency improvements paradoxically increase consumption [10]. This contradicts global industrial carbon neutrality goals. Projections indicate that maintaining current technologies would limit emission reductions from high-efficiency motors to ~2.5 billion tonnes CO2_eq by 2030 [11,12], with motor systems contributing 1.23 billion tonnes CO2_eq (29% of China’s industrial emissions) [13]. Second, high-order harmonics (THD≥30%) generated by insulated gate bipolar transistors cause voltage distortion, which threatens precision equipment security [14,15]. Furthermore, the life cycle maintenance costs for medium-voltage VFDs exceed 120% of the initial capital investment (per analyses of industry leaders, including ABB and Siemens), primarily because of the recurrent replacement of capacitors and cooling fans [16,17]. Thus, the development of novel speed-regulation technologies reconciling high efficiency, operational reliability, and environmental compatibility represents a critical necessity for industrial decarbonization.



APMD technology enables contactless torque transmission via magnetic field coupling, with its fundamental breakthrough in the slip power recovery mechanism [18,19]. Exemplified by the wound-rotor permanent magnet adjustable-speed drives, this technology recovers slip energy through rectification and inversion for grid feedback when the load speed falls below the motor speed, achieving up to 98% comprehensive system efficiency under 75–100% load conditions, representing a 12–15% improvement over VFDs’ typical 83–86% efficiency range in comparable applications [20,21]. The resultant advantages include near-zero harmonic pollution (eliminating power electronics interference), 60% reduced maintenance costs from lower failure rates, and stable wide-range speed regulation (<5% torque fluctuation across 0–100% loads). These technological merits have spurred significant global regulatory responses: the EU’s 2019 Eco-design Directive establishes efficiency thresholds achievable by APMDs for IE3/IE4 compliance while classifying NdFeB magnets as strategic materials [22,23]; simultaneously, China’s GB 30253-2024 standard establishes permanent magnet motor efficiency thresholds alongside 15–20% procurement subsidies [24,25]; and the U.S. Inflation Reduction Act provides 25% advanced manufacturing tax credits for permanent magnet production [26]. However, critical research gaps persist, particularly regarding holistic life cycle assessment (LCA) comparing the environmental impacts of APMDs and VFDs. Most current LCAs terminate at cradle-to-gate boundaries or narrowly focus on NdFeB recycling [27,28], failing to quantify systemic synergies between operational efficiency gains and end-of-life recovery [29]. Further limitations include overdependence on idealized operating conditions rather than empirical industrial validations [30,31].



APMD systems demonstrate broad applicability across the power generation, manufacturing, and transportation sectors [32,33,34]. Within China’s dual carbon goal framework, APMDs integration into coal-fired power plants emerges as a critical pathway for enhancing operational efficiency and reducing carbon intensity. As of 2024, coal-dominated power generation still constituted nearly 60% of China’s energy supply [35] and contributed approximately 50% of national carbon emissions [36]. With more than 140 GW of coal power capacity nationwide, auxiliary systems—including boiler feed pumps, induced draft fans, and circulating water pumps—primarily utilize traditional drives such as hydraulic couplings and induction motors. These systems consume 7–12% of total electricity output [37], whereas APMD technology eliminates inherent energy losses in mechanical transmission (e.g., 15–20% slip losses in hydraulic couplings and 7% friction losses in gears), thereby achieving substantial energy conservation and emission reduction [38]. Furthermore, APMDs enhance grid stability through torque response times <100 ms, which is crucial for load-following operations, while their oil-free operation and patented dust-proof encapsulation extend maintenance intervals, thus reducing operational costs. This positions APMDs as an indispensable solution for reconciling coal power’s base-load role with decarbonization imperatives during China’s energy transition [39]. Notably, the energy-saving potential of motor systems depends not only on intrinsic efficiency but also on demand-side operational patterns, as demonstrated by load-profile optimization in Brisbane’s public transport network [40]. This underscores the need for context-specific implementation strategies.



In this study, an LCA model for a 1250 kW APMD was developed, encompassing rare earth mining, manufacturing, use phase, and end-of-life recycling. The model quantifies and compares the environmental impacts of APMDs and VFDs across five key categories: climate change, fine particulate matter formation, fossil resource depletion, photochemical ozone formation, and terrestrial acidification. With a focus on auxiliary systems within Chinese coal-fired power plants, this work analyses the implementation potential and environmental benefits of APMDs technology in this sector. As a case study grounded in real-world applications, this research addresses a critical research gap in the field. It provides a robust scientific foundation for decarbonizing China’s coal power infrastructure.




2. Methodology


2.1. Boundary and Functional Unit


This study focused on the APMDs, an electromechanical drive system comprising copper conductor disks and neodymium-based rotor assemblies, aimed to evaluate the environmental impact differences between APMDs and VFDs, and further promoted the green transformation of coal-fired power systems. Torque transmission occurs through adjustable air gaps (0.1–10 mm) between rotating components, enabled by gap-regulation arms that dynamically modulate magnetic coupling efficiency (Figure 1).



The assessment employed a cradle-to-grave life cycle boundary, structured across four phases:




	
Upstream processes: Resource extraction (rare earth, copper, and steel) and material production.



	
Manufacturing: Component fabrication (permanent magnet rotors and winding stators) and assembly.



	
Use phase: 30-year operational energy consumption and maintenance.



	
End of life: Disassembly, material recycling, and waste treatment.








We selected one of the most widely adopted power ratings (1.25 MW) as the study object, defining the functional unit as having a 30-year lifespan. The critical in-scope elements include the following:




	
Material/energy flows of primary materials (NdFeB magnets and copper windings)



	
Emission vectors from key industrial processes



	
Slip-power recovery during operation



	
Material recycling contributions








Exclusions encompassed infrastructure construction and transportation, with minor contributions to total impacts [41,42]. The boundary enabled holistic environmental burden quantification while maintaining methodological rigor.




2.2. Data Collection and Inventory Analysis


This life cycle assessment documented distinct resource profiles for APMDs and VFDs systems. The APMDs production phase consumed critical materials [43], including 72 kg of neodymium–iron–boron magnets, 4616 kg of steel, 54 kg of stainless steel, 265 kg of copper, 6.3 kg of epoxy board, 168 kg of chromium, and 18 kg of graphite. During operation, 169.8 thousand kWh of electricity, 270 carbon brushes, 90 kg of lubricant, and 5 collector rings. Its end-of-life recycling yielded 3532.1 kg steel and 251.75 kg copper. Conversely, VFDs manufacturing uses 2750 kg of steel, 1060 kg of copper, 30 kg of composite panels, 7.5 kg of waterproof membranes, and 63 kg of electronic components, with an operational consumption of 3087 thousand kWh of electricity and 30 kg of lubricant. VFD recycling results in the recovery of 2612.5 kg steel and 1007 kg copper. The inventory demonstrated the reliance of APMDs on strategic materials versus the higher operational energy intensity of VFDs. The detailed composition of each component material was shown in Table 1.




2.3. Method of LCIA


The LCA in this study employed a standardized methodology framework in which the carbon footprint was calculated using the global warming potential over a 100-year horizon (GWP100) approach in accordance with ISO 14067 [44], whereas the quantification of other environmental impact categories utilized the ReCiPe 2016 midpoint characterization model.




2.4. Scenario Settings


In this study, the distribution and unit capacity data of coal-fired power plants in mainland China were first obtained from Global Energy Monitor (https://globalenergymonitor.org/), encompassing a total of 3232 units with a combined capacity of 1170.89 GW. Given the significant variations in installed capacity and commissioning year, the units were classified into three potential groups (high, moderate, and low) on the basis of the following criteria: (1) high-potential units: capacity > 300 MW and commissioned after 2000 (1960 units); (2) moderate-potential units: capacity > 300 MW and commissioned between 1990 and 1999 (171 units); and (3) low-potential units: capacity < 300 MW (1101 units). A 1.25 MW APMD was considered for replacing the circulating water pumps in coal-fired units, matching the 1.25 MW drive system specified in this study. According to actual power requirements, the number of APMDs required per unit is further stratified within each potential group as follows:




	(1)

	
High-potential group:



	
Capacity [300, 500) MW: 2 × 1.25 MW APMDs



	
Capacity [500, 800) MW: 4 × APMDs



	
Capacity ≥ 800 MW: 6 × APMDs







	(2)

	
Moderate-potential group:



	
Capacity [300, 500) MW: 1 × APMDs



	
Capacity [500, 800) MW: 3 × APMDs



	
Capacity ≥ 800 MW: 5 × APMDs







	(3)

	
Low-potential group:



	
Capacity ≥ 200 MW: 1 × APMDs



	
Capacity < 200 MW: Deemed to have no retrofitting value.












Consequently, full replacement would require an estimated 6552 APMDs. On the basis of this framework, this study investigated the environmental benefits of replacing current drive systems with APMDs.



Furthermore, four scenarios were established: (1) business as usual (BAU): no APMDs retrofitting, continuing the current technology pathway (assumed to be all variable-frequency drives); (2) moderate (MOD): retrofitting only high-potential units; (3) aggressive (AGG): retrofitting both high- and moderate-potential units; and (4) FULL: retrofitting all unit types.





3. Results


3.1. Life Cycle Environmental Impacts


The comparative LCA between APMDs and VFDs reveals distinct environmental impact patterns across the production, usage, and recycling stages, as substantiated by comprehensive inventory data and visualized through bridge plots and radar charts (Figure 2). This analysis employed a standardized methodological framework, including climate change (kg CO2_eq), fine particulate matter formation (kg PM_eq), fossil depletion (kg oil _eq), photochemical ozone formation (kg NOX_eq), and terrestrial acidification (kg SO2_eq).



For both technologies, the production and usage stages contribute significantly to environmental burdens because of intensive material extraction, manufacturing emissions, and operational energy consumption, as previously described in the material flow inventory. Specifically, APMD production involves high inputs of rare-earth elements (e.g., neodymium–iron–boron magnets) and structural materials such as steel and copper, resulting in elevated initial impacts; this contrasts with VFDs production, which consumes substantial amounts of copper and electronics but is dominated by high electricity usage (e.g., 3087 MWh for VFDs vs. 169.8 MWh for APMDs) and associated losses from power conversion inefficiencies. Conversely, recycling provides critical offsets through resource recovery—the APMD excels here owing to the reclaimable value of its magnets and metals, yielding up to 3532.1 kg steel and 251.75 kg copper in recycling credits, whereas VFD recycling recovers 2612.5 kg steel and 1007 kg copper but with proportionally lower environmental benefits.



Radar chart quantification confirms the superior overall performance of the APMDs across all categories despite its higher production-phase burdens. APMDs demonstrate significant reductions across all environmental categories versus VFDs. Key findings include:




	
GWP: 95% reduction in cumulative emissions (29.7 vs. 570 t CO2_eq)



	
PMFP: 19.3% reduction (3.42 vs. 4.24 kg PM_eq)



	
FDP: 22.1% decrease (1820 vs. 2335 kg oil_eq)



	
POFP: 17.8% decrease (9.7 vs. 11.8 kg NOX_eq)



	
AP: 14.6% decrease (12.3 vs. 14.4 kg SO2_eq)








This systemic advantage stems from the APMDs’ operational efficiency in noncontact torque transmission and its recyclability, which partially mitigates its rare-earth dependency. The findings highlight the APMDs as a viable decarbonization technology for industrial applications, contingent on enhanced rare-earth recovery infrastructure to maximize recycling benefits. Future research should investigate hybrid designs that optimize material efficiency in production while retaining operational gains to further advance sustainability outcomes.




3.2. Comparison of Carbon Footprints


The comparative carbon footprint analysis of APMDs and VFDs, as visually represented in Figure 3, reveals stark differences in greenhouse gas emissions across life cycles. With respect to APMD technology, the total global warming potential is 29.7 tonnes of CO2_eq, with distinct phase-specific contributions shaping this outcome. Production activities, primarily involving resource-intensive fabrication of neodymium iron–boron magnets and structural steel, contribute approximately 11.9 tonnes (40% of the total), whereas operational energy consumption during the usage phase is 31.1 tonnes (105%). Crucially, the recycling phase delivers a substantial environmental credit of −13.3 tonnes (−45%) through the recovery and reuse of valuable materials, including 3532 kg of steel and 252 kg of copper, significantly offsetting earlier emissions through circular economy mechanisms. In contrast, VFDs technology results in an order-of-magnitude greater carbon footprint at 570 tonnes CO2_eq, characterized by fundamentally different phase distributions. The production impacts remain relatively low at 13.1 tonnes (2.3% of total), reflecting less material complexity than those associated with APMDs, yet these impacts are dwarfed by the overwhelming operational burden of 564 tonnes (99%) stemming from protracted, energy-intensive usage. This operational dominance arises from power conversion inefficiencies compounded by ancillary thermal management requirements, resulting in electricity consumption reaching 3087 MWh—nearly twenty times higher than APMDs’ operational demand. The recycling contributions for the VFDs remain marginal at −10.3 tonnes (−1.8%) owing to the limited recovery potential of heterogeneous electronic assemblies despite the retrieval of 2612 kg steel and 1007 kg copper.



The technical distinctions underpinning these divergent profiles warrant emphasis. APMDs’ noncontact torque transmission design virtually eliminates friction losses that typically necessitate auxiliary cooling systems in VFDs, thereby reducing operational energy penalties despite its material-intensive production. Moreover, the high irreclaimability of APMDs’ rare-earth magnets and metals enable significant end-of-life carbon sequestration to be absent in VFDs architectures where integrated circuitry and mixed-material assemblies constrain recycling efficiency. Consequently, while both technologies exhibit production-phase carbon liabilities—APMDs from strategic materials such as chromium and graphite and VFDs from electronic components—their lifecycle divergence originates primarily from usage efficiency differentials and recyclability potential. Collectively, the APMD demonstrates a 95% carbon footprint reduction relative to the VFDs, establishing its viability for industrial decarbonization where variable-speed applications prevail. This advantage, however, remains contingent on advancing rare-earth recovery infrastructure to further mitigate production impacts, as current recycling offsets cannot fully compensate for APMDs’ initial material intensity. The findings underscore that operational energy savings and circular design principles—rather than production optimization alone—dominate carbon reduction pathways for industrial drive systems, suggesting that future research should prioritize innovations that hybridize APMDs’ operational superiority with VFDs’ material efficiency to achieve synergistic sustainability gains.




3.3. Sensitivity Analysis


The global sensitivity analysis conducted using the Sobol method implemented in Python 3.12 SALib revealed a highly skewed parameter importance structure (Figure 4). From the 155,648 parameter combinations generated through Saltelli sampling (N = 4096 base samples), the total-order sensitivity indices (ST) exhibited a striking polarization, with a single parameter dominating the model’s output variance. Specifically, the “Fc of electricity” parameter had an ST value of 0.80 (±0.01), indicating that it independently accounted for 80% of the total output variability. The next two most influential parameters were “Fc of NdFeB” and “recycling rate of steel”, with ST values of 0.08 and 0.07, respectively, collectively explaining an additional 15% of the variance. In contrast, the remaining parameters all exhibited ST values less than 0.02, suggesting their negligible contribution to the model’s output variability.



This extreme sensitivity concentration implies that the model’s behavior is governed primarily by the “Fc of electricity” parameter, whereas the other inputs play a relatively minor role within the current parameter space. Such a clear sensitivity structure provides a clear direction for reducing carbon footprint, suggesting that future research should focus on reducing the “Fc of electricity” and “Fc of NdFeB”, and increasing the “steel recycling rate”.




3.4. Scenario Analysis


The analysis presented in Figure 5 examines the reductions in potential carbon emissions and environmental impacts from adopting APMDs in China’s coal-fired power sector. The results demonstrate significant environmental benefits across multiple impact categories compared with the business-as-usual (BAU) scenario. In the BAU case, annual carbon emissions are projected to reach 3.543 Mt CO2_eq, whereas fine particulate matter emissions are projected to reach 1.183 kt, fossil fuel consumption is projected to reach 2.279 Mt of oil_eq, photochemical oxidant formation is projected to reach 4.284 kt NOx_eq, and acidification is projected to reach 3.794 kt SO2_eq. However, transitioning to a moderate (MOD) APMDs adoption scenario could reduce carbon emissions by 89% to 0.388 Mt CO2_eq, PM by 89% to 0.128 kt, fossil fuel use by 89% to 0.247 Mt oil_eq, photochemical oxidants by 89% to 0.456 kt NOx_eq, and acidification by 89% to 0.409 kt SO2_eq. Even greater environmental improvements are possible under more aggressive (AGG) and full (FULL) APMDs adoption scenarios. In the FULL case, carbon emissions decrease by 95% to 0.194 Mt CO2_eq, PM by 95% to 0.063 kt, fossil fuels by 95% to 0.123 Mt oil_eq, photochemical oxidants by 95% to 0.222 kt NOx_eq, and acidification by 95% to 0.202 kt SO2_eq. These findings highlight the significant potential for APMDs to deliver substantial environmental benefits in China’s coal power sector. Prioritizing the upgrade of high-potential power plants would be the most cost-effective approach, as it could achieve large-scale emissions reductions with relatively modest investments. Policy-makers and industry stakeholders should consider accelerating the adoption of APMDs technologies to realize these environmental and climate change mitigation advantages.





4. Discussion


4.1. Environmental Benefit Mechanism and System Advantages of APMDs


In this study, an LCA revealed the significant advantages of APMDs over VFDs in terms of carbon emission reduction and energy efficiency. The core findings indicate that APMDs can achieve a 95% reduction in lifecycle carbon emissions (29.7 tonnes vs. 570 tonnes CO2_eq, respectively). Energy savings during the operational phase constitute the dominant factor. By employing noncontact magnetic coupling transmission, APMDs eliminate power electronics conversion losses (5–8%) inherent in VFDs and the associated energy consumption of the cooling system. Consequently, the operational energy consumption of APMDs is merely 5.5% of that of VFDs (169.8 vs. 3087 MWh, respectively). The carbon compensation effect derived from material recycling is particularly pronounced for APMDs. The recycling of high-value materials (NdFeB magnets, copper, and specialty steel) contributes a significant negative 45% carbon offset. In contrast, VFDs achieve only a −1.8% offset because of the complexity of their electronic components and lower recycling rates. Enhanced system reliability indirectly decreases environmental impact. The dust-proof design and oil-free operation of APMDs reduce failure rates by 60%, thereby decreasing resource consumption associated with maintenance activities. Notably, although rare earth (NdFeB) mining during the APMDs production phase results in higher initial emissions (11.9 tonnes CO2_eq, accounting for 40% of its total footprint), this cost is fully offset by energy efficiency gains during the use phase and recycling benefits. This outcome validates the sustainable paradigm of “initial investment for long-term gains” in industrial green technologies [45].




4.2. Key Constraints in Technology Promotion


Sensitivity analysis revealed the vulnerability thresholds for the environmental benefits of APMDs (Figure 4). The “Fc of electricity” (ST = 0.80) parameter emerged as the primary source of sensitivity dominating the carbon footprint of APMDs. Taking China’s current coal-dominated power grid structure (60% share in 2024) as an example, a 0.1 kg CO2_eq/kWh increase in the grid carbon emission factor attenuates the carbon reduction benefit of APMDs by 22%. This highlights the deep coupling between technological benefits and energy structure transition—the carbon footprint of APMDs can be further reduced as grid decarbonization progresses. In other words, carbon reduction constraints on coal power systems serve as the primary driver for retrofitting transmission systems in coal-fired power plants [46]. Another critical constraint lies in rare earth supply chain risk. The “Fc of NdFeB” (ST = 0.08) and “recycling rate of steel” (ST = 0.07) parameters rank as the second and third most sensitive parameters, respectively. However, China’s current rare earth recycling rate remains below 5%, leading to an underestimation of the carbon offset potential during the recycling phase in the model. This finding aligns with the rationale behind the US Inflation Reduction Act’s designation of permanent magnets as strategic materials. Consequently, future technology iterations should prioritize “low-rare-earth magnet design” and “closed-loop material flow” pathways [26].




4.3. Renovation Path and Potential for Reducing the Emissions of Coal-Fired Power Systems


A scenario analysis based on 3232 coal-fired units (Figure 5) revealed that tiered emission reduction benefits from deploying APMDs in auxiliary systems. High-potential units (≥300 MW, commissioned post-2000) should be prioritized for retrofitting, as they demonstrate favorable carbon abatement economics compared to conventional drives and are also more practically significant relative to medium- and low-potential units. Under an “aggressive scenario” (retrofitting high- + medium-potential units), annual CO2_eq emissions from China’s coal power auxiliary systems could decrease from 3.543 million tonnes to 0.426 million tonnes, which is equivalent to reducing coal consumption by 1.2 million tonnes. This would concurrently mitigate secondary environmental burdens, including those of PM (−89%) and acidifying pollutants (−89%). The economic viability of this transition is emerging: compared with current practices where VFDs incur lifecycle maintenance costs reaching 120% of procurement expenses, APMDs reduce operation and maintenance costs by nearly 40% because they eliminate frequency converters and cooling requirements [16,47]. Furthermore, studies have indicated that asynchronous motors can be retrofitted into APMDs with limited investment to optimize environmental and economic returns [48]. Policy leverage could accelerate adoption by extending China’s GB 30253-2024 permanent magnet motor subsidies (15–20% procurement incentives) to transmission systems, while simultaneously integrating verified emission reductions—such as the 3.12 Mt CO2_eq/yr achievable under aggressive retrofit scenarios—into provincial carbon markets as tradeable credits. Furthermore, adopting the US Inflation Reduction Act’s strategic model of 25% tax credits for permanent magnet production would de-risk material supply chains. Collectively, these mechanisms incentivize ‘efficiency-for-carbon-quota’ strategies by leveraging both APMDs’ <100 ms torque response for grid stability and their quantified emission reduction potential.




4.4. Research Limitations and Future Directions


This study has several limitations that require further investigation. A primary limitation is the omission of permanent magnet recycling processes from the model. Although NdFeB magnets constitute 1.5% (72 kg per unit) of the APMDs mass, the current global rare-earth recycling rate is only 5–10%, and hydrometallurgical recycling routes generate hydrofluoric acid emissions [49]. Enhanced future recycling rates could further reduce the environmental impacts of APMDs, including their carbon footprint [50]. Second, the simplified system boundary may lead to an underestimation of benefits: the model did not account for the indirect benefits associated with grid harmonic mitigation, nor did it quantify the amplifying effect of dusty environments on the failure rate of VFDs.





5. Conclusions


Through LCA, this study demonstrates that replacing VFDs with APMDs significantly improves the environmental performance of auxiliary equipment in coal-fired power plants. The analysis establishes APMDs as a dual-enabler for coal power decarbonization through two novel advances: first, LCA proves recycling offsets (45%) amplify operational gains (94.5% energy reduction vs. VFDs), achieving 95% lifecycle carbon reduction; sensitivity analysis (ST = 0.80 for electricity factors) confirms APMDs benefits scale with grid decarbonization, while aggressive retrofits on high-potential units (>300 MW post-2000) unlock 3.12 Mt CO2_eq/year reductions while simultaneously cutting PM and associated pollutants by 89%.
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Figure 1. System boundary of life cycle assessment. 
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Figure 2. Environmental impact assessment of APMDs and VFDs. (a,f): Climate change (kg CO2_eq); (b,g): fine particulate matter formation (kg PM_eq); (c,h): fossil depletion (kg oil_eq); (d,i): photochemical ozone formation (kg NOX_eq); (e,j): terrestrial acidification (kg SO2_eq); (k): different life cycle inventory values for various impact categories. 
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Figure 3. Life cycle carbon footprint of (a) APMDs and (b) VFDs. 
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Figure 4. Sensitivity analysis of carbon emissions. Note: Fc refers to carbon footprint factors. 
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Figure 5. Potential carbon emission and environmental impact reduction resulting from the adoption of permanent magnet drive systems in China’s coal-fired power sector. (a). Changes in five types of environmental impacts under the four scenarios; (b). distribution of coal-fired power plants in mainland China; and APMDs replacement potential of coal-fired power plants in each province of mainland China. 
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Table 1. Inputs and outputs list of APMDs and VFDs.
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Drive

	
Stage

	
Input

	
Amount

	
Unit






	
APMDs

	
Production

	
NdFeB (neodymium iron boron)

	
72

	
kg




	
Steel materials

	
4616

	
kg




	
Stainless steel (1Cr18Ni9Ti)

	
54

	
kg




	
Copper (Cu)

	
265

	
kg




	
Epoxy board (3240)

	
6.3

	
kg




	
Graphite

	
18

	
kg




	
Chromium (Cr)

	
168

	
kg




	
Usage

	
Electricity

	
169.8

	
MWh




	
Recycling *

	
Steel

	
3532.1

	
kg




	
Copper

	
251.75

	
kg




	
VFDs

	
Production

	
Steel

	
2750

	
kg




	
Copper

	
1060

	
kg




	
Composite board

	
30

	
kg




	
Waterproof membrane

	
7.5

	
kg




	
Electronic circuit components

	
63

	
kg




	
Usage

	
Electricity

	
3087

	
MWh




	
Recycling

	
Steel materials

	
2612.5

	
kg




	
Copper (Cu)

	
1007

	
kg








* VFDs recycling rates assumed 85% steel and 70% copper recovery, based on empirical data from SG Electric Power Research Institute. Electronic components (e.g., PCBs) followed e-waste recycling norms with <30% recoverability due to material complexity.
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