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Abstract. Moisture-electric generators provide an innovative and sustainable method for
harvesting electricity directly from ambient atmospheric humidity through hygroscopic
interactions and ion transport processes. Among diverse architectures, those based on electrospun
nanofibers are particularly promising due to their high surface area, superior breathability,
mechanical flexibility, and seamless integration into wearable systems. This review provides a
comprehensive summary of recent advances in electrospun nanofiber moisture-electric
generators, with a focus on fabrication techniques via electrospinning, material optimization
through functional additives, device performance metrics, and emerging applications in self-
powered wearable electronics, sensors, and smart textiles. Significant improvements in power
output and durability have been reported in hybrid designs. Nonetheless, challenges in long-term
reliability, manufacturing scalability, and conversion efficiency hinder widespread adoption.
Future directions include multifunctional materials, asymmetric device designs, and scalable
production strategies to enable practical, battery-free power sources for next-generation wearable

technologies.

Citation: Rev. Adv. Mater. Technol., 2025, vol. 7, no. 4, pp. 268-279

View online: https://doi.org/10.17586/2687-0568-2025-7-4-268-279

View Table of Contents: https://reviewsamt.com/issues

REFERENCES

1. F. Odoi-Yorke, E.B. Agyekum, B. Tarawneh, F.L. Rashid, R. Nyarkoh, E. Mensah, P. Kumar,
M.A. Raza, Hydrovoltaic energy harvesting: A systematic review and bibliometric analysis of
technological innovations, research trends, and future prospects, Energy Conversion and
Management: X, 2025, vol. 27, art. no. 101126.


https://doi.org/10.17586/2687-0568-2025-7-4-268-279
mailto:al.v.rybalka@niuitmo.ru
https://doi.org/10.17586/2687-0568-2025-7-4-268-279
https://reviewsamt.com/issues
https://doi.org/10.1016/j.ecmx.2025.101126
https://doi.org/10.1016/j.ecmx.2025.101126
https://doi.org/10.1016/j.ecmx.2025.101126
https://doi.org/10.1016/j.ecmx.2025.101126
https://orcid.org/0009-0006-7937-5228
https://orcid.org/0000-0001-9949-5709
https://orcid.org/0000-0001-8357-3987
https://orcid.org/0000-0003-0122-0251

10.

1.

12.

13.

14.

15.

16.

17.

18.

19.

20.

21.

22.

L. Ma, M. Zhou, R. Wu, A. Patil, H. Gong, S. Zhu, T. Wang, Y. Zhang, S. Shen, K. Dong, L.
Yang, J. Wang, W. Guo, Z.L. Wang, Continuous and scalable manufacture of hybridized nano-
micro triboelectric yarns for energy harvesting and signal sensing, ACS Nano, 2020, vol. 14, no. 4,
pp. 4716-4726.

J. Fang, H. Niu, H. Wang, X. Wang, T. Lin, Enhanced mechanical energy harvesting using
needleless electrospun poly(vinylidene fluoride) nanofibre webs, Energy Environ. Sci., 2013, vol.
6, pp. 2196-2202.

X.-L. Shi, J. Zou, Z.-G. Chen, Advanced thermoelectric design: from materials and structures to
devices, Chem. Rev., 2020, vol. 120, no. 15, pp. 7399-7515.

L. Xie, S. Zhou, X. Li, X. Zhang, H. Zeng, Y. He, J. Zeng, K. Liang, L. Jiang, B. Kong, Engineering
2D aligned nanowires assembled porous hetero-membrane for smart ion transport, Small, 2023,
vol. 19, no. 11, art. no. e2206878.

X. Liu, H. Gao, J.E. Ward, X. Liu, B. Yin, T. Fu, J. Chen, D.R. Lovley, J. Yao, Power generation
from ambient humidity using protein nanowires, Nature, 2020, vol. 578, pp. 550-554.

D. Shen, W.W. Duley, P. Peng, M. Xiao, J. Feng, L. Liu, G. Zou, Y.N. Zhou, Moisture-Enabled
Electricity Generation: From Physics and Materials to Self-Powered Applications, Adv. Mater.,
2020, vol. 32, no. 52, art. no. 2003722.

Q. Wei, W. Ge, Z. Yuan, S. Wang, C. Lu, S. Feng, L. Zhao, Y. Liu, Moisture electricity generation:
Mechanisms, structures, and applications, Nano Res., 2023, vol. 16, pp. 7496-7510.

S. Esra Bolsu Kariper, 1. Afsin Kariper, Hydrovoltaic energy, Synth. Met., 2024, vol. 305, art. no.
117597.

T. Hu, K. Zhang, W. Deng, W. Guo, Hydrovoltaic Effects from Mechanical-Electric Coupling at
the Water—Solid Interface, ACS Nano, 2024, vol. 18, no. 35, pp. 23912-23940.

Z. Zhao, J. Fang, Q. Ni, Z. Xu, Sustainable Moisture-Electric Generator Based on Electrospun
PV A Membranes with Phytic Acid-Enhanced Proton Conduction, ACS Appl. Polym. Mater., 2025,
vol. 7, no. 21, pp. 14850-14860.

L. Wang, W. Zhang, Y. Deng, Advances and Challenges for Hydrovoltaic Intelligence, ACS Nano,
2023, vol. 17, no. 15, pp. 14229-14252.

Z.Zhang, X. Li, J. Yin, Y. Xu, W. Fei, M. Xue, Q. Wang, J. Zhou, W. Guo, Emerging hydrovoltaic
technology, Nature Nanotech., 2018, vol. 13, pp. 1109-1119.

X. Wen, Z. Sun, X. Xie, Q. Zhou, H. Liu, L. Wang, X. Qin, S.C. Tan, High-Performance Fully
Stretchable Moist-Electric Generator, Adv. Funct. Mater., 2024, vol. 34, no. 11, art. no. 2311128.
Q. Lyu, B. Peng, Z. Xie, S. Du, L. Zhang, J. Zhu, Moist-Induced Electricity Generation by
Electrospun Cellulose Acetate Membranes with Optimized Porous Structures, ACS Appl. Mater.
Interfaces, 2020, vol. 12, no. 51, pp. 57373-57381.

Y. Cho, J.W. Baek, M. Sagong, S. Ahn, J.S. Nam, [.-D. Kim, Electrospinning and Nanofiber
Technology: Fundamentals, Innovations, and Applications, Adv. Mater., 2025, vol. 37, no. 28, art.
no. 2500162.

P. Chen, G. He, B. He, Y. Li, C. Fu, S. Jiang, Q. Gao, Long-term and high electric output moist-
electric generator driven by all electrospun nanofiber-based Janus architecture, J. Mater. Sci.
Technol., 2025, vol. 225, pp. 31-39.

T. Tabrizizadeh, J. Wang, R. Kumar, S. Chaurasia, K. Stamplecoskie, G. Liu, Water-Evaporation-
Induced Electric Generator Built from Carbonized Electrospun Polyacrylonitrile Nanofiber
Mats, ACS Appl. Mater. Interfaces, 2021, vol. 13, no. 43, pp. 50900-50910.

J. Zhang, Y. Hou, L. Lei, S. Hu, Moist-electric generators based on electrospun cellulose acetate
nanofiber membranes with tree-like structure, J. Memb. Sci., 2022, vol. 662, art. no. 120962.

Y. Cao, B. Xu, Z. Li, H. Fu, Advanced Design of High-Performance Moist-Electric
Generators, Adv. Funct. Mater., 2023, vol. 33, no. 31, art. no. 2301420.

D. Thakur, H.J. Youn, J. Hyun, Heterogeneous bilayer system of cellulose nanofibers for a
moisture-enabled electric generator, Cellulose, 2025, vol. 32, pp. 3285-3298.

R. Xing, Y. Liu, J. Yan, R. Wang, X. Zhuang, G. Yang, High-performance, breathable and flame-
retardant moist-electric generator based on asymmetrical nanofiber membrane assembly, J.
Colloid Interface Sci., 2024, vol. 671, pp. 205-215.


https://doi.org/10.1021/acsnano.0c00524
https://doi.org/10.1021/acsnano.0c00524
https://doi.org/10.1021/acsnano.0c00524
https://doi.org/10.1021/acsnano.0c00524
https://doi.org/10.1039/C3EE24230G
https://doi.org/10.1039/C3EE24230G
https://doi.org/10.1039/C3EE24230G
https://doi.org/10.1021/acs.chemrev.0c00026
https://doi.org/10.1021/acs.chemrev.0c00026
https://doi.org/10.1002/smll.202206878
https://doi.org/10.1002/smll.202206878
https://doi.org/10.1002/smll.202206878
https://doi.org/10.1038/s41586-020-2010-9
https://doi.org/10.1038/s41586-020-2010-9
https://doi.org/10.1002/adma.202003722
https://doi.org/10.1002/adma.202003722
https://doi.org/10.1002/adma.202003722
https://doi.org/10.1007/s12274-023-5465-9
https://doi.org/10.1007/s12274-023-5465-9
https://doi.org/10.1016/j.synthmet.2024.117597
https://doi.org/10.1016/j.synthmet.2024.117597
https://doi.org/10.1021/acsnano.4c07900
https://doi.org/10.1021/acsnano.4c07900
https://doi.org/10.1021/acsapm.5c03158
https://doi.org/10.1021/acsapm.5c03158
https://doi.org/10.1021/acsapm.5c03158
https://doi.org/10.1021/acsnano.3c02043
https://doi.org/10.1021/acsnano.3c02043
https://doi.org/10.1038/s41565-018-0228-6
https://doi.org/10.1038/s41565-018-0228-6
https://doi.org/10.1002/adfm.202311128
https://doi.org/10.1002/adfm.202311128
https://doi.org/10.1021/acsami.0c17931
https://doi.org/10.1021/acsami.0c17931
https://doi.org/10.1021/acsami.0c17931
https://doi.org/10.1002/adma.202500162
https://doi.org/10.1002/adma.202500162
https://doi.org/10.1002/adma.202500162
https://doi.org/10.1016/j.jmst.2024.11.024
https://doi.org/10.1016/j.jmst.2024.11.024
https://doi.org/10.1016/j.jmst.2024.11.024
https://doi.org/10.1021/acsami.1c13487
https://doi.org/10.1021/acsami.1c13487
https://doi.org/10.1021/acsami.1c13487
https://doi.org/10.1016/j.memsci.2022.120962
https://doi.org/10.1016/j.memsci.2022.120962
https://doi.org/10.1002/adfm.202301420
https://doi.org/10.1002/adfm.202301420
https://doi.org/10.1007/s10570-025-06441-x
https://doi.org/10.1007/s10570-025-06441-x
https://doi.org/10.1016/j.jcis.2024.05.147
https://doi.org/10.1016/j.jcis.2024.05.147
https://doi.org/10.1016/j.jcis.2024.05.147

23

24.

25.

26.

27.

28.

29.

30.

31.

32.

33.

34.

35.

36.

37.

38.

39.

40.

41.

C. Ge, D. Xu, X. Feng, X. Yang, Z. Song, Y. Song, J. Chen, Y. Liu, C. Gao, Y. Du, Z. Sun, W.
Xu, J. Fang, Recent Advances in Fibrous Materials for Hydroelectricity Generation, Nano-Micro
Lett., 2025, vol. 17, art. no. 29.

X. Li, J. Li, K. Li, S. Zhang, Z. Yang, C. Zhang, J. Zhang, Y. Li, D. Zhang, Y. Liu, X. Hu, From
Fiber to Power: Recent Advances Toward Electrospun-Based Nanogenerators, Adv. Funct. Mater.,
2025, vol. 35, no. 13, art. no. 2418066.

F. Guo, Z. Ren, S. Wang, Y. Xie, J. Pan, J. Huang, T. Zhu, S. Cheng, Y. Lai, Recent Progress of
Electrospun Nanofiber-Based Composite Materials for Monitoring Physical, Physiological, and
Body Fluid Signals, Nano-Micro Lett., 2025, vol. 17, art. no. 302.

Y. Al Saif, R. Cselko, Revolutionizing Electrospinning: A Review of Alternating Current and
Pulsed Voltage Techniques for Nanofiber Production, Processes, 2025, vol. 13, no. 7, art. no. 2048.
P.P. Snetkov, S.N. Morozkina, I.M. Sosnin, D.A. Bauman, I. Hussainova, A.E. Romanov,
Electrospinning as a Method for Fabrication of Nanofibrous Photocatalysts Based on Gallium
Oxide, Phys. Status Solidi A, 2025, vol. 222, no. 4, art. no. 24006609.

D. Mailley, A. Hébraud, G. Schlatter, A Review on the Impact of Humidity during Electrospinning;:
From the Nanofiber Structure Engineering to the Applications, Macromol. Mater. Eng., 2021, vol.
306, no. 7, art. no. 2100115.

P. Rathore, J.D. Schiffman, Beyond the Single-Nozzle: Coaxial Electrospinning Enables
Innovative Nanofiber Chemistries, Geometries, and Applications, ACS Appl. Mater. Interfaces,
2021, vol. 13, no. 1, pp. 48-66.

E.J. Beaudoin, M.M. Kubaski, M. Samara, R.J. Zednik, N.R. Demarquette, Scaled-Up Multi-
Needle Electrospinning Process Using Parallel Plate Auxiliary Electrodes, Nanomaterials, 2022,
vol. 12, no. 8, art. no. 1356.

J. Lee, S. Moon, J. Lahann, K.J. Lee, Recent Progress in Preparing Nonwoven Nanofibers via
Needleless Electrospinning, Macromol. Mater. Eng., 2023, vol. 308, no. 9, art. no. 2300057.

A. Al-Abduljabbar, I. Farooq, Electrospun Polymer Nanofibers: Processing, Properties, and
Applications, Polymers, 2023, vol. 15, no. 1, art. no. 65.

Z. Sun, L. Feng, C. Xiong, X. He, L. Wang, X. Qin, J. Yu, Electrospun nanofiber fabric: an
efficient, breathable and wearable moist-electric generator, J. Mater. Chem. A, 2021, vol. 9, no.
11, pp. 7085-7093.

J. Zhao, Y. Tang, Comfort-driven all-fabric moist electric generators enable powering of portable
devices, Device, 2024, vol. 2, no. 4, art. no. 100328.

S. Yang, L. Zhang, J. Mao, J. Guo, Y. Chai, J. Hao, W. Chen, X. Tao, Green moisture-electric
generator based on supramolecular hydrogel with tens of milliamp electricity toward practical
applications, Nat. Commun., 2024, vol. 15, art. no. 3329.

H. Zhang, M. Sun, Q. Meng, H. Li, Y. Tian, Polymer engineering in hydrogel-based moisture-
electric generators for green energy harvesting, Soft Sci., 2025, vol. 5, art. no. 23.

F. Zhao, H. Cheng, Z. Zhang, L. Jiang, L. Qu, Direct Power Generation from a Graphene Oxide
Film under Moisture, Adv. Mater., 2015, vol. 27, no. 29, pp. 4351-4357.

D. Shen, M. Xiao, G. Zou, L. Liu, W.W. Duley, Y.N. Zhou, Self-powered wearable electronics
based on moisture enabled electricity generation, Adv. Mater., 2018, vol. 30, no. 18, art. no.
e1705925.

P. Faramarzi, B. Kim, J.B. You, S. Jeong, CNT-functionalized electrospun fiber mat for a
stretchable moisture-driven power generator, J. Mater. Chem. C, 2023, vol. 11, no. 6, pp. 2206—
2216.

B. Wang, M. Zhao, C. Li, W. Yang, Z. Chen, M. Gao, A. Riaz, Y. Lu, An MXene-based high-
power hybrid moisture electric generator for textile integration, Energy Environ. Sci., 2025, vol.
18, no. 22, pp. 9895-9906.

X. Li, R. Zhang, X. Ai, P. Tang, H. Wang, Y. Bin, Bacterial cellulose/reduced graphene oxide
bilayer films for moist-electric power generation, J. Mater. Chem. A, 2025, vol. 13, no. 12, pp.
8571-8579.


https://doi.org/10.1007/s40820-024-01537-8
https://doi.org/10.1007/s40820-024-01537-8
https://doi.org/10.1007/s40820-024-01537-8
https://doi.org/10.1002/adfm.202418066
https://doi.org/10.1002/adfm.202418066
https://doi.org/10.1002/adfm.202418066
https://doi.org/10.1007/s40820-025-01804-2
https://doi.org/10.1007/s40820-025-01804-2
https://doi.org/10.1007/s40820-025-01804-2
https://doi.org/10.3390/pr13072048
https://doi.org/10.3390/pr13072048
https://doi.org/10.1002/pssa.202400669
https://doi.org/10.1002/pssa.202400669
https://doi.org/10.1002/pssa.202400669
https://doi.org/10.1002/mame.202100115
https://doi.org/10.1002/mame.202100115
https://doi.org/10.1002/mame.202100115
https://doi.org/10.1021/acsami.0c17706
https://doi.org/10.1021/acsami.0c17706
https://doi.org/10.1021/acsami.0c17706
https://doi.org/10.3390/nano12081356
https://doi.org/10.3390/nano12081356
https://doi.org/10.3390/nano12081356
https://doi.org/10.1002/mame.202300057
https://doi.org/10.1002/mame.202300057
https://doi.org/10.3390/polym15010065
https://doi.org/10.3390/polym15010065
https://doi.org/10.1039/D0TA11974A
https://doi.org/10.1039/D0TA11974A
https://doi.org/10.1039/D0TA11974A
https://doi.org/10.1016/j.device.2024.100328
https://doi.org/10.1016/j.device.2024.100328
https://doi.org/10.1038/s41467-024-47652-3
https://doi.org/10.1038/s41467-024-47652-3
https://doi.org/10.1038/s41467-024-47652-3
https://doi.org/10.20517/ss.2025.05
https://doi.org/10.20517/ss.2025.05
https://doi.org/10.1002/adma.201501867
https://doi.org/10.1002/adma.201501867
https://doi.org/10.1002/adma.201705925
https://doi.org/10.1002/adma.201705925
https://doi.org/10.1002/adma.201705925
https://doi.org/10.1039/D2TC04654G
https://doi.org/10.1039/D2TC04654G
https://doi.org/10.1039/D2TC04654G
https://doi.org/10.1039/D5EE00706B
https://doi.org/10.1039/D5EE00706B
https://doi.org/10.1039/D5EE00706B
https://doi.org/10.1039/D5TA00110B
https://doi.org/10.1039/D5TA00110B
https://doi.org/10.1039/D5TA00110B

42.

43.

44,

45.

46.

47.

48.

49.

50.

51.

52.

53.

54.

55.

H. Wang, Y. Sun, T. He, Y. Huang, H. Cheng, C. Li, D. Xie, P. Yang, Y. Zhang, L. Qu, Bilayer
of polyelectrolyte films for spontaneous power generation in air up to an integrated 1,000 V
output, Nat. Nanotechnol., 2021, vol. 16, pp. 811-819.

Y. Huang, H. Cheng, C. Yang, H. Yao, C. Li, L. Qu, All-region-applicable, continuous power
supply of graphene oxide composite, Energy Environ. Sci., 2019, vol. 12, no. 6, pp. 1848-1856.
Z. Sun, X. Wen, L. Wang, D. Ji, X. Qin, J. Yu, S. Ramakrishna, Emerging design principles,
materials, and applications for moisture-enabled electric generation, eScience, 2022, vol. 2, no. 1,
pp. 32-46.

H. Xu, X. Ren, S. Wu, H. Yuan, Y. Liu, D. Gui, H. Yin, M. Zhang, X. Huang, Synergistic
electrospinning-electrospraying process to fabricate oxidized carbon nanotubes/polyacrylonitrile
fabric for evaporation-induced electricity generator, J. Power Sources, 2026, vol. 663, art. no.
238883.

J. Wu, R. Ma, X. Ge, M. Lv, X. Huang, H. Lin, N. Qi, Y. Yang, D. Zhang, Moisture-Enabled
Electric Generator Based on Crosslinked PVA/SA Bilayer Nanofiber Membrane With Enhanced
Hygroscopic Cycling Performance and Biostability, Macromol. Rapid Commun., 2025, art. no.
€2500227.

R. Zhang, X. Chen, Z. Wan, M. Yin, L. Ma, Z. Yang, X. Xiao, High-Performance, flexible moist-
electric generator for self-powered wearable wireless sensing, Chem. Eng. J., 2024, vol. 502, art.
no. 157695.

Y. Kwon, D. Bui-Vinh, S.-H. Lee, S.H. Baek, S. Lee, J. Yun, M. Baek, H.-W. Lee, J. Park, M.
Kim, M. Yoo, B.S. Kim, Y. Song, H. Lee, D.-H. Lee, D.-W. Jeong, Evaporation-Driven Energy
Generation Using an Electrospun Polyacrylonitrile Nanofiber Mat with Different Support
Substrates, Polymers, 2024, vol. 16, no. 9, art. no. 1180.

J.C. Feng, H. Xia, Application of nanoarchitectonics in moist-electric generation, Beilstein J.
Nanotechnol., 2022, vol. 13, pp. 1185-1200.

Y. Gao, A. Elhadad, S. Choi, A Paper-Based Wearable Moist-Electric Generator for Sustained
High-Efficiency Power Output and Enhanced Moisture Capture, Small, 2024, vol. 20, no. 50, art.
no. 2408182.

X.Pi, Y. Yao, D. Qin, T. Liu, Effect of gel ageing and electrode corrosion on the performance of
direct laser writing carbonization-enabled hydrogel-based moist-electric generators, RSC Adv.,
2025, vol. 15, no. 23, pp. 18548—18558.

S. Omer, L. Forgach, R. Zelkd, 1. Sebe, Scale-up of Electrospinning: Market Overview of Products
and Devices for Pharmaceutical and Biomedical Purposes, Pharmaceutics, 2021, vol. 13, no. 2,
art. no. 286.

P. Li, H. Cheng, Z. Yang, L. Qu, Moisture-enabled electricity generation, Natl. Sci. Rev., 2025,
vol. 12, no. 11, art. no. nwafl71.

F. Li, J. Zhao, B. Li, Z. Han, L. Guo, P. Han, H.H. Kim, Y. Su, L.-M. Zhu, D. Shen, Water-
triboelectrification-complemented moisture electric generator, ACS Nano, 2024, vol. 18, no. 44,
pp. 30658-30667.

L. Che, N. Li, W. Wei, J. Li, J. Ji, X. Zhao, B. Yu, Q. Wang, Day-Night energy harvesting:
Photovoltaics-driven moisture evaporation and absorption for simultaneous 24-hour power and
dehumidification, The Innovation Energy, 2025, vol. 2, no. 2, art. no. 100078.

© 2025 ITMO


https://doi.org/10.1038/s41565-021-00903-6
https://doi.org/10.1038/s41565-021-00903-6
https://doi.org/10.1038/s41565-021-00903-6
https://doi.org/10.1039/C9EE00838A
https://doi.org/10.1039/C9EE00838A
https://doi.org/10.1016/j.esci.2021.12.009
https://doi.org/10.1016/j.esci.2021.12.009
https://doi.org/10.1016/j.esci.2021.12.009
https://doi.org/10.1016/j.jpowsour.2025.238883
https://doi.org/10.1016/j.jpowsour.2025.238883
https://doi.org/10.1016/j.jpowsour.2025.238883
https://doi.org/10.1016/j.jpowsour.2025.238883
https://doi.org/10.1002/marc.202500227
https://doi.org/10.1002/marc.202500227
https://doi.org/10.1002/marc.202500227
https://doi.org/10.1002/marc.202500227
https://doi.org/10.1016/j.cej.2024.157695
https://doi.org/10.1016/j.cej.2024.157695
https://doi.org/10.1016/j.cej.2024.157695
https://doi.org/10.3390/polym16091180
https://doi.org/10.3390/polym16091180
https://doi.org/10.3390/polym16091180
https://doi.org/10.3390/polym16091180
https://doi.org/10.3762/bjnano.13.99
https://doi.org/10.3762/bjnano.13.99
https://doi.org/10.1002/smll.202408182
https://doi.org/10.1002/smll.202408182
https://doi.org/10.1002/smll.202408182
https://doi.org/10.1039/D5RA02872H
https://doi.org/10.1039/D5RA02872H
https://doi.org/10.1039/D5RA02872H
https://doi.org/10.3390/pharmaceutics13020286
https://doi.org/10.3390/pharmaceutics13020286
https://doi.org/10.3390/pharmaceutics13020286
https://doi.org/10.1093/nsr/nwaf171
https://doi.org/10.1093/nsr/nwaf171
https://doi.org/10.1021/acsnano.4c09581
https://doi.org/10.1021/acsnano.4c09581
https://doi.org/10.1021/acsnano.4c09581
https://doi.org/10.59717/j.xinn-energy.2025.100078
https://doi.org/10.59717/j.xinn-energy.2025.100078
https://doi.org/10.59717/j.xinn-energy.2025.100078

