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ARTICLE INFO ABSTRACT

Keywords: It is widely recognized among specialists that PCMs (Phase Change Materials) typically have low thermal conductivity,
Phase Chani_ée material which significantly restricts their commercial use. This study presents alternative, low-cost, yet effective approaches to
Cﬁ“ a“?lys‘sd ity enh enhance the average thermal conductivity of a PCM system (a commercially available paraffin wax with a phase
;:t;n;;gn uctivity enhancement change temperature around 40 °C) intended for thermal energy storage. The system contains 600 g of PCM within

an annular space around an inner tube, through which heat is either added to or removed from the PCM. Experiments
were conducted to assess the effects of water flow rate and temperature, used as the heat transfer fluid, on the system's
performance. The flow rate was varied from 2 to 8 L/min, and the temperature was set between 45 and 55 °C. We
tested three types of aluminum-based thermal enhancers: a commercial metal foam, a wire mesh, and irregular alumi-
num flakes (chips) produced as waste from machining processes. The PCM-only sample required the longest time for
both charging and discharging, while the PCM with metal foam had the shortest times. The intermediate solutions,
using chips and wire mesh, showed moderate phase change times. To evaluate the economic feasibility, we introduced
a performance metric based on cost per phase change rate, showing that these two affordable thermal conductivity en-
hancers could play a vital role in promoting the broader application of latent thermal energy storage technology across
various fields.

Latent energy storage

Video to this article can be found online at https://doi.org/10.1016/j.
sctalk.2025.100439.

Tables and Figures

Table 1
Cost analysis of a 15kWh case study.

PCM cost Metal insert cost Total cost Total energy stored Cost per stored energy ~ Average time estimated for 1 cycle Cost * cycle time/energy stored
(47 °C and 4 L/min)

€ € € kWh € /kWh min € /kW
PCM only 1500 - 1950 15.05 130 190 410
PCM + foam 1425 10,000 11,875 14.30 831 20 277
PCM + chip 1425 25 1900 14.30 133 75 166
PCM + wire mesh 1425 200 2075 14.30 145 140 338
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Fig. 1. Description of the Department of Management and Engineering.

Fig. 2. Research group picture.
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Fig. 3. Picture of the test sample full of metal chips.
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Fig. 4. Explanation of how a PCM works.
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Fig. 5. Metal chips.

Fig. 6. Scheme of the test section.
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Fig. 7. Picture of the test section.

Fig. 8. Picture of the metal foam.
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Fig. 9. Picture of the wire mesh.

Fig. 10. Picture of the metal chip.
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Fig. 11. Thermocouple position.
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Fig. 12. Experimental set up scheme.
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Fig. 13. Charging time of the four samples at different water flow rates.
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Fig. 14. Charging time of the four samples at different water temperature.

Temperature [°C]
N w
6,] o

N
o

=
w

—TC1 —TQ2
—TC15 —TC16

PCM only

20 40 60
Time

80 100 120 140
[min]

Fig. 15. Temperature field in the PCM only sample.
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Fig. 16. Temperature field in the PCM + chip sample.
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Fig. 17. Average temperature in the PCM + chip sample at different flow rates.
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Fig. 18. Charging times in the four samples at different temperature differences.

Acknowlegments

The financial support of the Italian Ministry of University through the
PRIN 2017 FlexHeat 2017KAAECT project and of the European
Commission through the LIFE22-CCM-IT-LIFE ITS4ZEB project
(GA n° 101113714) is appreciated.

Founding sources

This work was supported by the European Commission through the
LIFE22-CCM-IT-LIFE ITS4ZEB project (GA n° 101113714).

CRediT authorship contribution statement

Righetti Giulia: Writing — review & editing, Writing — original draft, Vi-
sualization, Validation, Supervision, Software, Resources, Project adminis-
tration, Methodology, Investigation, Funding acquisition, Formal analysis,
Data curation, Conceptualization. Hooman Kamel: Writing — review &
editing, Supervision, Data curation, Conceptualization. Zilio Claudio:
Writing - review & editing, Supervision, Funding acquisition, Data
curation, Conceptualization. Guarda Dario: Writing — original draft, For-
mal analysis, Data curation. Mancin Simone: Writing — review & editing,
Writing — original draft, Visualization, Validation, Supervision, Software,
Resources, Project administration, Methodology, Investigation, Funding ac-
quisition, Formal analysis, Data curation, Conceptualization.

Data availability

Data will be made available on request.

Further reading

[1]

[2]

[3]

[4]

[5]

(6]

[7

[8]

o

[10]

[11]

M. Mobedi, K. Hooman, W.-Q. Tao, Solid-Liquid Thermal Energy Storage Modeling and
Applications, 1st ed. CRC Press Taylor and Francis Group, 2022.

S. Wu, T. Yan, Z. Kuai, W. Pan, Thermal conductivity enhancement on phase change
materials for thermal energy storage: a review, Energy Storage Mater. 25 (2020)
251-295, https://doi.org/10.1016/j.ensm.2019.10.010.

C. Zhao, M. Opolot, M. Liu, J. Wang, F. Bruno, S. Mancin, K. Hooman, Review of analyt-
ical studies of melting rate enhancement with fin and/or foam inserts, Appl. Therm.
Eng. 207 (2022), https://doi.org/10.1016/j.applthermaleng.2022.118154.

C. Xu, H. Zhang, G. Fang, Review on thermal conductivity improvement of phase
change materials with enhanced additives for thermal energy storage, J. Energy Storage
51 (2022), https://doi.org/10.1016/j.est.2022.104568.

Z. Khan, Z. Khan, A. Ghafoor, A review of performance enhancement of PCM based la-
tent heat storage system within the context of materials, thermal stability and compat-
ibility, Energy Convers. Manag. 115 (2016) 132-158, https://doi.org/10.1016/j.
enconman.2016.02.045.

M.M. Heyhat, S. Mousavi, M. Siavashi, Battery thermal management with thermal en-
ergy storage composites of PCM, metal foam, fin and nanoparticle, J. Energy Storage
28 (2020), https://doi.org/10.1016/j.est.2020.101235.

J. Shi, H. Du, Z. Chen, S. Lei, Review of phase change heat transfer enhancement by
metal foam, Appl. Therm. Eng. 219 (2023), https://doi.org/10.1016/j.
applthermaleng.2022.119427.

A. Mustaffar, A. Harvey, D. Reay, Melting of phase change material assisted by ex-
panded metal mesh, Appl. Therm. Eng. 90 (2015) 1052-1060, https://doi.org/10.
1016/j.applthermaleng.2015.04.057.

G. Righetti, R. Lazzarin, M. Noro, S. Mancin, Phase change materials embedded in po-
rous matrices for hybrid thermal energy storages: experimental results and modeling,
Int. J. Refrig. 106 (2019) 266-277, https://doi.org/10.1016/j.ijrefrig.2019.06.018.

S. Ebadi, S.H. Tasnim, A.A. Aliabadi, S. Mahmud, An experimental investigation of the
charging process of thermal energy storage system filled with PCM and metal wire
mesh, Appl. Therm. Eng. 174 (2020), https://doi.org/10.1016/j.applthermaleng.
2020.115266.

C. Zhao, M. Opolot, P. Keane, J. Wang, M. Liu, F. Bruno, S. Mancin, K. Hooman, Ther-
mal characteristics of melting of a phase change material enhanced by a stainless-steel
304 periodic structure, Energy Storage Saving (2023), https://doi.org/10.1016/j.enss.
2023.02.002.


http://refhub.elsevier.com/S2772-5693(25)00021-0/rf0005
http://refhub.elsevier.com/S2772-5693(25)00021-0/rf0005
https://doi.org/10.1016/j.ensm.2019.10.010
https://doi.org/10.1016/j.applthermaleng.2022.118154
https://doi.org/10.1016/j.est.2022.104568
https://doi.org/10.1016/j.enconman.2016.02.045
https://doi.org/10.1016/j.enconman.2016.02.045
https://doi.org/10.1016/j.est.2020.101235
https://doi.org/10.1016/j.applthermaleng.2022.119427
https://doi.org/10.1016/j.applthermaleng.2022.119427
https://doi.org/10.1016/j.applthermaleng.2015.04.057
https://doi.org/10.1016/j.applthermaleng.2015.04.057
https://doi.org/10.1016/j.ijrefrig.2019.06.018
https://doi.org/10.1016/j.applthermaleng.2020.115266
https://doi.org/10.1016/j.applthermaleng.2020.115266
https://doi.org/10.1016/j.enss.2023.02.002
https://doi.org/10.1016/j.enss.2023.02.002

G. Righetti et al.

[12]

[13]

[14]

[15]

[16]

[17]

[18]

M. Opolot, C. Zhao, P.F. Keane, M. Liu, S. Mancin, F. Bruno, K. Hooman, Discharge per-
formance of a high temperature phase change material with low-cost wire mesh, Appl.
Therm. Eng. 223 (2023), https://doi.org/10.1016/j.applthermaleng.2023.120050.
M.J. Ganji, M. Givian, K. Gharali, S. Ebadi, S. Maleki Dastjerdi, Experimental optimiza-
tion of partial metallic wire mesh configuration applicable in thermal energy storage
systems, Appl. Therm. Eng. 218 (2023), https://doi.org/10.1016/j.applthermaleng.
2022.119274.

C. Zhao, J. Wang, Y. Sun, S. He, K. Hooman, Fin design optimization to enhance PCM
melting rate inside a rectangular enclosure, Appl. Energy 321 (2022), 119368,
https://doi.org/10.1016/j.apenergy.2022.119368.

A. Pourakabar, A.A. Rabienataj Darzi, Enhancement of phase change rate of PCM in cy-
lindrical thermal energy storage, Appl. Therm. Eng. 150 (2019) 132-142, https://doi.
org/10.1016/j.applthermaleng.2019.01.009.

J.M. Mahdi, E.C. Nsofor, Multiple-segment metal foam application in the shell-and-tube
PCM thermal energy storage system, J. Energy Storage 20 (2018) 529-541, https://doi.
0rg/10.1016/j.est.2018.09.021.

C. Zhao, M. Opolot, M. Liu, F. Bruno, S. Mancin, K. Hooman, Numerical study of melting
performance enhancement for PCM in an annular enclosure with internal-external fins
and metal foams, Int. J. Heat Mass Transf. 150 (2020), https://doi.org/10.1016/j.
ijheatmasstransfer.2020.119348.

C. Ao, S. Yan, W. Hu, L. Zhao, Y. Wu, Heat transfer analysis of a PCM in shell-and-tube
thermal energy storage unit with different V-shaped fin structures, Appl. Therm. Eng.
216 (2022), https://doi.org/10.1016/j.applthermaleng.2022.119079.

10

[19]

[20]

[21]

[22]

[23]

[24]

[25]

Science Talks 14 (2025) 100439

J. Li, Z.R. Abdulghani, M.N. Alghamdi, K. Sharma, H. Niyas, H. Moria, A. Arsalanloo,
Effect of twisted fins on the melting performance of PCM in a latent heat thermal energy
storage system in vertical and horizontal orientations: energy and exergy analysis, Appl.
Therm. Eng. 219 (2023), https://doi.org/10.1016/j.applthermaleng.2022.119489.

G. Righetti, C. Zilio, G.A. Longo, K. Hooman, S. Mancin, Experimental study on the ef-
fect of metal foams pore size in a phase change material based thermal energy storage
tube, Appl. Therm. Eng. 217 (2022), https://doi.org/10.1016/j.applthermaleng.2022.
119163.

M. Opolot, C. Zhao, M. Liu, S. Mancin, F. Bruno, K. Hooman, Investigation of the effect
of thermal resistance on the performance of phase change materials, Int. J. Therm. Sci.
164 (2021), 106852, https://doi.org/10.1016/j.ijthermalsci.2021.106852.

S. Kline, F. McClintock, Describing uncertainties in single-sample experiments, Mech.
Eng. 75 (1953) 3-8.

S. Mancin, A. Diani, L. Doretti, K. Hooman, L. Rossetto, Experimental analysis of phase
change phenomenon of paraffin waxes embedded in copper foams, Int. J. Therm. Sci.
90 (2015) 79-89, https://doi.org/10.1016/j.ijthermalsci.2014.11.023.

S. Zhang, L. Pu, S. Mancin, Z. Ma, L. Xu, Experimental study on heat transfer character-
istics of metal foam/paraffin composite PCMs in large cavities: effects of material types
and heating configurations, Appl. Energy 325 (2022), 119790, https://doi.org/10.
1016/j.apenergy.2022.119790.

G. Righetti, C. Zilio, K. Hooman, S. Mancin, Market-orientated solutions to increase
thermal conductivity in latent thermal energy storage systems, Appl. Therm. Eng. 243
(2024), 122583, https://doi.org/10.1016/j.applthermaleng.2024.122583.


https://doi.org/10.1016/j.applthermaleng.2023.120050
https://doi.org/10.1016/j.applthermaleng.2022.119274
https://doi.org/10.1016/j.applthermaleng.2022.119274
https://doi.org/10.1016/j.apenergy.2022.119368
https://doi.org/10.1016/j.applthermaleng.2019.01.009
https://doi.org/10.1016/j.applthermaleng.2019.01.009
https://doi.org/10.1016/j.est.2018.09.021
https://doi.org/10.1016/j.est.2018.09.021
https://doi.org/10.1016/j.ijheatmasstransfer.2020.119348
https://doi.org/10.1016/j.ijheatmasstransfer.2020.119348
https://doi.org/10.1016/j.applthermaleng.2022.119079
https://doi.org/10.1016/j.applthermaleng.2022.119489
https://doi.org/10.1016/j.applthermaleng.2022.119163
https://doi.org/10.1016/j.applthermaleng.2022.119163
https://doi.org/10.1016/j.ijthermalsci.2021.106852
http://refhub.elsevier.com/S2772-5693(25)00021-0/rf0110
http://refhub.elsevier.com/S2772-5693(25)00021-0/rf0110
https://doi.org/10.1016/j.ijthermalsci.2014.11.023
https://doi.org/10.1016/j.apenergy.2022.119790
https://doi.org/10.1016/j.apenergy.2022.119790
https://doi.org/10.1016/j.applthermaleng.2024.122583

	Commercially focused strategies to enhance PCM thermal conductivity in latent thermal energy storage systems
	Acknowlegments
	Founding sources
	CRediT authorship contribution statement
	Further reading




