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Introduction
The energy economy of Photovoltaics (PV) or solar power plants has been growing rapidly 

in recent years, driven by the increasing demand for clean and renewable energy sources 
[1,2]. The whole world has recognized the importance of investing in solar energy as a way 
to reduce the dependence on fossil fuels and meet the energy needs in a sustainable and eco-
friendly manner [3-5]. Especially, the countries with the hottest environment have taken a 
great interest in managing and economizing solar technology [6]. For example, in Pakistan, the 
government has launched various initiatives to promote the development of solar power plants 
[7]. In 2015, the government launched the National Energy Policy, which aims to increase the 
share of renewable energy in the country’s energy mix to 10% by 2025. The country has a 
total installed capacity of around 2.5 GW, with most of the projects being located in the Punjab 
and Sindh provinces [8]. Similarly, in China, the management on energy economy of solar 
power plants has also been growing rapidly in recent years, enabled by the government’s 
commitment to promote the development of clean energy sources. According to the China 
Energy Administration [9,10], the installed capacity of Photovoltaic (PV) power generation 
increased from 130.25 million kW in 2017 to 609.49 million kW in 2023, a cumulative increase 
of 149 %. As a result of these efforts, the solar power sector in China has grown rapidly in recent 
years, with the country now having a total installed capacity of around 200GW, making it the 
largest market for solar energy in the world [11,12]. Most importantly, it is essential to address 
the challenges posed by the intermittency of solar power generation, which can impact the 
strategic management, stability and reliability of the grid. Governments can invest in research 
and development initiatives aimed at improving energy storage solutions and can implement 
smart grid technologies to help manage the integration of solar power into the grid. In energy 
storage solutions, Phase Change Materials (PCMs) have a great potential to help balance 
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Abstract

Aiming at reducing carbon emissions demands the proper strategic management, effective economy and 
appropriate implementation of the clean energy systems. Together with this objective, enhancing the 
operational life and thermally managing the clean energy systems, such as photovoltaic panels, is equally 
indispensable. Herein, attention has been paid on photovoltaic-phase change materials (PV-PCMs) system, 
bridging the gap between the management and policymaking at institutional and government levels. The 
working principles, benefits and challenges of PV-PCMs have been discussed, along with solution-oriented 
recommendations. It is expected that this opinion will pave the way to properly adopt and manage the 
clean energy technologies in the future.
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the supply and demand by managing the reliability of the energy 
systems. The integration of PCMs with photovoltaics can have a 
significant impact on the energy economy of these systems. PCMs 
are materials that can store and release thermal energy, and they 
have the potential to improve the efficiency and performance of PV 
by reducing the energy losses associated with thermal cycling [13]. 
Consequently, the energy economy is deemed to be upgraded with 
the help of PCMs, opening a way for the best strategic management 
and implementation of photovoltaics.

Economic prediction and working principle of PV-PCM 
system

The schematic of working principle of PV-PCM system is shown 
in Figure 1a. In PV systems, the radiation of the sun are absorbed 
by PV panels, which convert the energy into electricity. The heat 

generated by the PV panels can cause thermal losses, which can 
reduce the efficiency of the system and result in lower energy 
output. By integrating PCMs with PV, the heat generated by the PV 
panels can be absorbed and stored by the PCMs, and then released 
as needed to maintain optimal operating temperatures. This can 
help reduce the thermal losses and improve the efficiency of the 
system. For example, a PV system has been integrated with Phase 
Change Composite (PCC), focusing on the efficiency enhancement, 
energy production enhancement and temperature control, as 
demonstrated in Figure 1b & 1c. Theoretical results depicted that 
PV-PCC system is highly efficient and economized, e.g., the cost for 
the overall system has been estimated to be $290 compared with 
a stand-alone PV system costing $224. Such results signify the 
practical importance of PV-PCM systems [14].

Figure 1: (a) PV-PCM system and its working.
(b) Heat dissipation and heat storage mechanism of PV-PCM system [14].

(c) Comparison of PV and PV-PCM system [14].

Benefits and limitations of PV-PCM systems and impact 
on implementation 

There are several benefits associated with the integration of 
PCMs with PV. Firstly, it can help increase the energy output of the 
system, as the stored thermal energy can be used to maintain optimal 
operating temperatures, which can result in higher efficiency and 
performance. Secondly, it can reduce the need for cooling systems, as 
the stored thermal energy can be used to regulate the temperature 
of the PV panels, which can help reduce energy consumption and 

lower operating costs. In addition to these benefits, the integration 
of PCMs with PV can also help improve the safety and reliability of 
the system. By reducing the thermal stress on the PV panels, the 
risk of damage and degradation can be reduced, which can help 
extend the lifespan of the system and reduce maintenance costs. 
For example, theoretical results depict that the life of PV system can 
be increased by three years after equipping with PCM [14]. Despite 
these benefits, there are also some challenges associated with the 
integration of PCMs with PV. For long-term strategic management, 
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one of the main challenges is the need for reliable and durable PCM 
materials, as well as effective integration and installation methods. 
In addition, the cost of the materials and the installation process 
can be a barrier for some developers, especially in countries where 
the cost of solar energy is already high.

In all, the integration of phase change materials with PV 
can have a significant impact on the energy economy, as it can 
help increase the energy output (Figure 1c), reduce energy 
consumption, and improve the safety and reliability of the system. 
Despite the challenges, the potential benefits of this integration 
make are worth exploring and investing in, especially as the world 
continues its transition to a clean and sustainable energy future. 
Regarding implementation, there are several factors that need to be 
considered when integrating PCMs with PV. Firstly, it is important 
to select the appropriate PCM material, as different materials have 
different melting points and thermal storage capacities, which 
can affect the performance of the system. Common Phase change 
materials include inorganic PCM, organic PCM [15] and composite 
PCM [16]. Among them, inorganic PCMs are mainly crystalline 
hydrated salts, molten salts, metals or alloys, etc.; organic PCMs 
mainly include paraffin, fatty acids and other organics; composite 
phase change heat storage materials came into being, which can 
effectively overcome the shortcomings of a single inorganic or 
organic phase change heat storage materials and improve the 
application of the phase change materials as well as to expand the 
scope of its application.

Once the appropriate PCM material has been selected, the next 
step is to integrate it into the system. This can be done in several 
ways, including using PCM-coated PV panels, PCM-integrated 
solar collectors, or PCM-embedded structures. In each case, it is 
important to consider the specific requirements of the system 
and the environment, as well as the longer strategic management 
cost, reliability, and safety of the implementation. PCMs absorb 
sensible heat, start melting when the internal temperature reaches 
the melting temperature, and then absorb latent heat. During the 
melting process, the temperature of the PCM does not change, but 
after the phase change is complete, its temperature increases [17]. 
PCM should fulfil the following requirements [16]: (1) phase change 
temperature within the required range; (2) high latent heat, specific 
heat and thermal conductivity; (3) low volume expansion and low/
no subcooling during freezing; (4) non-toxic, non-corrosive, non-
flammable, non-explosive and chemically stable; and (5) low cost.

In terms of economic benefits, the integration of PCMs with 
PV can result in a number of cost savings, including lower energy 
consumption, reduced maintenance costs, and extended lifespan 
of the system. By increasing the efficiency and performance of the 
system, it can also lead to higher energy output and lower costs for 
energy generation, making it more competitive with traditional 
energy sources. It is also worth noting that the integration of 
PCMs with PV can have positive environmental impacts, as it can 
help alleviate greenhouse gas emissions and promote the use 
of renewable energy sources. This is particularly important in 
countries like China, India and Pakistan, where the energy demand 

is growing rapidly, and the need for clean and sustainable energy 
sources is becoming increasingly urgent.

Future directions and scope

The use of PCMs in solar power plants is still a relatively new 
concept, and there is ongoing research and development taking 
place to further optimize the technology. This includes exploring 
new materials, improving integration methods, and developing 
innovative storage solutions to increase the thermal storage capacity 
of the PCMs. One area of research that is particularly relevant to the 
integration of PCMs with solar power plants is the development of 
advanced PCM materials with improved thermal storage capacities 
and enhanced stability. For example, there are ongoing efforts to 
develop new PCMs based on phase change alloys [18], which have 
higher melting points and improved thermal stability compared to 
traditional materials. Another area of research that is relevant to the 
integration of PCMs with solar power plants is the development of 
innovative storage solutions that can increase the thermal storage 
capacity of the PCMs [19]. For example, researchers are exploring 
the use of PCM-based thermal energy storage systems that can 
store and release large amounts of thermal energy, which can help 
to further improve the performance of solar power plants.

It is also worth noting that the integration of PCMs with 
solar power plants is not limited to the use of traditional solar 
Photovoltaic (PV) panels. Researchers are exploring the use of 
alternative technologies, such as Concentrator Photovoltaics 
(CPVs) and Building-Integrated Photovoltaics (BIPVs) [20], which 
can further enhance the performance of the system and improve 
the energy economy of the solar power plant.

In terms of implementation, it is important for developers and 
policymakers to consider the specific requirements of each solar 
power plant when integrating PCMs. This includes the climate and 
environment, the size and capacity of the plant, and the specific 
requirements of the energy grid. It is also important to consider 
the cost, reliability, and safety of the implementation, as well as the 
potential benefits in terms of energy efficiency and performance.

In addition to the research and development efforts aimed at 
improving the integration of PCMs with solar power plants, there 
should be initiatives to promote and facilitate the wider adoption 
of the technology. For example, there should be government 
programs and subsidies aimed at supporting the development 
and deployment of PCM-based energy storage systems, as well as 
training and education programs aimed at increasing awareness 
and understanding of the technology among industry professionals 
and the general public. There should be further efforts to promote 
the use of PCMs in new construction projects, such as commercial 
and residential buildings, by incorporating PCM-based systems into 
building codes and standards. This can help improve the energy 
efficiency of these buildings, while also reducing energy costs 
and greenhouse gas emissions. Finally, there should be initiatives 
to promote collaboration and information exchange between 
industry professionals and researchers, in order to encourage the 
development and dissemination of best practices for the integration 
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of PCMs with solar power plants. This can include the sharing 
of data and information, as well as the development of industry 
standards and guidelines for the implementation of the technology.

Conclusion
The integration of phase change materials with solar power 

plants is a promising area for improving the energy economy of 
these systems. By reducing the thermal losses, increasing the 
energy output, and improving the safety and reliability, PCMs have 
the potential to play a significant role in the transition to a clean 
and sustainable energy future. There are also many issues of worth 
studying. For example, due to the particularity of phase change 
materials, the main use is their latent heat of phase change, which 
means that phase change materials need to be specifically selected 
based on the application environment (melting and boiling points) 
to meet the requirements of temperature and pressure. Secondly, 
after selecting the phase change material, how to enhance heat 
transfer (cooling) or reduce heat transfer (insulation) according to 
the objectives are also problems of worth studying. This includes 
but is not limited to the material properties of (composite) 
materials, structural parameters, and flow states. It is important for 
researchers, policymakers, and developers to continue exploring 
and investing in this area, in order to maximize its potential benefits 
and overcome the challenges associated with its implementation.

Acknowledgement
We acknowledge the invitation and support provided by SIAM. 

Raza Gulfam acknowledges the support from National Science 
Foundation of China under Research Fund for International 
Scientists (No. 5221101369) and from China Postdoctoral 
Science Foundation under 72nd Batch of General Funding (No. 
2022M720711). We also acknowledge the support by National 
Natural Science Foundation of China (71973023, 42277493) and 
the Fundamental Research Funds for the Central Universities 
(2242023K40016).

References
1. Debiagi P, Rochaa RC, Scholtissek A, Janicka J, Hasse C (2022) Iron 

as a sustainable chemical carrier of renewable energy: Analysis of 
opportunities and challenges for retrofitting coal-fired power plants. 
Renew Sustain Energy Rev 165: 112579.

2. Razi F, Dincer I (2022) Renewable energy development and hydrogen 
economy in MENA region: A review. Renew Sustain Energy Rev 168: 
112763. 

3. Holechek JL, Geli HME, Sawalhah MN, Valdez R (2022) A global 
assessment: Can renewable energy replace fossil fuels by 2050? 
Sustainability 14(8): 1-22.

4. Abbasi KR, Shahbaz M, Zhang J, Irfan M, Alvarado R (2022) Analyze the 
environmental sustainability factors of China: The role of fossil fuel 
energy and renewable energy. Renew Energy 187: 390-402.

5. Nwaigwe KN, Dintwa ME (2019) An overview of solar power (PV 
systems) integration into electricity grids. Mate Sci Energy Tech 2(3): 
629-633. 

6. Owusu PA, Asumadu-Sarkodie S (2016) A review of renewable energy 
sources, sustainability issues and climate change mitigation. Cogent 
Engineering 3(1): 1167990.

7. Ali S, Poulova P, Akbar A, Javed HMU, Danish M (2020) Determining 
the influencing factors in the adoption of solar photovoltaic technology 
in Pakistan: A decomposed technology acceptance model approach. 
Economies 8(4): 1-20.

8. https://www.trade.gov/country-commercial-guides/pakistan-
renewable-energy.

9. National energy administration (2017) National electricity industry 
statistics.

10. National energy administration (2023) National electricity industry 
statistics [EB/OL].

11. Dong F, Liu Y (2020) Policy evolution and effect evaluation of new-
energy vehicle industry in China. Resources Policy 67: 101655.

12. Lo K (2014) A critical review of China’s rapidly developing renewable 
energy and energy efficiency policies. Renew Sustain Energy Rev 29: 
508-516.

13. Iqbal S, Tang J, Raza G, Cheema II, Kazmi M, Li Z (2021) Experimental and 
numerical analyses of thermal storage tile-bricks for efficient thermal 
management of buildings. Buildings 11: 357.

14. Hifsa S, Aiza A, Umair A, Raza G, Muhammad R, Kazmi M (2022) Thermal 
stabilization, energy, cost and life analyses of hybrid photovoltaic-phase 
change composite system - Part 1. J Energy Storage 52: 104771.

15. Browne MC, Norton B, McCormack SJ (2015) Phase change materials 
for photovoltaic thermal management. Renew Sustain Energy Rev 47: 
762-782.

16. Ling Z, Zhang Z, Shi G, Fang X, Wang L, et al. (2014) Review on thermal 
management systems using phase change materials for electronic 
components, Li-ion batteries and photovoltaic modules. Renew Sustain 
Energy Reviews 31: 427-438.

17. Salari A, Kazemian A, Ma T, Hakkaki-Fard A, Peng J, et al. (2020) 
Nanofluid based photovoltaic thermal systems integrated with phase 
change materials: Numerical simulation and thermodynamic analysis. 
Energy Conv Manage 205: 112384.

18. Takahiro K, Hiroki S, Nan S, Ade K, Takahiro N (2020) Microencapsulation 
of Zn-Al alloy as a new phase change material for middle-high-
temperature thermal energy storage applications. Appl Energy 276: 
115487.

19. Wei L, Yuli Z, Xu Z, Jun Z (2022) Studies on performance enhancement 
of heat storage system with multiple phase change materials. J Energy 
Storage 47: 103585.

20. Digvijay S, Ajay KG, Rubina C (2021) Application of phase change 
material in building integrated photovoltaics: A review. Materials Today: 
Proceedings 45(6): 4624-4628.

https://www.sciencedirect.com/science/article/abs/pii/S1364032122004750
https://www.sciencedirect.com/science/article/abs/pii/S1364032122004750
https://www.sciencedirect.com/science/article/abs/pii/S1364032122004750
https://www.sciencedirect.com/science/article/abs/pii/S1364032122004750
https://www.sciencedirect.com/science/article/abs/pii/S1364032122006487
https://www.sciencedirect.com/science/article/abs/pii/S1364032122006487
https://www.sciencedirect.com/science/article/abs/pii/S1364032122006487
https://ideas.repec.org/a/gam/jsusta/v14y2022i8p4792-d795520.html
https://ideas.repec.org/a/gam/jsusta/v14y2022i8p4792-d795520.html
https://ideas.repec.org/a/gam/jsusta/v14y2022i8p4792-d795520.html
https://www.sciencedirect.com/science/article/abs/pii/S0960148122000763
https://www.sciencedirect.com/science/article/abs/pii/S0960148122000763
https://www.sciencedirect.com/science/article/abs/pii/S0960148122000763
https://www.sciencedirect.com/science/article/pii/S2589299119300576
https://www.sciencedirect.com/science/article/pii/S2589299119300576
https://www.sciencedirect.com/science/article/pii/S2589299119300576
https://www.tandfonline.com/doi/full/10.1080/23311916.2016.1167990
https://www.tandfonline.com/doi/full/10.1080/23311916.2016.1167990
https://www.tandfonline.com/doi/full/10.1080/23311916.2016.1167990
https://ideas.repec.org/a/gam/jecomi/v8y2020i4p108-d459137.html
https://ideas.repec.org/a/gam/jecomi/v8y2020i4p108-d459137.html
https://ideas.repec.org/a/gam/jecomi/v8y2020i4p108-d459137.html
https://ideas.repec.org/a/gam/jecomi/v8y2020i4p108-d459137.html
https://www.trade.gov/country-commercial-guides/pakistan-renewable-energy.
https://www.trade.gov/country-commercial-guides/pakistan-renewable-energy.
https://www.nea.gov.cn/2018-01/22/c_136914154.htm.
https://www.nea.gov.cn/2018-01/22/c_136914154.htm.
https://www.nea.gov.cn/2024-01/26/c_1310762246.htm.
https://www.nea.gov.cn/2024-01/26/c_1310762246.htm.
https://www.sciencedirect.com/science/article/abs/pii/S0301420719302284
https://www.sciencedirect.com/science/article/abs/pii/S0301420719302284
https://www.sciencedirect.com/science/article/abs/pii/S1364032113006655
https://www.sciencedirect.com/science/article/abs/pii/S1364032113006655
https://www.sciencedirect.com/science/article/abs/pii/S1364032113006655
https://www.sciencedirect.com/science/article/abs/pii/S2352152X22007800
https://www.sciencedirect.com/science/article/abs/pii/S2352152X22007800
https://www.sciencedirect.com/science/article/abs/pii/S2352152X22007800
https://www.sciencedirect.com/science/article/abs/pii/S1364032115002038
https://www.sciencedirect.com/science/article/abs/pii/S1364032115002038
https://www.sciencedirect.com/science/article/abs/pii/S1364032115002038
https://www.sciencedirect.com/science/article/abs/pii/S1364032113008319
https://www.sciencedirect.com/science/article/abs/pii/S1364032113008319
https://www.sciencedirect.com/science/article/abs/pii/S1364032113008319
https://www.sciencedirect.com/science/article/abs/pii/S1364032113008319
https://www.sciencedirect.com/science/article/abs/pii/S0196890419313913
https://www.sciencedirect.com/science/article/abs/pii/S0196890419313913
https://www.sciencedirect.com/science/article/abs/pii/S0196890419313913
https://www.sciencedirect.com/science/article/abs/pii/S0196890419313913
https://www.sciencedirect.com/science/article/abs/pii/S0306261920309995
https://www.sciencedirect.com/science/article/abs/pii/S0306261920309995
https://www.sciencedirect.com/science/article/abs/pii/S0306261920309995
https://www.sciencedirect.com/science/article/abs/pii/S0306261920309995
https://www.sciencedirect.com/science/article/abs/pii/S2352152X21012639
https://www.sciencedirect.com/science/article/abs/pii/S2352152X21012639
https://www.sciencedirect.com/science/article/abs/pii/S2352152X21012639
https://www.sciencedirect.com/science/article/abs/pii/S2214785321000353
https://www.sciencedirect.com/science/article/abs/pii/S2214785321000353
https://www.sciencedirect.com/science/article/abs/pii/S2214785321000353

