

  sensors-23-07741




sensors-23-07741







Sensors 2023, 23(18), 7741; doi:10.3390/s23187741




Review



Advancements in Phase Change Materials in Asphalt Pavements for Mitigation of Urban Heat Island Effect: Bibliometric Analysis and Systematic Review



Claver Pinheiro 1,*, Salmon Landi, Jr. 2, Orlando Lima, Jr. 1,3, Larissa Ribas 4,5, Nathalia Hammes 1, Iran Rocha Segundo 1,3, Natália Cândido Homem 6, Verônica Castelo Branco 4, Elisabete Freitas 3, Manuel Filipe Costa 7 and Joaquim Carneiro 1





1



Centre of Physics of Minho and Porto Universities (CF-UM-UP), Azurém Campus, University of Minho, 4800-058 Guimarães, Portugal






2



Federal Institute of Education, Science and Technology Goiano, Rio Verde 75901-970, Brazil






3



University of Minho, ISISE, ARISE, Department of Civil Engineering, 4800-058 Guimarães, Portugal






4



Transportation Engineering Department, Federal University of Ceará, Fortaleza 60455-760, Brazil






5



Department of Transport Engineering and Geodesy, Federal University of Bahia, Salvador 40210-630, Brazil






6



Simoldes Plastics, 3720-502 Oliveira de Azeméis, Portugal






7



Centre of Physics of Minho and Porto Universities (CF-UM-UP), Gualtar Campus, University of Minho, 4710-057 Braga, Portugal









*



Correspondence: c.pinheiro@fisica.uminho.pt







Citation: Pinheiro, C.; Landi, S., Jr.; Lima, O., Jr.; Ribas, L.; Hammes, N.; Segundo, I.R.; Homem, N.C.; Castelo Branco, V.; Freitas, E.; Costa, M.F.; et al. Advancements in Phase Change Materials in Asphalt Pavements for Mitigation of Urban Heat Island Effect: Bibliometric Analysis and Systematic Review. Sensors 2023, 23, 7741. https://doi.org/10.3390/s23187741



Academic Editor: Michele Penza



Received: 27 July 2023 / Revised: 26 August 2023 / Accepted: 30 August 2023 / Published: 7 September 2023



Abstract

:

This research presents a dual-pronged bibliometric and systematic review of the integration of phase change materials (PCM) in asphalt pavements to counteract the urban heat island (UHI) effect. The bibliometric approach discerns the evolution of PCM-inclusion asphalt research, highlighting a marked rise in the number of publications between 2019 and 2022. Notably, Chang’an University in China has emerged as a leading contributor. The systematic review addresses key questions like optimal PCM types for UHI effect mitigation, strategies for PCM leakage prevention in asphalt, and effects on mechanical properties. The findings identify polyethylene glycols (PEGs), especially PEG2000 and PEG4000, as prevailing PCM due to their wide phase-change temperature range and significant enthalpy during phase transitions. While including PCM can modify asphalt’s mechanical attributes, such mixtures typically stay within performance norms. This review emphasises the potential of PCM in urban heat management and the need for further research to achieve optimal thermal and mechanical balance.
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1. Introduction


The intricate relationship between asphalt and the urban heat island (UHI) phenomenon is significant. UHIs arise where urban temperatures substantially exceed those of neighbouring rural areas [1]. A substantial contributor to this disparity is the prevalence of materials like asphalt in cityscapes. Its unique thermal properties enable it to absorb and retain vast amounts of solar radiation. Consequently, the surface temperature of asphalt can skyrocket under direct sunlight, primarily due to its dark hue and low thermal conductivity [2]. As day transitions to night, this stored heat is progressively released, further amplifying urban temperatures [3]. Other urban characteristics, such as towering buildings and a conspicuous absence of vegetation, obstruct airflow and impede the natural dissipation of heat [3]. Moreover, several other elements, like local climate, urban design, and construction density, intensify the UHI effect [3]. Recognising the severe implications of UHIs, which span from health hazards to heightened energy consumption and potential ecological ramifications, there is an urgent call for remedial measures [2].



Innovative interventions, such as introducing reflective ‘cool pavements’, aim to curtail heat absorption by reflecting a larger share of solar radiation [4]. Additionally, permeable pavements have emerged, facilitating water seepage and subsequent evaporation and cooling of the surroundings. An up-and-coming solution is the inclusion of phase change materials (PCM) within asphalt structures. By storing and releasing heat during their phase transitions, PCM can effectively modulate asphalt surface temperatures, mitigating the effects of urban heating [3]. It is fundamental to understand that while asphalt plays a key role in urban heating, its influence is intertwined with numerous other factors. Elements such as the local climate, the magnitude and density of urban development, the extent of vegetation cover, and the presence of water bodies collectively shape the urban thermal landscape [5]. Consequently, a holistic, multifaceted approach tailored to the nuances of each urban setting is imperative.



The transport infrastructure, especially road networks, undeniably reinforces a nation’s socioeconomic growth [1]. Within rapid urbanisation and industrial expansion, broadening transport routes for people and goods is necessary. This ensures that environmental repercussions, particularly those stemming from alterations to natural habitats, are minimised. Paved roads, primarily constructed using asphalt concrete, play a particular role in increasing the UHI phenomenon, wherein cities experience temperatures notably warmer than those of their rural counterparts [6,7] and urban microclimates are relatively more generous than surrounding rural environments. Carnielo and Zinzi have shown that the intensities of UHIs can reach 12 °C [8]. As a result of this phenomenon, increased demand for air conditioning can be highlighted. In developed countries, almost 8% of the total electricity generated is used to meet this exigency [9]. Furthermore, the reduction in human thermal comfort outdoors can inhibit the choice of walking and cycling even for short distances, which can aggravate various problems related to the increased flow of conventional vehicles, such as air pollution and risks to human health […].



Many studies have shown that the service life of asphalt pavements is substantially affected by high temperatures that occur during specific periods of the day. In addition, the vehicle load on traditional pavement, the surface temperature of which in summertime can reach 60 °C or more, provokes permanent deformations, ruts, and cracks, considerably reducing pavement safety [10]. It is known that when substances transform from the crystalline-solid phase to the amorphous-solid phase, solid to liquid, solid to gas, or liquid to gas, they absorb heat and vice versa. At the same time, there is no significant change in their temperature. In this context, PCM, which can regulate working temperatures by absorbing and releasing heat during changes in the physical state of matter, have been incorporated into asphalt concrete pavements to reduce temperature gradients. In this way, by avoiding excessive and abrupt changes in system temperatures, it is expected that both the deleterious effects of UHIs and the damage and maintenance costs of asphalt pavements can be reduced using PCM. For this purpose, PCM have been added to asphalt as an aggregate replacement before compaction (dry approach) or mixed with asphalt binder before adding the aggregate (wet method). As a third approach, acrylic paint with a PCM has been applied on the pavement surface [11]. Numerical simulations and experimental studies show that the addition of PCM positively affects the temperature regulation of asphalt pavements. Therefore, research in this field has intensified recently (Figure 1).



When asphalt mixtures are produced, the temperature can reach 180 °C. In this case, it becomes a challenge to synthetise PCM that do not suffer thermal decomposition when used to obtain cool pavements. Therefore, it is fundamental to investigate the thermal stability of PCM, which, in general, is performed using a thermogravimetric analyser. In addition, if the phase transition of the PCM in question is solid to liquid, it will probably be necessary to use a material that acts as a capsule or support for the PMC to prevent its leakage, which could even hurt the mechanical properties of the pavement [12,13]. In this case, the literature fundamentally presents two possibilities: (i) encapsulation (by melamine–formaldehyde resin [14], acrylic-based polymers [15], and CaCO3 [16], among others) or (ii) impregnation using porous materials (silica fume [17], diatomite [18], expanded graphite, and others [19]) or crystalline/lamellar materials (expanded graphite [20], reduced graphene oxide [21], and montmorillonite [22] (Figure 1).
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Figure 1. PCM presented as a core–shell system (A) and porous carrier material (B) (adapted) [11,23]. 






Figure 1. PCM presented as a core–shell system (A) and porous carrier material (B) (adapted) [11,23].
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It is well known that thermal conductivity plays a key role in heat transfer. The lower the thermal conductivity, the slower the temperature change. Therefore, this quantity is generally evaluated in works involving PCM via non-stationary thermal conductivity tests. Obviously, with the incorporation of PCM, it is desired that the mechanical characteristics of asphalt mixtures are at least conserved at acceptable levels. In this sense, it is vital to carry out detailed studies, and the mechanical properties of pavements incorporating PCM must be deeply considered. For this purpose, wheel tracking and dynamic creep tests are most suitable for examining asphalt pavement’s permanent deformation [24,25,26].



Building upon the rich tapestry of research by Anupam and colleagues [27], who expertly discussed a variety of remarkable pavement technologies, encompassing reflective, evaporative, and innovative PCM-incorporated pavements, this work ventures further into the developmental landscape of PCM applications in asphalt pavements. However, it is pertinent to clarify the terminology and its context in these advancements.



“Cool pavement technologies” refer to a collective term for various engineering methodologies designed to reduce the urban heat island effect by manipulating the thermal characteristics of pavements. These methods can include using reflective surfaces, evaporative materials, or heat storage modification strategies, each with strengths and challenges.



Reflective pavements, for instance, often use lighter coloured or high albedo materials that can reflect a more sizeable portion of incident solar radiation, thereby absorbing less thermal energy and staying more relaxed. On the other hand, evaporative pavements utilise water retention and evaporative cooling, benefiting from heat absorption during the liquid–vapour phase transition of water.



The lesser explored and still evolving concept is the modification of heat storage properties. This involves manipulating the specific heat capacity of pavement materials, often through the incorporation of PCM. This exploration aims to detail a bibliometric review and systematic analysis of recent research outcomes incorporating PCM in asphalt pavements. It offers a comprehensive perspective on pavement performance, considering a myriad of aspects such as PCM type, particle size, melting point, enthalpy of fusion, leakage prevention strategies, PCM incorporation methods into asphalt mixtures, the percentage of PCM composite incorporation, and their thermal and mechanical performance.



The primary aim of this research lies in presenting a pioneering systematic and bibliometric evaluation in the realm of phase change materials (PCM). This analysis offers unparalleled depth and breadth, standing out as a unique endeavour in the field. The study intends to explicitly:




	
Highlight the most prevalent PCM types used in the industry;



	
Explore specific details, such as PCM particle sizes;



	
Examine enthalpies of fusion and determine appropriate melting points;



	
Discuss strategies to prevent PCM leakage;



	
Detail the techniques for incorporating PCM in asphalt mixtures and shine a light on PCM composite incorporation;



	
Thoroughly assess both the thermal and mechanical performance of PCM-infused pavements.








This effort not only strengthens the existing knowledge base in this area but also positions the insights and advancements from this study at the forefront of cool pavement technology research. By exploring various PCM types, their integration mechanisms, and the subsequent performance characteristics of PCM-enhanced pavements, this research opens many opportunities for addressing urban heat challenges. Moreover, this study sets the foundation for further refinement and deployment of this innovative technology by identifying future research paths and optimisation requisites.




2. Methods


2.1. Database


The organisation of this research utilised the Scopus database, chosen due to its multidisciplinary span, prominence, and recognition as one of the most extensive, international peer-reviewed databases [28]. The defined search strings included “Phase Change Material” OR “PCM” AND “asphalt” OR “bitumen,” applying these terms to probe article titles, abstracts, and keywords. Asphalt and bitumen were selected as synonyms to garner extensive literature on applying phase change materials in asphalt/bituminous binders and mixtures. The use of these terms acknowledged regional preference, with ‘asphalt’ typically employed by American researchers and ‘bitumen’ preferred by Europeans.



Furthermore, an integral aspect of this research was the execution of a systematic review. This methodical approach synthesises available evidence from relevant studies, enabling an in-depth understanding. This systematic review sought to explore the practical application of PCM in regulating pavement temperatures and mitigating the urban heat island effect. The review was guided by pertinent questions that underpinned the review process, elucidating the different aspects of PCM application in asphalt mixtures.



A standout feature of this study is the blend of a systematic review and bibliometric analysis, offering comprehensive insight into the literature on smart asphalt mixtures enriched with PCM. Only articles written in English and published from 2011 onwards were considered to ensure result accuracy. The bibliometric analysis conducted on 3 December 2022 identified 100 articles.



All 100 articles underwent a bibliometric review. For the systematic review, abstracts were read to identify articles addressing the urban heat island effect and pavement temperature reduction. This process refined the list to 45 relevant articles from the initial 100, ensuring alignment with the research objectives. Below, Figure 2 shows the flowchart to simplify the methodology used.




2.2. Bibliometric Approach


This study aimed to appraise the existing scientific landscape concerning asphalt mixtures integrated with phase change materials (PCM). Bibliometric analysis was employed to assess the available literature to achieve this objective. Our methodology was segmented into three stages: research preparation, data mining, and bibliometric analysis [29].



	
Research preparation: This was the initial phase in bibliometric analysis, which involved identifying and selecting appropriate databases and search terms relevant to the study topic. This stage aimed to collect as much relevant literature as possible to provide valuable insight into the subject matter.



	
Data mining: After accumulating the research articles, the next phase, data mining, was commenced. This stage involved scrutinising the gathered data, including a manual review of the articles. The focus was on selecting articles that aligned with the research objectives, ensuring the consistency of the information used for analysis. Any potential duplicate documents were identified and removed at this stage. The data mining phase, therefore, refined the initial broad collection of articles into a more focused and relevant database for analysis.



	
Bibliometric analysis: This involved using bibliometric tools to analyse and interpret the data obtained from the previous stages. In this analysis, we employed VOSviewer software (version 1.6.18), which enabled us to generate network maps that presented a visual representation of bibliographic coupling, co-authorship, and leading countries and institutions, among other things.






To proceed with the bibliometric analysis, the following research questions were defined:



	
How relevant is the theme of asphalt mixtures with PCM in the current literature? How have publications on the theme evolved?



	
What are the most relevant terms identified in the co-occurrence network of this research scope?



	
Which countries and institutions are most concerned about asphalt mixtures with PCM? What is the link between scientific research groups?



	
Who are the most productive authors and co-authors in this research field?



	
Which scientific journals are publishing the most on the theme?







2.3. Systematic Approach


A systematic review was carried out to explore the application of PCM in reducing pavement temperatures and mitigating the UHI effects. The methodology involved a thorough literature review employing a systematic approach to select review articles from the Scopus database, one of the most important databases in the world. In conclusion, the study provides insights into the potential of PCM in managing pavement temperatures and mitigating the UHI effect.



	
Which types of PCM are used? To prevent the UHI effect, what is the adequate melting point temperature for asphalt mixtures?



	
What are the enthalpy of fusion values of PCM?



	
What are the strategies used to prevent leakage of PCM in asphalt mixtures?



	
Were there significant damages to the mechanical properties of asphalt mixtures incorporated with PCM?



	
In comparative terms, what thermal improvement was achieved by incorporating PCM in asphalt mixtures?








3. Results


3.1. Bibliometric Analysis


Figure 3 depicts the temporal evolution of publications on asphalt mixtures with PCM. The Scopus database showed a significant increase in research on this topic since 2014, with between 2019 and 2022 witnessing the highest growth rate, accounting for over 80% of all publications. Notably, 2022 showed a peak in publications, with 22 articles. It is essential to highlight that this data was current as of 3 December 2022. These findings indicate that asphalt mixtures with PCM have emerged as a recent and innovative subject of scientific investigation in asphalt pavements.



3.1.1. Main Terms


The index keywords that occurred at least five times are depicted in the network map shown in Figure 4. The size of each node is proportional to the term co-occurrence frequency. Meanwhile, the link line and distance between two distinct terms illustrate their relationships. Consequently, shorter distances and thicker link lines indicate higher co-occurrence. From these similarities and robust correlations, the terms were grouped into clusters. Interestingly, this network did not feature the term “UHI” (urban heat island). Despite its relevance to the subject matter, it was not a frequently co-occurring term in the selected studies, which adds an intriguing dimension to the analysis.



Central terms such as “phase change materials”, “asphalt mixtures”, “temperature”, and “heat storage” had the highest frequencies, and they were strongly connected with most of the other terms due to their high relevance for all clusters. There are no duplicated or similar terms on the map. The results were organised into four clusters by colour, as follows: (i) red—“differential scanning calorimetry”, “thermogravimetric analysis”, “pavement temperature”, “thermal performance”, and “atmospheric temperature”; (ii) green—“thermal conductivity”, “specific heat”, “cooling effects”, “solid–solid phase change material”, and “polyurethanes”; (iii) blue—“heat storage”, “latent heat”, “microencapsulation”, “scanning electron microscopy”, and “dynamic shear rheometer”; (iv) yellow—“enthalpy”, “binders”, and “rheological property.” The first cluster (i) was more related to laboratory tests, thermal analyses of pavement, and environmental effects of asphalt mixtures with PCM, while the second one (ii) had more terms linked to PCM type and their thermal properties. Keywords of the third cluster were mainly related to modified asphalt mixture performance related to latent heat thermal storage capability. Finally, the terms presented in the fourth cluster were related to asphalt mixture mechanical properties and the modification of binders.



Knowing the main keywords used in articles might be a helpful tool to make searching for articles easier according to the researcher’s interest. Moreover, it will help researchers select better keywords, making documents easier to find in databases such as Scopus.




3.1.2. Co-Authorship


Figure 5 shows the results for the co-authorship network. The network map plotted articles with at least five co-authors, forming four clusters. The green cluster was composed of Chinese authors. Ma, B. can be considered the most productive researcher with 20 co-authored published essays and more than 330 citations, followed by Wei, K. with 14 papers and 160 citations. The primary common focus of these works by Ma, B. and Wei, K. was the application of PCM in asphalt mixtures, investigating their potential in temperature regulation and improving the overall performance and durability of asphalt pavements. The red cluster was composed mainly of Swiss authors, of which Partl, N.M. had 6 articles and was the most strongly connected.



It can be observed that the blue and yellow clusters present low numbers of co-authorship links. The possible cause is the high variability of co-authors in publications, i.e., a different research team wrote each article. Thus, they did not meet the threshold of 5 articles to appear on the network map.



In this database, 236 authors published about asphalt mixtures with PCM, among which the top five most productive single authors are detailed in Table 1. The authors were mainly from China and the same research organisation (Chang’an University), except for Partl, M.N. from Swiss Federal Laboratories for Material Science and Technology. Those institutions should be the current main centres of scientific knowledge on this theme.



Table 2 shows the five most relevant articles by their number of citations in the Scopus database. They had at least 50 citations each, and their focus was on assessing the feasibility and performance of different types of PCM incorporated into asphalt mixtures, such as graphite/polyethylene glycol composite or binary fatty acid with diatomite, for example. Also, they were mainly concerned with the thermal performance of binders or thermoregulation of asphalt mixtures. It is essential to highlight that the most cited articles were published by different research groups from China, Portugal, and the United States, among others.



The co-authorship database by organisation, with a minimum frequency of three citations, generated eight clusters (Figure 6). It is possible to observe that half of the clusters were isolated (working without collaboration among institutions), and the other half of the clusters had just one link. This indicated that cooperation between research groups still needs improvement regarding asphalt mixtures with PCM.



The Key Laboratory for Special Area Highway Engineering of the Ministry of Education (Chang’an University) and the School of Modern Post (Xi’an University of Posts & Telecommunications) were the Chinese research groups linked with the most significant number of partnership publications. Only one case connected groups from different nationalities: the College of Civil and Transportation Engineering—Hohai University (China) and the Ingram School of Engineering—Texas State University (USA). Therefore, there was a low geographic spread of investigations in addition to weak connections.



Figure 7 illustrates the co-authorship network map stratified by country, with each node signifying that researchers contributed to at least two articles. This underscored the global collaboration within the scientific community, as researchers, irrespective of nationality, continue contributing to the body of knowledge while working in various countries worldwide. Nine countries can be seen on the map, organised in five clusters, of which just two (green and red) were connected. The green cluster comprised China, Malaysia, and the United States; the red cluster included Canada, Sweden, and Switzerland. The size of each node confirmed that China was the most productive country, with 56 articles. It represented at least 74% of co-authorship publications about asphalt mixtures with PCM and had the strongest links to many other countries. Countries like the United States and Switzerland also had co-authorship articles representing relevant geographic locations in America and Europe, respectively, with 11 and 7 publications. The clusters represented by South Korea, Iran, and Poland had 2 articles, without connections.



This scene reinforced that incipient partnership research and published articles were concentrated in a few countries. China was the leader in asphalt mixtures with PCM research.



Figure 8 shows the bibliographic coupling network by source (journals) with at least two articles published. Indeed, 9 journals appear on the network map, and the range of publications was between 2 and 37. The most important journal was Construction and Building Materials, with 37 published articles representing almost 50% of all articles about asphalt mixtures with PCM on the Scopus database and about 57.9% of the total citations registered (736). While the other journals still had an incipient number of published articles, Materials and Journal of Materials in Civil Engineering had 6 and 4 articles, respectively. The main knowledge areas of the sources were civil engineering, materials science, and energy.





3.2. Systematic Review


The following sections encapsulate data collated from 45 documents that expounded upon the application of PCM in binders or asphalt mixtures. The analysis scrutinised nine performance aspects: PCM type, particle size distribution, melting point, enthalpy of fusion, strategy to prevent leakage, method of PCM incorporation in asphalt mixtures, percentage of PCM composite incorporation, as well as the thermal and mechanical properties of asphalt mixtures. Comprehensive summarisations of the systematic review’s findings are presented in Table A1, Table A2 and Table A3 located in Appendix A.



3.2.1. Phase Change Materials Properties


Phase change materials (PCM) encompass a broad group, with diverse types such as specific waxes, including ceresin [30], and substances like n-tetradecane [31]. The diversity extends to compounds, such as stearic and palmitic acids [32]. Despite being less commonly used, including stearic and palmitic acids stems from their potential effectiveness in specific applications [33]. With their high melting points and enthalpies of fusion, stearic and palmitic acids are particularly suitable for applications with high temperatures and significant thermal energy storage [34]. These properties are detailed in Table A1, demonstrating their necessary roles in various applications. Also, as shown in Table A1, the most frequently employed materials as PCM are polyethylene glycols, or PEGs, notably PEG2000 and PEG4000, due to their significant enthalpies during phase changes [12,13,25,35,36,37,38,39,40,41,42,43]. These materials exhibit desirable attributes such as thermal and chemical stability, non-toxicity, and an appropriate phase change temperature range [44] during the phase change from solid.



The particle sizes of PCM, an aspect key to leakage risk (pointed out in Table A2) and thermal performance, have been studied extensively. The PCM in Table A1 exhibit a wide range, from a minuscule 0.0002 mm [45] to a larger 9.5 mm [37,46], with an average particle size of 1.27 mm. In the case of common materials such as PEG2000 and PEG4000, the average particle sizes are 0.4 and 0.6 mm, respectively. Interestingly, the size of the PCM particle impacts the leakage risk and thermal performance. Due to their greater surface area-to-volume ratio, smaller particles can enhance the thermal performance of PCM [47]. However, they are more susceptible to leakage as they can more easily navigate the carrier matrix material. Larger particles, on the other hand, present a reduced risk of leakage but might compromise the PCM’s thermal efficiency [47]. Figure 9 elucidates the interplay between PCM particle size, distribution, and consequent impacts on thermal performance and leakage tendencies. In Figure 9A, the dynamics of smaller PCM particles are highlighted. Their inherent surface-to-volume ratio advantage allows for homogenous dispersion across the material matrix. This even spread amplifies the potential for thermal regulation, moderating the overall temperature dynamics of the medium. Nevertheless, a trade-off exists: the facile movement of these smaller particles through the matrix augments leakage risk. Conversely, as portrayed in Figure 9B, larger PCM particles follow a contrasting behaviour. Their distribution is less uniform, leading to pockets of material that might be devoid of the thermal modulation benefits offered by PCM. While the silver lining with these larger particles is their reduced inclination towards leakage, they pose a challenge in achieving the optimal thermal proficiency desired by incorporating PCM.



Following the thermal properties subject, two thermal properties are highlighted for PCM to work well: the melting point and enthalpy of fusion, shown in Table A1. The melting point determines the temperature range over which PCM can store or release heat [48]. Therefore, this indicates the temperature at which PCM will change their phase. The melting point of a PCM must be carefully chosen for the specific application. If applied with high temperatures, a PCM with a low melting point may become unstable and decompose, melting quickly, and may not be able to store enough heat [49]. However, for the same application, a PCM with a high melting point may not be compatible with some materials. For instance, for a plastic that can melt at a lower temperature, the PCM will only melt once the temperature is too high [50]. Therefore, the melting point of a PCM determines its thermal stability and potential applications, alongside other factors like its chemical composition, molecular structure, and particle size, in deciding how and where a PCM can be effectively utilised. The PCM in Table A1 exhibit a vast array of melting points, ranging from as low as 3 °C, as in the case of R3 rubitherm RT [51], to as high as 80 °C, as with stearic acid [11]. The average melting point across all materials stands at 46.67 °C.



In Table A1, certain PCM, such as small-molecule alkane [36], n-tetradecane [31,52], PEG 800 mixed with polyacrylamide [53,54], solid–solid PCM (provided by a commercial company) [55], silica with ethyl cellulose [56], ethyl cellulose [57], four different types of composite phase change materials (CPCM) [58], and tetradecane (n-alkane C14H30) [59], have melting points around 20 °C or lower, which could make them not particularly effective in asphalt temperature regulation to mitigate the UHI effect. A PCM with a melting point around 20 °C would not be suitable for applications in which the temperature can reach 60 °C. This is because the PCM would melt at 20 °C, and then it would not be able to store any more heat [60]. If the temperature continued to rise, the PCM would start to release heat, but it would be unable to hold any more heat. This could be a problem in applications in which keeping the temperature within a specific range is essential. If that PCM was used for asphalt, it would not be able to store any more heat once the temperature reached 20 °C. This could lead to overheating. In that situation, when a PCM melts, it undergoes a phase change. This phase change can be exothermic, releasing heat [61]. If the temperature of the PCM is already high, the exothermic phase change could cause the temperature to rise even further and increase the UHI effect [61].



Conversely, PCM with higher melting points around 50 °C to 60 °C, such as types PEG1000 to PEG8000 [12,13,25,26,35,36,37,40,42,62], OP55E [63], stearic acid (SA) [11,64], PCM-43 and PCM-48 [46], and ceresin wax [65], could be employed in high-temperature thermal energy storage applications. These are particularly suitable for tropical and temperate locales where summer temperatures can get excessively high, posing a risk to the mechanical integrity of asphalt material. These PCM can slowly absorb and store excess heat during the hottest hours of the day. This makes them well-suited for applications in which keeping a large amount of thermal energy is essential, helping to reduce asphalt temperatures and mitigate the formation of UHIs [66]. They are stable at temperatures up to 60 °C or higher. This means that they can be used in applications in which the temperature may occasionally exceed 60 °C without the risk of the PCM becoming unstable or decomposing. This makes them versatile materials for use in various applications [66].



For materials like PEG2000 and PEG4000, a higher melting point indicates superior thermal stability. This makes them useful in specific high-temperature applications, such as industrial processes operating at elevated temperatures to store excess heat. PEG4000, with an average melting point of 56.14 °C, provides enhanced thermal stability over PEG2000, with a slightly lower average melting point of 50.63 °C [12,13,25,35,36,37,38,39,40,41,42,43]. These insights into melting points and their application in cooling asphalt reflect the fundamental role of PCM in mitigating the UHI effect.



The enthalpy of fusion, measured in joules per gram (J/g), which is the energy required to change a material’s phase from solid to liquid without changing its temperature, is one of the most significant properties of PCM. It determines the thermal energy the material can store and release during phase transitions [67]. In this work, the average values were between 119.73 J/g for the specific application of mitigating the UHI effect using PCM incorporated into asphalt pavements, and the materials of interest had high fusion enthalpies [37]. Materials with high fusion enthalpies can store and release more thermal energy during phase transitions, providing more significant potential for thermal regulation [68]. Looking at Table A1, a viable choice requires a high fusion enthalpy to store more energy and a melting point near ambient temperature to ensure the material will change phase when needed. To meet these demands, the following materials are good possibilities for some applications:




	
Stearic acid (SA) [11,32,64,69,70]—enthalpy of fusion = 159.6–221.6 J/g; melting point = 40–80 °C. It has a high fusion enthalpy, and the melting point is within a reasonable range for different climates;



	
PCM-43 [46]—enthalpy of fusion = 210 J/g; melting point = 43 °C. This material has an even higher fusion enthalpy, but its melting point is high. This may make it more suitable for hotter climates with higher ambient temperatures;



	
n-tetradecane [31]—enthalpy of fusion = 256.2 J/g; melting point = 17.1°C. This material has the highest fusion enthalpy of the provided examples, but its melting point is not so high. This means it might not be the best choice in hotter climates with ambient temperatures above or approximately 17.1 °C.








As established in Table A1, stearic acid (SA) [11,32,64,69,70] and PCM-43 [46] appear to be the best candidates, with high fusion enthalpies and melting points that could be suitable for many climates. Notably, the average enthalpy of fusion values for PEG2000 and PEG4000 are 180 and 135.2 J/g, which fall outside the range of temperatures experienced by asphalt pavements and would not be so effective. However, as was detailed above, the melting points for these two types of PEG are suitable for applications in asphalt to mitigate the UHI effect, highlighting their potential as PCM [23]. Coupled with other favourable properties, such as low toxicity, high thermal stability, biodegradability, and a suitable melting point, PEGs are ideal for various thermal energy storage applications [46,47,48].



Despite the diverse applications of PCM, questions remain about their real-world application at high temperatures and significant thermal energy storage. Even though data, such as in Table A1, shed light on their roles in various contexts, a more detailed examination is essential. While certain materials capture attention due to their remarkable enthalpies during phase changes, attributes like thermal and chemical stability and non-toxicity are noteworthy. However, the relationship between these properties and their practical application needs to be clarified and requires further investigation.



The particle size spectrum for PCM extends from an almost microscopic 0.0002 mm to a noticeable 9.5 mm. While smaller particles are believed to boost the thermal efficiency of PCM, they might also escalate leakage risk. Conversely, more considerably sized particles could reduce leakage concerns but adversely affect thermal efficiency. The balance between these potential advantages and disadvantages has yet to be fully understood and necessitates explicit research.



The thermal properties of PCM, particularly the melting point and enthalpy of fusion, are essential. The melting point range is vast, indicating the potential for diverse applications. Nevertheless, there is a noticeable gap in the need for precise guidelines on the appropriate selection and use of these materials for specific applications. Some PCM seem less suited for temperature regulation, while those applicable for high-temperature thermal energy storage still need to be thoroughly understood in real-life high-temperature conditions. The practical applications and resulting efficacy for many materials, even those with promising characteristics, have yet to be definitively established.



The optimal fusion enthalpy for specific applications, like mitigating the UHI effect in asphalt pavements, must be clarified. While PCM show promise in addressing the urban heat island effect, the intricacies of their application still need to be explored. As urbanisation and climate challenges continue to intensify, realising the full potential of PCM mandates a more profound and systematic research approach.




3.2.2. PCM Incorporation into Asphalt Mixtures and Leakage Prevention


In addition to the thermal properties depicted in Table A1 and Table A2, this study presents a thorough review that highlights the diversity of strategies employed to prevent the leakage of phase change materials (PCM) in asphalt mixtures, the methods for their incorporation, and the percentage of PCM composite used.



The propensity for leakage is one concern addressed in Table A2. The practical application of PCM is intricate due to their susceptibility to leakage during phase transitions. Ensuring the integrity of these materials, hence averting potential losses, represents a significant challenge in PCM selection and use, demanding an array of strategies [71]. PCM, varying in their composition and application, necessitate different methods and coating materials. For example, a PCM used for heat storage in buildings may require a carrier matrix that excels in preventing leakage [72], whereas a PCM employed in asphalt mixtures should not only lack leakage but also withstand high temperatures during the mixing process [73]. For vehicular applications, a carrier matrix that is both lightweight and robust might be more suitable [61].



A commonly adopted solution to prevent leakage involves using carrier matrix materials, such as SiO2, carbon-based materials, and diatomite [25,26,38,41,42,43,44,62,64,69,74,75,76]. These substances serve as physical barriers, encapsulating the PCM within the system to minimise leakage. For instance, SiO2 encapsulation is frequently used with popular PCM like PEG2000 and PEG4000 [25,38,41,42]. Additionally, there are less commonly used strategies, such as adsorption on diatomite silica microporous structures [62,64], the use of PCM in composite form [38,58], polymerisation [31,77,78], emulsion polymerisation [52], and integration with multi-walled carbon nanotubes (MWCNT) [45], along with more advanced techniques like microencapsulation [79] and shape-stabilised expanded graphite [26,80]. Carrier matrix materials can also influence the thermal properties of PCM under various conditions (as shown in Table A1). They can enhance the PCM’s thermal conductivity, promoting efficient heat storage and release. Furthermore, the carrier matrix can protect the PCM from degradation by shielding it from environmental factors such as air and moisture, thereby reducing the maintenance costs of PCM [81]. The matrix can also regulate interactions between the PCM and its surroundings, serving as a physical barrier that may delay melting of the PCM by limiting its exposure to certain temperatures [82].



Certain materials are inherently solid and do not necessitate a leakage prevention strategy. Solid-to-solid PCM (SS-PCM) are a unique class characterised by their ability to transition from one solid phase to another [40,55,63,75]. Unlike other PCM, they remain solid throughout their phase transitions, eliminating the need for leakage prevention strategies. This property makes SS-PCM exceptionally suitable for various thermal energy storage applications due to their reversibility [83]. There are two principal types of SS-PCM, differentiated by their molecular interactions. The first type involves the rearrangement of molecules from one crystalline phase to another [84,85,86]. This structural transformation changes the thermal characteristics of the material without changing its physical state. The second type involves incorporating crystallisable sections through chemical bonding into a secondary structure. This change can influence the material’s thermal properties, including enthalpy, transition temperature, and thermal conductivity [77,83,85,87]. Figure 10 provides a visual schematic of the phase change processes in SS-PCM systems. In part (A), the transition from an ordered crystalline phase to a disordered non-crystalline phase is vividly depicted for the system. This transformation underlines the inherent ability of SS-PCM to undergo structural rearrangements. Part (B) shows the SS-PCM transition from a neatly arranged, regular crystalline structure to a more chaotic and random non-crystalline phase. This change is pivotal in understanding the thermodynamic properties of SL-PCM systems and their potential applications in energy storage and release.



Regarding their workability, SS-PCM are considered easy to handle due to their solid state. However, the specific characteristics of these materials can vary widely, influencing their ease of use [88]. Some SS-PCM may require special handling or incorporation methods to achieve the best performance. For instance, certain SS-PCM may need to be mixed with other materials to improve their thermal conductivity or stability [89]. Nonetheless, this is due to their solid state and lack of leakage [90].



PCM with specific encapsulation strategies and careful selection based on their thermal properties can be beneficial in storing and releasing heat during peak temperatures, thereby reducing surface temperatures and the overall urban heat island effect. Solid-to-solid PCM (SS-PCM), due to their inherent solid state and absence of leakage, present a particularly advantageous option for urban heat mitigation. Due to molecular rearrangements or secondary structure modifications, their tuneable thermal properties make SS-PCM a versatile choice for diverse urban applications, offering a sustainable solution to urban heat islands.



Another point addressed in Table A2 is the most used method to incorporate PCM into asphalt mixtures. The addition of PCM is typically achieved via two methods: wet and dry mixing. The wet mixing method combines the PCM and the binder, providing a simple and straightforward approach to integrating PCM into mixtures [91]. This method’s simplicity has made it the most prevalent technique in the field [12]. On the other hand, the dry mixing method involves the addition of the PCM during preparation of the binder [92]. This method, although slightly less common, is gaining traction due to its enhanced control over the distribution of incorporated materials, like PCM, within asphalt mixtures [93]. Both methods have their unique advantages and potential drawbacks. Wet mixing is often seen as more efficient since it eliminates the need for additional steps [94]. However, this method might need to be revised to control PCM distribution throughout the asphalt mixture, potentially affecting its performance. Conversely, while the dry mixing method allows for improved control over PCM distribution, it can be more laborious and might present challenges in ensuring a homogeneous mix [95]. These two techniques can be refined with a focus on efficiency and effectiveness for better PCM incorporation.



Once the best method to incorporate the PCM in the asphalt mix has been defined, the quantity of PCM to be added must be known. This can be achieved through volume or mass substitution. However, analysis of Table A2 shows that there is no one-size-fits-all solution, as the choice of method often depends on the type of PCM used and the desired thermal properties of the final product. Substitution can replace either the volume or mass of the aggregate or binder utilised [35,37,39,46,53].



Specific studies have implemented PCM contents ranging from 3% to 15% in terms of either volume [38] or mass [32,63,70,79] of the binder in the asphalt mixture. Some unique combinations have been made by substituting 50% of the fine aggregate with sizes of 0.3–0.6 and 0.15–0.3 mm [69]. Across the board, the percentages of substitution most often seen in the literature range from 2% to 20% for both mass and volume substitutions of the binder. However, the frequency of these percentages varies widely according to the specifics of each experiment or study.



Further considerations reveal that the type of PCM used can affect the amount integrated into an asphalt mixture. Certain PCM possess higher latent heat than others, which can store more heat per unit volume. Consequently, less PCM would be needed to achieve a given thermal performance. The target thermal performance also plays a critical role in determining the amount of PCM required [11,32,64,69,70]. If the objective is to lower the temperature of the asphalt mixture by a few degrees, less PCM is needed as compared to a goal of significantly reducing the temperature.



Moreover, the equipment can also influence the amount of PCM incorporated into an asphalt mixture. Some devices might not be designed to accommodate large quantities of PCM, limiting the maximum amount of PCM that can be integrated into the asphalt mixture. This necessitates carefully evaluating the available resources when planning the incorporation of PCM.



The method of PCM incorporation into the asphalt, whether wet or dry, can be optimised based on the desired thermal performance and application specifics. The quantity of PCM used can be tuned to achieve targeted thermal properties, thus tailoring the urban surface to withstand intense heat conditions.



While methods to prevent leakage from PCM have evolved, they often demand specific solutions tailored to PCM composition and intended application. A universal strategy still needs to be discovered, offering a rich avenue for future exploration and innovation. Furthermore, even though carrier matrix materials effectively encapsulate PCM, their nuanced effects on PCM thermal properties still merit deeper investigation. Notably, solid-to-solid PCM (SS-PCM) provide a promising leakage-free solution, yet their varied characteristics demand a better grasp to leverage their full potential. The debate between wet and dry mixing methods for PCM incorporation still needs to be solved, with neither proving definitively superior. The optimum PCM quantities in asphalt mixtures must also be revised, with decisions often hinging on the PCM type and desired thermal attributes. Intriguingly, the equipment used in the process can sometimes cap the amount of PCM integrated, suggesting potential technological advancements. Lastly, the method chosen for PCM incorporation demands careful optimisation to maximise benefits aligned closely with project objectives. All of these research gaps underscore the vibrant, evolving landscape of PCM integration into asphalt, offering many opportunities for future studies.




3.2.3. Analysis of Thermal and Mechanical Characteristics in Asphalt Mixtures with Diverse PCM Varieties


Integrating PCM into asphalt mixtures, a significant development in materials science, must consider various aspects, including potential impacts on mechanical properties and the degree of thermal improvement realised [25,36,37,38,77]. The data in Table A3 reveal that these materials effectively manage thermal energy absorption and release, thus regulating temperature fluctuations in asphalt pavements [52,78,96,97].



The extent of this thermal regulation largely depends on the PCM content, with a higher dosage often resulting in more substantial temperature decline. Many factors, including ambient temperature [13,76], PCM type and dosage [26], and pavement structure [78], also influence the effectiveness of PCM usage in asphalt mixtures. These substances can also elevate the asphalt mixture’s albedo and specific heat capacity due to their augmented thermal conductivity and latent heat storage capacity [64,75]. Lab and field trials have indicated that PCM can lower pavement temperatures by as much as 9 °C [31,40,62,98].



However, from a mechanical perspective, incorporating PCM into asphalt mixtures may occasionally induce adverse effects. There is a tendency for dynamic stability to decline in modified mixtures with increasing PCM content [25], while numerous studies have noted a decrease in mechanical strength following PCM integration [37]. The lesser mechanical strength of PCM, compared to typical aggregates like limestone or basalt, can be an attributing factor for the reduced strengths of mixtures [37].



Moreover, strength evaluations from uniaxial compressive and splitting strength tests have revealed that strength parameters tend to diminish with increasing PCM content, especially when PCM have larger particle sizes. The overall strength of the asphalt mixture is less impacted when the PCM has a smaller particle size. However, even with these reductions, modified asphalt mixtures can enhance the anti-slip properties and durability of coated pavements [25,37]. Notably, several studies have highlighted improvements in specific areas of mechanical performance, such as an increase in the asphalt mixture modulus, contributing to better anti-rutting capability [36,38,76].



Conversely, the impacts on mechanical properties are inconsistent and vary based on the specific PCM used. For example, polyurethanes with a higher isocyanate content are associated with small phase change enthalpies and can withstand elevated temperatures without liquid leakage [77]. This suggests that the choice of PCM and its properties can significantly affect the mechanical performance of modified asphalt mixtures.



On the thermal optimisation front, PCM have proven to be effective in enhancing the thermal performance of asphalt mixtures. Pavements treated with PCM have demonstrated a significant cooling effect. During a summer day, the peak temperatures of both top and bottom surfaces can decrease by approximately 6°C to 8 °C [64] in samples. Furthermore, an optimal 14% (by mixture weight) PCM composite content can result in temperature modulation, achieving a temperature difference of around 9.0 °C (Figure 11) in asphalt specimens, as opposed to a reduction in global temperature [62].



The type of PCM also plays a substantial role in thermal improvement. For instance, the phase change temperatures of PEG2000 and PEG 4000 align more closely with peak pavement temperature (around 60 °C on summer days). As a result, these PCM can more efficiently regulate pavement peak temperature compared to PEG1000 [35]. Simulation results indicated that a PCM synthesised from PEG2000 (alkane) was suitable for controlling the temperature of asphalt mixtures, in both summer and winter conditions [36].



The type and quantity of PCM used are fundamental in determining the mechanical and thermal performance of modified asphalt mixtures. Despite challenges associated with mechanical performance upon PCM incorporation, the significant thermal improvements suggest that PCM hold immense potential for mitigating high-temperature effects on pavements [65]. However, further research and optimisation are necessary to devise the best strategies for PCM incorporation that yield the most effective mechanical and thermal performance.



Phase change materials (PCM) uniquely manage the thermal energy dynamics within asphalt pavements. They regulate temperature swings and provide crucial benefits in addressing urban heat islands. Their effectiveness, however, hinges on various factors, with the PCM concentration playing a pivotal role. Notably, a higher dosage of PCM may result in a more significant decrease in pavement temperatures, helping to reduce the urban heat island effect. Field and lab-based experimental trials have established the capability of PCM to decrease pavement temperatures, offering new prospects in urban heat island mitigation. However, the implications on the physical properties when incorporating PCM into asphalt mixtures must be considered. This introduction could undermine the mechanical resilience of asphalt mixtures, negatively affecting pavement durability. Balancing thermal benefits against potential mechanical compromises is critical. Optimising thermal improvements without jeopardising pavement integrity demands thorough planning and ongoing research. While the challenges are not insignificant, the substantial thermal benefits linked with PCM usage underline their significant potential in mitigating the urban heat island effect. The focus remains on the strategic deployment of PCM in asphalt mixtures, ensuring thermal control for pavement surfaces that contribute to urban heat island effect mitigation.



Considering the current understanding, several research avenues beckon for exploration to unravel the intricacies of PCM integration into asphalt mixtures. The variability in mechanical properties based on the specific PCM type needs elucidation to provide clarity on their impacts. A comprehensive investigation into how particle size directly influences asphalt mixture strength is essential to effectively tailor applications.



Though promising, the asserted optimal 14% PCM content beckons for a more comprehensive evaluation across varied climatic conditions and pavement types. Delving deeper into a comparative study between different PCM types will foster a nuanced understanding of their relative efficiencies, setting the stage for more refined applications. Strategising PCM incorporation, with a keen eye on maximising mechanical and thermal performance, remains a pivotal research frontier.



As the urban heat island effect becomes increasingly pronounced, leveraging PCM for optimal mitigation is significant. Insight into striking the right balance between thermal benefit and mechanical integrity will determine the success of PCM-integrated asphalt mixtures. While the current trajectory shows promise, meticulously exploring these research gaps will be instrumental in harnessing the full potential of PCM in asphalt pavements.






4. Conclusions


This comprehensive bibliometric and systematic review synthesises recent research on implementing PCM in asphalt mixtures, highlighting the significant contribution of this technology toward mitigating the UHI effect.



The evolution of the theme demonstrates that asphalt mixtures with PCM have emerged as a significant and burgeoning subject within the current scientific literature. A marked uptick in research on this topic, particularly between 2019 and 2022, accounting for over 80% of all publications, implies that the application of PCM in asphalt mixtures is a promising and innovative field of study within asphalt pavement engineering.



The most important terms identified within the co-occurrence network included “phase change materials”, “asphalt mixtures”, “temperature”, and “heat storage.” These terms were heavily interconnected and highly relevant across all clusters, indicating the primary focus areas within this research scope. However, the absence of the term ‘Urban Heat Island (UHI)’, despite its relevance, presents a potential research gap for future exploration.



China, notably Chang’an University, has emerged as the primary research hub for asphalt mixtures with PCM, contributing a substantial portion of the literature. The most productive authors in this field predominantly hailed from China, with their primary research focus on PCM applications and performance in asphalt mixtures. Their contributions to the body of knowledge have provided invaluable insight into this emerging research area.



The concentration of publications in a limited number of journals, primarily Construction and Building Materials, which published almost 50% of all articles about asphalt mixtures with PCM in the Scopus database, illustrates the need for broader dissemination of research findings across various platforms to ensure comprehensive coverage and accessibility.



Various PCM, such as paraffin waxes, fatty acids, and salt hydrates, have been utilised in asphalt mixtures. However, polyethylene glycols (PEGs), specifically PEG2000 and PEG4000, emerged as the most frequently employed PCM. This is likely attributed to their suitable phase change temperature range, chemical stability, and non-toxicity.



The appropriate melting point temperature for PCM utilisation in asphalt mixtures depends on the specific application and environmental conditions. The melting points can range from 3 °C to as high as 80 °C. However, PEG2000 and PEG4000, with average melting points of 50.63 °C and 56.14 °C, respectively, demonstrate a wide range of suitability.



Values of the enthalpy of fusion, which indicates the PCM’s thermal energy storage capacity, vary considerably, ranging from 2.11 to 256.2 J/g. PEG2000 and PEG4000 exhibit average enthalpy of fusion values of 180 and 135.2 J/g, respectively, underpinning their substantial thermal storage capacities.



Various strategies have been employed to prevent PCM leakage in asphalt mixtures, which can compromise the material’s integrity. Encapsulation with SiO2 was the most common method. Other innovative methods include PCM adsorption on diatomite silica microporous structures, composite form PCM, and polymerisation.



Integrating PCM into asphalt mixtures has potential repercussions on their mechanical properties. Some studies reported a reduction in dynamic stability and mechanical strength with increasing PCM content. However, despite these reductions, the modified mixtures typically met the required performance standards, suggesting that the overall integrity of the pavements was maintained.



The thermal performance of asphalt mixtures, a primary objective of PCM integration, has shown substantial improvement. However, the degree of improvement is contingent on various factors, such as PCM type, dosage, and pavement structure. Significant reductions in pavement temperature by up to 9 °C have been reported.



In conclusion, the systematic incorporation of PCM into asphalt mixtures demonstrates a promising avenue for enhancing thermal performance and combatting the UHI effect. However, further research is necessary to optimise the balance between thermal improvement and mechanical performance, ensuring this innovative technology’s functional and environmental benefits.



However, this review has identified several areas for improvement in the current literature that deserve future attention. The mechanical resistance of PCM has yet to be thoroughly explored, and the use of PCM derived from recycled material remains uninvestigated. Moreover, the protection of PCM utilising recycled materials is another under-researched area. Notably, the absence of standardised tests assessing PCM leakage was an explicit limitation within the existing literature.



Notably, the review underscores conspicuous gaps in the extant literature. There is a lacuna regarding the lifecycle analysis of these materials. The prevalent application of PCM—whether encapsulated in spherical form or directly infused into pavements—suggests a particular orthodoxy in the methodologies. The impact of the encapsulation’s geometry on the asphalt’s mechanical durability remains relatively uncharted, hinting at a nuanced research dimension. How might the material’s shape influence its resistance, longevity, or heat retention? Such considerations, if delved into, could revolutionise the practical applications and efficacies of PCM in pavements.



This study may serve as a valuable guide for researchers navigating this dynamic field, providing a thorough understanding of current trends, key contributors, and potential research directions. Future studies should continue to monitor the progression of this research field, updating the bibliometric analysis as the literature expands and facilitating the identification of and addressing research gaps to further promote the application of PCM in asphalt mixtures.
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Table A1. Characteristics of Phase Change Materials (PCM): Type, Size, Melting Point, and Enthalpy of Fusion.
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	Size (mm)
	Melting Point (°C)
	Enthalpy of Fusion (J/g)
	Reference





	Stearic acid (SA)
	0.0002
	40–80
	159.6, 180.0, and 221.6
	[11]



	PEG2000 mixed with hydrophobic fumed silica (HFS), called PEG-HFS, and PEG2000 mixed with SiO2, called PEG-SiO2
	PEG-HFS = ≤0.075 and PEG-SiO2 = ≤0.6
	PEG-HFS = 30.8 and PEG-SiO2 = 69.6
	PEG-HFS = 69.9 and PEG-SiO2 = 92.5
	[25]



	PEG1000, PEG2000, and PEG 4000
	0.075–1.18
	PEG1000 = 35, PEG2000 = 50, and PEG4000 = 55
	non-specified
	[35]



	PEG2000 and one type of small-molecule alkane
	0.0294
	PEG2000 = 52.3 and the small-molecule alkane = 20.0
	PEG2000 = 100.7 and the small-molecule alkane = 56.7
	[36]



	PEG2000 with fly ash ceramsite (FACS) and sulphoaluminate cement paste
	2.36–9.5
	53.59
	191.5
	[37]



	PEG1500 with SiO2, PEG2000 with SiO2, PEG4000 with SiO2, PEG6000 with SiO2, PEG8000 with SiO2, PEG10000 with SiO2, and PEG20000 with SiO2
	non-specified
	PEG1500 with SiO2 = 39.5–64.7, PEG2000 with SiO2 = 39.6–65.4, PEG4000 with SiO2 = 47.0–74.5, PEG6000 with SiO2 = 48.3–76.3, PEG8000 with SiO2 = 48.7–77.5, PEG10000 with SiO2 = 49.0–77.8, and PEG20000 with SiO2 = 49.4–79.6
	PEG1500 with SiO2 = 99.8,

PEG2000 with SiO2 = 101.7, PEG4000 with SiO2 = 98.1,

PEG6000 with SiO2 = 104.8, PEG8000 with SiO2 = 108.1, PEG10000 with SiO2 = 105.8, and PEG20000 with SiO2 = 102.7
	[38]



	PEG2000
	non-specified
	36.3
	174.4
	[39]



	Epoxy resin mixed with polyethylene glycol 2000 (PEG2000)
	0.1084
	40.4
	65–67
	[12]



	PEG2000
	non-specified
	51.0
	185.4–184.8
	[13]



	PEG 4000 mixed with 4,4′-methylene diphenyl diisocyanate, dimethylformamide and PEG 4000 mixed with 4,4′-methylene-bis(2-chloroaniline)
	non-specified
	49.0
	73.8
	[40]



	PEG 4000 with SiO2
	0.6–1.18
	57.4
	166.8
	[41]



	PEG 4000 and SiO2
	<1.18
	57.4
	166.4–166.8
	[42]



	PEG4000
	0.3
	59.85
	200.7
	[43]



	PEG with expanded graphite
	0.045–0.075
	42.7
	122.9
	[26]



	Graphite flakes (2000, 4000, and 8000 meshes) with PEG 8000
	~0.02–0.11
	48.3–50.7
	~85–115.2
	[75]



	Expanded graphite/polyethylene glycol (PEG)
	non-specified
	46.9
	166.4
	[76]



	Stearic acid (SA) mixed with diatomite (DI), named SA-DI, or expanded perlite (EP), named SA-EP
	≤0.15
	67
	SA-DI = 143.7 and SA-EP = 105.5
	[69]



	Stearic acid mixed with palmitic acid and diatomite
	non-specified
	52.9
	106.7
	[64]



	PEG1000 with diatomite
	non-specified
	45–55
	9.0332
	[62]



	TiO2 and Al2O3
	TiO2 = 0.00002 and Al2O3 = 0.00008
	non-specified
	non-specified
	[45]



	Commercial materials are called PCM-43 and PCM-48, the constituents of which were not specified.
	4.75–9.5
	PCM-43 = 43 and PCM-48 = 48
	PCM-43 = 210 and PCM-48 = 120
	[46]



	R3 Rubitherm RT and R5 Rubitherm RT
	non-specified
	R3 Rubitherm RT = 3 and R5 Rubitherm RT = 5
	R3 Rubitherm RT = 198.0 and R5 Rubitherm RT = 180.0
	[51]



	PEG8000
	<0.075
	36–48.3
	93.5
	[77]



	Ceresin wax
	non-specified
	68–78
	2.11
	[30]



	n-Tetradecane
	0.1–0.2
	17.1
	256.2
	[31]



	PEG 800 mixed with polyacrylamide
	2–4
	17.1
	72.2
	[99]



	PEG 800 mixed with polyacrylamide
	non-specified
	17.1–16.5
	72.2–68.9
	[53]



	Paraffin
	0.002–0.025
	~45
	200
	[54]



	PEG 6000 with SiO2 (PEG/SiO2) and EGD with SiO2 (EGD/SiO2)
	0.070
	PEG/SiO2 = 52.8 and EGD/SiO2 = 59.6
	PEG/SiO2 = 137.6 and EGD/SiO2 = 125.2
	[98]



	NiTi
	1.0–2.0
	45
	26.9
	[100]



	Nano-CuO
	0.00004
	non-specified
	non-specified
	[96]



	Paraffin wax materials: OP55E, OP52E, and OP47E
	non-specified
	OP55E = 51–57, OP52E = 49–53, and OP47E = 41–48
	OP55E = 17.85, OP52E = 18.10, and OP47E = 19.57
	[63]



	Solid–solid PCM (provided by a commercial company)
	non-specified
	17
	67
	[55]



	Stearic acid (SA)/palmitic acid (PA) binary eutectic phase change material (SA/ PA-PCM)
	non-specified
	SA = 69.6

PA = 63.1
	SA = 201.8

PA = 164.79
	[70]



	n-Tetradecane
	0.005–0.27
	5.9–12.5
	208.1
	[52]



	n-Alkane C20H42 (Eicosane)
	non-specified
	36.5
	247.3
	[79]



	Silica with Ethyl Cellulose (EC)
	non-specified
	5
	80.31
	[56]



	PEG2000
	0.15
	50–55
	180
	[80]



	MPCM43D (paraffin as the core and encapsulated in a polymer shell)
	0.015–0.020
	41.09–43.34
	174
	[78]



	Lauric acid (LA)
	non-specified
	43.05
	172.3
	[97]



	Ceresin wax
	4–8
	45.9–69.7
	147.57
	[65]



	Ethyl Cellulose (EC)
	non-specified
	5
	80.31
	[57]



	Four CPCMs were made with different raw materials and a pure PCM by sol-gel. However, the text did not specify which specific type of PCM was used.
	non-specified
	5–17
	95
	[58]



	NiTi alloy
	1.0
	16.3–58
	25.8–26.9
	[24]



	Tetradecane (n-alkane C14H30)
	0.007–0.021
	6
	173–195.5
	[59]



	Stearic acid mixed with palmitic acid (SA/PAPCM)
	non-specified
	Stearic acid = 69.60 and palmitic acid = 61.10
	Stearic acid = 201.8 and palmitic acid = 164.79
	[32]
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	PCM Type
	Strategy to Prevent Leakage
	Incorporation Method of PCM in Asphalt Mixture
	PCM Composite Incorporation (%)
	Reference





	Stearic acid (SA)
	An interlayer spacing of 1.28 nm was used as a carrier matrix.
	Functionalization of the pavement surface: PCM was mixed into acrylic paint coating.
	The sample was mixed into acrylic coating with the volume fractions of 2%, 3%, 6%, and 12%.
	[11]



	PEG2000 mixed with hydrophobic fumed silica (HFS), called PEG-HFS, and PEG2000 mixed with SiO2, called PEG-SiO2
	PEG was filled and/or adsorbed in the spatial structure of silica (carrier matrix).
	Dry mixing
	PEG/SiO2 granular and powdered PEG/HFS replaced fine aggregate and mineral filler in 0.075–0.6 mm range at 0%, 25%, 50%, and volumes.
	[25]



	PEG1000, PEG2000, and PEG 4000
	Encapsulation by SiO2.
	Dry mixing
	The PEG/SiO2 content was 3% and 10 % by the aggregate mass in the mixtures.
	[35]



	PEG2000 and one type of small-molecule alkane
	Unspecified particles were used as porous materials for the adsorption of PCM.
	Wet mixing
	Used four modified asphalts with HTPCMP and LTPCMP total content of 6 wt% and two types of particles (HTPCMP/LTPCMP) in ratios of 0:3, 1:2, 2:1, and 3:0, respectively.
	[36]



	PEG2000 with fly ash ceramsite (FACS) and sulphoaluminate cement paste
	Encapsulation with fly ash ceramsite (FACS) by vacuum adsorption method, coated with cement paste.
	Dry mixing
	An equal volume of aggregate with the same particle size range.
	[37]



	PEG1500 with SiO2, PEG2000 with SiO2, PEG4000 withSiO2, PEG6000 with SiO2, PEG8000 with SiO2, PEG10000 with SiO2, and PEG20000 with SiO2
	Composite-shaped phase change materials.
	Dry mixing
	5 %, 10%, and 15% (v/v)
	[38]



	PEG2000
	Incorporated phase change material in asphalt mixture.
	Wet mixing (hot mix asphalt (HMA))
	Four different contents (1%, 5%, 10%, and 20% by weight of asphalt binder) of polyethylene glycol (PEG).
	[39]



	Epoxy resin mixed with polyethylene glycol 2000 (PEG2000)
	After heat treatment, there was no leakage or loss of PCM.
	High-speed shearing method at 150 °C for 30 min at 3000 rpm
	Modified asphalt with EPPCM content of 0, 3, 6, 9, and 12 wt% were obtained.
	[12]



	PEG2000
	ZnMgAl-MMO acted as the support carrier to prevent leakage of liquid PEG during phase transition.
	Wet mixing (high shear mixer)
	7% proportion of PEG/MMO PCM was slowly added into base bitumen.
	[13]



	PEG4000 mixed with 4,4′-methylenediphenyl diisocyanate, dimethylformamide and PEG4000 mixed with 4,4′-methylene-bis(2-chloroaniline)
	Not applicable because solid–solid phase change materials were used.
	Wet mixing
	Bitumen samples modified with (PU3), 5% (PU5), and 7% (PU7) by weight PUSSPCM.
	[40]



	PEG4000 with SiO2
	Encapsulation by SiO2.
	Dry mixing
	Fine PEG/SiO2 particles replaced aggregate of the same size (0.6–1.18 mm) in the OGFC-13 mixture at levels of 0, 0.8%, 1.1%, 1.4%, 2.2%, and 3.0% by mass, as per previous research.
	[41]



	PEG4000 and SiO2
	Development of a PEG/SiO2 composite (70%/30%) by sol–gel method.
	Dry mixing
	0.8%, 1.1%, 1.4%, and 3% by the total mass of aggregates.
	[42]



	PEG4000
	PEG/EP-CPCMs replaced fine aggregates to make temperature-adjusting asphalt. DI, EP, and EVM structures were unchanged by PEG. Marshall method designed the asphalt surface course.
	Wet mixing
	The maximum PEG absorption of diatomite (DI), expanded perlite (EP), and expanded vermiculite (EVM) could reach 72%, 67%, and 73.6%, respectively.
	[43]



	PEG with expanded graphite
	Pores present in the expanded graphite matrix were filled with PEG.
	Wet mixing
	Increasing content of EP-CPCM in the asphalt from 10, 20, 30, 40, to 50 vol%, respectively.
	[26]



	Graphite flakes (2000, 4000, and 8000 meshes) with PEG8000
	Not applicable because solid–solid phase change materials were used.
	Wet mixing
	Asphalt mastics were prepared by replacing 0 vol%, 20 vol%, 30 vol%, and natural limestone filler with a preferable GPCM.
	[75]



	Expanded graphite/polyethylene glycol (PEG)
	non-specified
	Wet mixing (heating binders to 130 °C, then mixing with the chosen volume of EP-CPCM at 600 rpm for 15 min to uniformly disperse EP-CPCM).
	Mixed with asphalt binders with the volume percentages of EP-CPCM in the modified binders were 9.09 vol%, 16.67 vol%, and 28.57 vol%.
	[76]



	Stearic acid (SA) mixed with diatomite (DI), named SA-DI, or expanded perlite (EP), named SA-EP
	Preparation of mineral-supported SA.
	Dry mixing
	Asphalt mixtures were prepared by replacing 50% of the same size fine aggregate with 0.3–0.6 and 0.15–0.3 mm SA/DI CPCM, respectively.
	[69]



	Stearic acid mixed with palmitic acid and diatomite
	Diatomite (DI) was selected as the load matrix.
	Dry mixing
	Fine aggregate (0.15 mm) and filler were replaced with (SA + PA)/DI CPCM particles at 50% replacement levels in temperature-adjusting asphalt mixtures.
	[64]



	PEG1000 with diatomite
	PEG adsorbed into silica microporous structure of diatomite.
	Wet mixing
	10%, 12%, and 14% by weight of the asphalt binder.
	[62]



	TiO2 and Al2O3
	Multiwalled carbon nanotube (MWCNT).
	Wet mixing
	5% TiO2 and 4% Al2O3 (w/w)
	[45]



	Commercial materials called PCM-43 and PCM-48, the constituents of which were not specified.
	Encapsulation by unspecified material.
	Wet mixing
	Two PCM were added to asphalt at 160 °C (1%, 5%, and 9% by weight, optimal proportion), and ceramsite particles replaced coarse aggregates (0%, 20%, 40%, and 60% volumes).
	[46]



	R3 Rubitherm RT and R5 Rubitherm RT
	Used different coating solutions.
	Any residue remaining on the surface of the aggregates was only quantified with visual observations of whether the aggregate appeared wet or dry.
	non-specified
	[51]



	PEG8000
	Polymerization.
	Dry mixing
	Volume replacement of 50% mineral filler
	[77]



	Ceresin wax
	Saturating the porous granules of aggregate with a phase change to a porous structure, the aggregate could serve as a bedrock form to fill with PCM.
	Wet mixing
	20 wt% (at most) share of PCM
	[30]



	n-Tetradecane
	In situ polymerization.
	Bitumen samples with varying micro-PCM fractions were heated to 150 °C, placed in a 2000 mL flask, slowly mixed with micro-PCM, reheated to 160 °C, and stirred for 45 min at 4000 r/min.
	Bitumen samples modified with (P100), 3 wt% (P300), and (P500) micro-PMCs were thus fabricated.
	[31]



	PEG800 mixed with polyacrylamide
	Encapsulation by poly polyacrylamide.
	Wet mixing
	PPGC-PCM was added as an additive to asphalt mixtures at 2.5% to 12.5% by asphalt binder volume using dry mixing during the process.
	[99]



	PEG800 mixed with polyacrylamide
	Encapsulation by poly polyacrylamide.
	Wet mixing
	By the volume of asphalt binder, the 2.5%, 5.0%, 7.5%, 10.0%, and 12.5% adding contents of PPGC-PCM are applied in experimental groups.
	[53]



	Paraffin
	Encapsulation by unspecified material.
	Wet mixing
	The PCM capsules were added to replace the removed minus fraction in the same volume percentage (approximately 10%).
	[54]



	PEG6000 with SiO2 (PEG/SiO2) and EGD with SiO2 (EGD/SiO2)
	Encapsulation by SiO2.
	Dry mixing
	non-specified
	[98]



	NiTi
	non-specified
	Dry mixing
	3%, 6%, 9%, and 12% by the weight of the mixture
	[100]



	Nano-CuO
	non-specified
	Wet mixing
	4%
	[96]



	Paraffin wax materials: OP55E, OP52E, and OP47E
	Not applicable because solid–solid phase change materials were used.
	Dry mixing
	5%, 10%, 15%, and 20% (w/w)
	[63]



	Solid–solid PCM (provided by a commercial company)
	Not applicable because solid–solid phase change materials were used.
	Wet mixing
	4% and 8% (w/w)
	[55]



	Stearic acid (SA)/palmitic acid (PA) binary eutectic phase change material (SA/PA-PCM)
	Not applicable because solid-liquid phase change materials were used.
	Wet mixing
	5%, 10%, 15%, and 20% (w/w)
	[70]



	n-Tetradecane
	Emulsion polymerization.
	Wet mixing
	1%, 3%, 5%, and 10% (w/w)
	[52]



	n-Alkane C20H42 (Eicosane)
	Microencapsulated eicosane in asphalt concrete.
	Dry mixing
	Different volume fractions of PCM (up to 15 vol%)
	[79]



	Silica with ethyl cellulose (EC)
	Pavement capsules.
	Wet mixing
	Internal temperature distribution conditions of outdoor asphalt mixture with and without 0.3% PCM were calculated, respectively.
	[56]



	PEG2000
	Used shape-stabilized expanded graphite to involve the PCM.
	Wet mixing
	In this paper, it was determined that no less than 16.69 g pristine PEG was required to achieve a minimum temperature variation of 5 °C for 300 g AH-70 asphalt binders.
	[80]



	MPCM43D (paraffin as the core and encapsulated in a polymer shell)
	Encapsulation in a polymer shell.
	Dry mixing
	The MPCM43D added was 50% of the volume of the base binder.
	[78]



	Lauric acid (LA)
	Cooled into a polytetrafluoroethylene dish.
	The PCM/asphalt composite was prepared through direct impregnated technology. Wet mixing
	non-specified
	[97]



	Ceresin wax
	non-specified
	Wet mixing
	1:11.060 g binder, LWA, PCM, 6300 g wearing (test); 12.500 g binder, 6300 g wearing (reference);

3:11.060 g binder, LWA, PCM (test).
	[65]



	Ethyl cellulose (EC)
	Data were used to calculate specific heat capacities of 5 °C CPCM and CPCM-modified asphalt mixture using heat exchange and data acquisition systems.
	Wet Mixture
	non-specified
	[57]



	The text did not specify which specific type of PCM was used.
	Encapsulation method.
	Wet mixing
	Seven types of SCPCMs were prepared using varying amounts of silane coupling agent (0%, 10%, 12%, 14%, 16%, 20%, and 25% of TEOS mass).
	[58]



	NiTi alloy
	Phase change energy-storage particles.
	Dry mixing
	3 wt%, 6 wt%, 9 wt%, and 12 wt%
	[24]



	Tetradecane (n-alkane C14H30)
	Incorporation of raw tetradecane directly into the asphalt binder.
	Wet Mixing (Hot Mix Asphalt (HMA))
	A blending of asphalt binder with 25% (by mass) μPCM.
	[59]



	Stearic acid mixed with palmitic acid (SA/PAPCM)
	Microcapsulating PCM.
	Wet mixing
	5%, 10%, 15%, and 20% by weight of asphalt binder
	[32]
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	PCM Type
	Thermal Performance
	Mechanical Performance
	Main Outcomes
	Reference





	Stearic acid (SA)
	Marchal test blocks were placed under a 300 W sunlight simulation lamp. The final temperature of the test block with 12% PCM coating (best sample) was about 5 °C lower than the uncoated bituminous block after 1 h.
	Pendulum values on the coated pavement decreased to 60–70, but they remained above the acceptable limit of 58. The coated pavements had an average structure depth of 0.5–0.65 mm, similar to the original pavement’s depth (~0.63 mm).
	Overall the coated pavements demonstrated a satisfactory cooling effect, as well as anti-skid properties, and durability (tested in water, saturated NaCl solution and saturated Ca(OH)2 solution).
	[11]



	PEG4000 with SiO2
	The indoor heating test showed that the maximum peak temperature drop in the lab was 3.0 °C when comparing the 3.0% sample to the reference (without PCM)
	Dynamic stability decreased about 7500 times/mm for the reference sample with a dosage equal to 3% PCM.
	PCM content impacted dynamic stability, but the mechanical performance of modified mixtures remained satisfactory. PCM effectively reduced slab temperature in indoor heating tests.
	[25]



	PEG1000, PEG2000, and PEG4000
	Pavement temperature was predicted using a heat transfer model. Results indicated that PCM did not consistently have a positive effect on temperature.
	Simulations with a pavement model showed that replacing 10% of the aggregate mass with PEG4000-SiO2 at the top of the asphalt layer led to a 14% reduction in rut depth after 30 days.
	PEG2000 and PEG4000 had phase change temperatures closer to the maximum pavement temperature, enabling more effective temperature regulation compared to PEG1000.
	[35]



	PEG2000 and one type of small-molecule alkane
	Based on the finite element model, the maximum temperature differences between the modified and base asphalt were 3.15 °C (heating) and 2.5 °C (cooling).
	The addition of PCM improved the rutting factor by more than 40% compared to the base asphalt.
	Simulation results indicated that PEG2000-based PCM effectively regulated asphalt temperature in different seasons. The mixture of these materials also adjusted temperature changes in various zones.
	[36]



	PEG2000 with fly ash ceramsite (FACS) and sulphoaluminate cement paste
	PCM reduced thermal conductivity in asphalt concrete (AC) by up to 25% and in stone mastic asphalt (SMA) by up to 28%. Consequently, the temperature decreased by approximately 5.12 °C.
	PCM impacted the strength of the asphalt mixture. In AC, compressive strength and splitting strength decreased by 20.3% and 19.8% compared to the conventional asphalt mixture. In SMA, the reduction was 35.9% and 28.2%.
	The incorporation of PCM reduced the mechanical strength of the asphalt mixture but improved the cooling effects with good thermal exudation.
	[37]



	PEG1500 with SiO2, PEG2000 with SiO2, PEG4000 withSiO2, PEG6000 with SiO2, PEG8000 with SiO2, PEG10000 with SiO2, and PEG20000 with SiO2
	Simulated temperatures dropped by 3.7 °C, 2.2 °C, and 3.0 °C for different structures. Heat conduction rates decreased by 9.2%, 4.8%, and 3.5%.
	The rutting simulation revealed reduced rutting depth: 16.3% and 14.2% (phase change), 44.2% and 42.5% (heat-induced), 53.5% and 52.9% (combined) for different axle loads.
	Max temp reduction: 3.7 °C. The downward heat conduction rate was reduced by 55.73%. Asphalt mixture modulus increased, enhancing anti-rutting ability, especially in summer.
	[38]



	PEG2000
	The temperatures at the depth of 4 cm decreased by 1.5 °C and 3.3 °C, respectively, compared to the control asphalt mixture.
	The shear strength of PEG/asphalt mixture decreased by 20.3% compared with control asphalt mixture.
	Heat absorption lowered pavement temperature. PEG addition enhanced shear modulus, viscosity and the non-recoverable compliance
	[39]



	Epoxy resin mixed with polyethylene glycol 2000 (PEG2000)
	Increasing EPPCM content in asphalt samples enhanced specific heat capacity and latent heat accumulation temperature, leading to improved latent heat temperature regulation.
	Increasing EPPCM substitutions reduced ductility and penetration, improved low-temperature brittle cracking temperature, and increased the viscosity of asphalt.
	EPPCM improved high-temperature stability, but reduced low-temperature ductility and storage stability in asphalt.
	[12]



	PEG2000
	PCM enhanced thermal stability below 300 °C, slowed down peak temperature in bitumen pavement, and reduced the temperature difference between PMB and BB to 5.1 °C.
	non-specified
	The confined movement of PEG stabilized PEG/MMO PCM during phase transition, as confirmed by UV-vis absorbance spectra analysis.
	[13]



	PEG4000 mixed with 4,4′-methylenediphenyl diisocyanate, dimethylformamide and PEG 4000 mixed with 4,4′-methylene-bis(2-chloroaniline)
	PCM-modified asphalts showed maximum temperature differences of 4.5 °C, 8 °C, and 9 °C for 3%, 5%, and 7% PCM content by weight, respectively.
	PCM did not significantly affect penetration and softening point, but excessive content impaired asphalt ductility.
	Increasing PCM content reduced the temperature change rate, but excessive content impaired low-temperature cracking resistance in modified asphalt.
	[40]



	Paraffin
	PCM delayed temperature curves and reduced dynamic modulus values, resulting in temperature differences with 10 vol% and 20 vol% content.
	PCM-containing specimens exhibited consistently lower dynamic modulus values compared to the control across different frequencies and temperatures.
	10 vol% and 20 vol% PCM in mixtures resulted in temperature differences of 5 °C (2.9 °C) and 10 °C (5.4 °C) during heating and cooling, respectively, with reduced dynamic modulus values.
	[41]



	PEG4000 and SiO2
	Asphalt mixtures with PCM composite showed 0.8–5.0 °C lower temperatures than the conventional mixture.
	non-specified
	The best phase change composite size was 0.6–1.18 mm and the optimum content was 1.4% by the aggregate weight.
	[42]



	PEG4000
	The upper surface maximum temperature difference of the temperature-adjusting asphalt mixture reached about 7.0 °C, and the surface peak temperature was reduced up to 4.3 °C on a typical summer day.
	The porous structure of three minerals provided mechanical durability for the composites and prevented leakage of the melted PEG as a consequence of capillary and surface tension forces.
	non-specified
	[43]



	PEG800 mixed with polyacrylamide
	For best % PCM incorporation (7.5%), the temperature difference was up to 3.8 °C, and the delay was about 20 min compared to the control sample when the mixtures were cooled from 21 °C to 0 °C.
	The asphalt mixtures containing PCM showed lower dynamic stability compared with the control mixture. However, they still satisfied the required criteria.
	Greatly reduced the thermal conductivity (reduction up to 87.4%), while there was only a slight reduction in dynamic stability.
	[26]



	Graphite flakes (2000, 4000, and 8000 meshes) with PEG8000
	Graphite enhanced the thermal conductivity and latent heat storage capacity of PCM, resulting in up to 5.6 °C temperature reduction in PCM-containing asphalt compared to the control during 65 °C tests.
	Modified asphalt mixture with PCM showed improved resistance to high-temperature deformation, low-temperature cracking, and fatigue compared to traditional asphalt mixture.
	The synthesized PCM’s thermal stability at 200 °C and improved mechanical properties made it suitable for high-temperature construction environments in modified asphalt mixtures.
	[75]



	Expanded graphite/polyethylene glycol (PEG)
	EP-CPCM incorporation improved thermal conductivity and diffusivity, enhancing heat transfer and balance in the binder, with gaps of less than 8%.
	A decrease in phase angle δ and increases in complex modulus G* and rutting parameter G*/sinδ indicated reduced fatigue resistance at intermediate temperatures in base and SBS asphalt binders.
	EP-CPCM addition enhanced thermal diffusivity and conductivity, improved thermal storage capacity, and reduced the heating rate. It also decreased the phase angle δ, increased the complex modulus, and improved the creep stiffness in modified binders.
	[76]



	Stearic acid (SA) mixed with diatomite (DI), named SA-DI, or expanded perlite (EP), named SA-EP
	After 530 min of irradiation, the PCM-modified sample showed a surface temperature of 2.3 °C lower than the conventional asphalt mixtures.
	Asphalt mixtures with PCM showed much higher values of rutting depth than conventional asphalt mixtures at high temperatures.
	The thermal storage and release rate of SA-DI were much lower than those of SA-EP. The addition of PCM reduced the rutting resistance of pavement.
	[69]



	Stearic acid mixed with palmitic acid and diatomite
	Both the albedo and specific heat capacity of specimens with PCM were larger than those without PCM.
	The conventional asphalt mixture could achieve a maximum of 20,000 round-trip times, and the final rutting depth was 9.53 mm. With the PMC, these values were about 18,000 times and 20 mm, respectively.
	The thermal performance results revealed that the presence of PCM can reduce the peak temperature of the upper and bottom surface by up to about 8 °C and 6 °C, respectively, during a summer day.
	[64]



	PEG1000 with diatomite
	PCM composite reduced temperature by 4–9 °C compared to conventional asphalt binder, providing phase change heat storage with a latent heat of 9.0332 J/g
	The high-temperature performance of modified asphalt was lightly improved while the low temperature behaviour was not influenced. PCM composite enhanced ageing resistance and durability.
	The best composite PCM content was 14% and the maximum temperature reduction was about 9.0 °C.
	[62]



	TiO2 and Al2O3
	AC and TC functionalized asphalt binders exhibited altered crystallization and melting temperatures, with TC reducing Tpc by 3.8 °C and AC increasing Tpm by 3.4 °C compared to pure asphalt. Glass transition temperatures increased by 2.2 °C for AC and 1.63 °C for TC combinations.
	TiO2 and Al2O3 additions increased viscosity, with Al2O3 showing up to a 1.5 times increase. G*/sin(δ) values exceeded the minimum allowable 2.2 kPa, indicating improved heat resistance, while fatigue life increased at a stress level of 2.5%.
	TiO2-containing combinations outperformed those with Al2O3 in terms of thermal and mechanical characteristics due to TiO2’s superior properties, leading to improved ageing properties of the asphalt binder.
	[45]



	Commercial materials called PCM-43 and PCM-48, the constituents of which were not specified.
	The maximum temperature difference between the sample with 9% PCM-43 (PCM-48) and the control was about 6 °C (4 °C) after 3 h of heating. This step was performed using a device to measure the temperature of asphalt doped with phase change materials.
	The complex shear modulus as well as the rutting resistance factor of the asphalt with different PCM dosages decreased as the test temperature increased. Also, the higher the amount of PCM, the lower the anti-rutting factor at high temperatures.
	Finite element calculations showed that, when using the ceramsite asphalt mixture with PCM-43 in the upper surface layer, there was a significant delay in the temperature increase of the asphalt pavement.
	[46]



	R3 Rubitherm RT and R5 Rubitherm
	Composites with waterproofing had less than 1% mass loss of PCM leakage at 40 °C drying temperature, with no observed leakage of PCM after testing.
	non-specified
	The influence of different waterproofing solutions on the weight loss of the composites under freeze thaw cycles was analysed, namely in terms of the weight drop percentage by mass as well as the amount of leaked PCM from the studied composites.
	[51]



	PEG8000
	The asphalt mixture slab containing PCM could be 4.8 °C lower than the conventional asphalt mixture in the outdoor test in summer.
	non-specified
	Polyurethanes with higher isocyanate content had smaller phase change enthalpies but could withstand higher temperatures without leakage. The 82.8% PEG content polyurethane was suitable for cool pavements due to its excellent melting and cooling properties.
	[77]



	Ceresin wax
	Thermal conductivity coefficient of PCM 0.20 [W/(m.K)].
	non-specified
	A new product, using PCM and lightweight aggregate, was proposed to stabilize hot surface temperatures in road construction. The research found a temperature difference of 5 K (8.5 K in lab conditions) between the standard asphalt surface and PCM variant, due to the PCM’s low share (20 wt% at most) in aggregate.
	[30]



	n-Tetradecane
	The results of the temperature-adjustable performance test showed that when micro-PCM content exceeded 3 wt%, the temperature change rate of the modified bitumen specimen slowed down in the range of 4 °C–9 °C.
	Penetration at 25 °C and ductility at 10 °C of the modified asphalt binder increased slightly as micro-PCM content increased.
	Potential practical applications as thermoregulators in the field of road engineering. A certain number of micro-PCM particles might break up when the binder is mixed with aggregate.
	[31]



	PEG 800 with polyacrylamide
	For best % PCM incorporation (7.5%), the temperature difference was up to 3.8 °C, and a delay was about 20 min compared to the control sample when the mixtures were cooled from 21 to 0 °C.
	The asphalt mixtures containing PCM show lower dynamic stability than the control mixture. However, they still satisfy the required criteria.
	Greatly reduced thermal conductivity (reduction up to 87.4%), while there was only a slight reduction in dynamic stability
	[99]



	PEG800 mixed with polyacrylamide
	The thermal conductivity of the different types of mixtures with PCM decreased by up to 84.8% in relation to the control groups.
	The dynamic stability of different mixture types decreased with increasing PCM, and the smaller the maximum nominal particle size of the aggregate, the higher the degree of reduction.
	All tested specimens met the required dynamic stability, in addition to presenting potentially interesting thermal properties for applications on cool pavements. Levels of 7.5%, 7.5%, and 10.0% were recommended to apply in AC-10, AC-13, and AC-16, respectively.
	[53]



	PEG with expanded graphite
	The thermal conductivity of the AC-13 asphalt mixture increased (7.91–56.80%) proportionally to the dosage of PCM. Thermal diffusivities exhibited significant growth due to the presence of PCM. Nonetheless, this benefit was limited when the PCM dosage reached 30%.
	The dynamic stability of the control sample was 1853 cycles/mm, while for samples with 10, 20, 30, 40, and 50 vol%, the values were 1939, 1997, 2012, 2033, and 2052 cycles/mm, respectively.
	PCM increased the dynamic stability, thermal conductivity, and thermal diffusivity of asphalt mixtures.
	[54]



	PEG6000 with SiO2 (PEG/SiO2) and EGD with SiO2 (EGD/SiO2)
	Lab measurements using high-precision multiphase reaction test equipment showed a maximum temperature difference of 15.4 (~9) °C between the bottom and upper surfaces of the conventional and modified asphalt mixtures with PEG/SiO2.
	In the Hamburg rutting test, the conventional asphalt mixture (with PEG/SiO2) reached a rut depth of 9.5 mm (11.2 mm) after 20,000 rolling times. The Marshall stability values were 11.37 and 9.38 kN for the conventional asphalt mixture (with PEG/SiO2) and 10.28 kN (control) and 7.44 kN (modified) after 48 h of immersion.
	Although the modified samples showed satisfactory efficiency with respect to delaying the heating/cooling rate of asphalt mixtures, the high-temperature performance of the temperature-adjusting asphalt mixture was still affected.
	[98]



	NiTi
	The maximum temperature difference was 4.3 °C compared to the conventional asphalt mixture.
	Admixture of NiTi alloy particles could reduce the water stability of the asphalt mixture until 1.1% compared to the conventional asphalt mixture.
	NiTi alloy phase change energy-storage particles reduced the occurrence of high-temperature defects with the best incorporation content of 12%.
	[100]



	Nano-CuO
	Nano-CuO increased energy absorption and decreased crystallization peak temperature (Tpc) by 7 °C (52.6 to 45.26 °C), while the melting peak temperature was higher than that of the conventional binder.
	Nano-CuO improved the indirect tensile strength (ITS) by 1.5 times compared to the conventional asphalt mixture when other materials were included as well, namely styrene-butadiene-styrene (SBS) and carbon nanotubes (CNTs).
	Nano-CuO-modified asphalt binder stored the heat of fusion at higher temperatures, preventing sudden increases, and held the heat of solidification at lower temperatures, preventing sudden decreases.
	[96]



	Paraffin wax materials: OP55E, OP52E, and OP47E
	The cooling effect was correlated with the PCM volume mixing ratio: as the PCM mixing ratio increased from 5% to 20%, the initial 75 °C pavement cooled by 1.49 °C and 4.66 °C, respectively.
	non-specified
	PCM in the asphalt layer reduced high-temperature rutting damage frequency, with fewer days and shorter average daily duration of high temperatures on the road surface. The cooling effect correlated positively with the PCM volume mixing ratio.
	[63]



	Solid –solid PCM (provided by a commercial company)
	non-specified
	PCM increased penetration values (up to 27.6%), softening point (up to 7.3 °C), and viscosity ratio (up to 114.5%) while exhibiting a higher complex shear modulus at 64 °C and 76 °C. The complex shear modulus was highest for aged samples with the highest PCM content.
	PCM improved high-temperature performance but decreased the low-temperature performance of asphalt. Adding PCM did not enhance pavement performance without sacrificing asphalt pavement quality.
	[55]



	Stearic acid (SA)/palmitic acid (PA) binary eutectic phase change material (SA/PA-PCM)
	SA/PA-PCM increased the binder’s specific heat capacity by 20% and exhibited distinct temperature regulation with a noticeable temperature difference (max 11.5 °C) and hysteresis (about 40 min) compared to the base binder.
	Low contents of SA/PA-PCM reduced the elastic modulus of the binder. SA/PA-PCM improved the viscoelasticity of the binder.
	SA/PA-PCM had temperature-regulating properties, improving the rutting resistance and low temperature cracking resistance of asphalt binders. Nevertheless, as the phase change of SA/PA-PCM became deeper, the liquefied SA/PA-PCM caused the asphalt binder to fail.
	[70]



	n-Tetradecane
	Three microcapsules were compared using DSC; PCM had higher latent heat than MPCM, with differences in melting temperature and enthalpy. MPCM-3 with PS shell was the most thermally durable.
	PCM increased the asphalt binder’s penetration grade by 5–10% and accelerated the decrease in softening point with increasing PCM concentration. Overall, adding PCM to 10/20 and 50/70 penetration grade binder reduced the complex shear modulus, which was particularly noticeable with 3% and 5% PCM modification.
	Direct addition of PCM to asphalt binder increased penetration and decreased the softening point. However, adding encapsulated PCM (1% and 3%) had no impact on physical properties. Excessive content of encapsulated PCM (>3%) negatively affected rheological properties.
	[52]



	n-Alkane C20H42 (eicosane)
	Reduction in surface temperature by 2.7 °C.
	The profile of the complex shear modulus in AC pavement could be optimized by choosing the adequate thermal behaviour of AC pavement.
	The numerical model enabled choosing the adequate PCM melting temperature for the studied climate zone and simulating PCM and thermophysical property impacts on AC pavement thermal behaviour.
	[79]



	Silica with ethyl cellulose (EC)
	In this paper, the outdoor asphalt mixture models were made from AC-13, and the thermal conductivity was taken as a constant of 1.25 W/(m°C).
	non-specified
	Asphalt/LA blends regulate indoor temperature, conserve energy, and exhibit thermal stability after 100 cycles. The blends possess improved thermal stability with an initial degradation temperature 15 °C higher than LA, making them valuable for energy conservation in construction.
	[56]



	PEG2000
	The addition of the EG matrix provided an enhancement of thermal conductivity and consequently a faster response to temperature rise.
	non-specified
	The EG/PEG composites had favourable compatibility and stability with asphalt binders by decreasing their temperature variation rate, which proved the feasibility of using EG/PEG composites to regulate the temperature of hot mix asphalt.
	[80]



	MPCM43D (paraffin as the core and encapsulated in a polymer shell)
	Higher surface temperature and greater temperature drop across PCM can be explained by PCM layer position and thermal conductivity. Closer PCM layers to the pavement surface changed phase earlier.
	non-specified
	This study analyzed temperature distribution in a pavement system with phase change materials. Two pavement structures were studied: one with PCM below the asphalt-concrete surface layer and another with PCM embedded in the asphalt-concrete layer.
	[78]



	Lauric acid (LA)
	The sample experienced weight loss between 145 °C to 225 °C, with a maximum decomposition temperature of 208 °C. Asphalt/LA blends showed improved thermal stability, with a higher initial degradation temperature than LA.
	The obtained asphalt/LA blends exhibited a homogeneous phase, indicating excellent compatibility between asphalt and LA.
	Asphalt/LA blends were suitable for energy conservation and indoor temperature regulation. They had high latent heat capacity and maintained thermal consistency even after 100 thermal cycles, as confirmed by TG results.
	[97]



	Ceresin wax
	Decreased the temperature of hot asphalt surfaces.
	Cannot function as an autonomous solution and requires an additional protective layer in the form of the wearing course. Only a double layered packet solution such as this provided good protection against rutting.
	More experiments are needed to to determine the optimal composition of asphalt mixture for a binder course to provide proper resistance to environmental effects such as water, frost action, low temperature, and appropriate choice of wearing course.
	[65]



	Ethyl cellulose (EC)
	The temperature change behaviours of the five nearly identical samples in the heat exchange process were similar. It is important to note that the 5 °C CPCM temperature-rise curve has an obvious temperature plateau while that of the asphalt mixture mixed with 5 °C CPCM did not have a temperature plateau.
	non-specified
	In this paper, heat exchange and data acquisition systems were used to test the temperature change behaviours and specific heat capacities of 5 °C CPCM and asphalt mixture mixed with 5 °C CPCM.
	[57]



	Four composite phase change materials (CPCMs) were prepared using various raw materials through a sol–gel process, including a pure PCM, but the specific PCM type was unspecified.
	ACPCM had a high latent heat storage capacity (~19 J/g) and suitable phase change temperature (−3 °C). It exhibited good high-temperature stability, meeting asphalt mixture requirements.
	non-specified
	Four types of composite PCM were created and analyzed for coating effectiveness and heat storage capacity using SEM and DSC.
	[58]



	PEG2000 mixed with hydrophobic fumed silica (HFS), called PEG-HFS, and PEG2000 mixed with SiO2, called PEG-SiO2
	Temperature difference of 4 °C between best sample and control at 30 mm depth after 3 h irradiation.
	When the PCM amount was 25% (best%), the impact on the mechanical (dynamic stability was equal to 3889 cycles/mm).
	PCM increase reduced asphalt mixture’s thermal conductivity (up to 33.3%) and dynamic stability, but met higher requirements.
	[24]



	Tetradecane (n-alkane C14H30)
	non-specified
	Cooling made the stiffness moduli grow, and the phase angle increased with heating
	Micro-PCM enhancedstored energy release and low temperature properties in modified asphalt binder.
	[59]



	Stearic acid mixed with palmitic acid (SA/PAPCM)
	Phase change behaviour in SA/PA-PCM hindered by matrix bitumen; better thermal stability but decreased with binder incorporation.
	Phase transition temperature increased heat accumulation, shear modulus, and rutting resistance while decreasing phase angle in modified asphalt binder.
	Enhanced SA/PA-PCM properties with increased content. Improved thermal characteristics, suitable for asphalt binders. Superior rutting resistance at 10% and 20% content at 20 °C.
	[32]
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Figure 2. Methodology schematic chart. 
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Figure 3. Number of scientific publications per year containing keywords (Scopus): “asphalt” and “phase change material” in the title and/or keywords of the article. 
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Figure 4. Co-occurrence network of the most frequent terms in titles, abstracts, and keywords for scientific articles published about asphalt mixtures with PCMs. 
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Figure 5. Network map of co-authorship by author. 
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Figure 6. Network map of co-authorship by institutions. 
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Figure 7. Network map of co-authorship by country. 
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Figure 8. Bibliographic coupling by source. 
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Figure 9. Distribution dynamics and performance impacts of PCM particle size in materials. (A) Majority of small particles and (B) without small particles. 
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Figure 10. Phase transition dynamics in SS-PCMs. From (A) ordered crystalline to (B) disordered non-crystalline structures. 
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Figure 11. Layers of flexible pavement and the temperature difference in the pavement surface (9 °C). 
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