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Executive Summary: 
 

The urban heat island (UHI) effect poses a significant challenge in urban environments, 
contributing to increased energy consumption, elevated carbon emissions, deteriorating air quality, 
and adverse public health outcomes. This study investigates the use of organic microencapsulated 
phase change materials (PCMs) in precast concrete pavement (sidewalks) as a potential solution 
to mitigate the UHI effect. Two methods were employed: the Addition Method referred to the 
percentage of PCM added with respect to total weight of control concrete mix and the Sand 
Replacement Method referred to percentage of added PCM replacing only the sand in the concrete 
mix, both at dosage proportions of 0%, 5%, and 10%. The experimental setup was divided into 
indoor and outdoor environments to assess PCM-enhanced concrete under controlled and real- 
world conditions. The indoor experiments were further divided into heating and cooling cycles for 
two phases: 4-hour and 8-hour cycles. The outdoor experiments consisted of a continuous 8-hour 
cycle, starting from the heat peak at 1 to 9 pm. 

 
Additionally, thermal and material properties such as the thermal heat capacity were measured 
using a Netzsch 404F1 Pegasus Differential Scanning Calorimeter (DSC), thermal diffusivity was 
measured using a Netzsch 467HT Laser Flash Analysis (LFA) instrument, and the densities were 
measured using an Anton Paar Ultrapyc 3000 helium pycnometer. These measurements were 
crucial for understanding the thermal and material properties of the PCM-integrated concrete and 
the impact of the PCM on the thermal properties of the concrete. 

 
The results demonstrated significant temperature reductions in PCM-enhanced concrete. In the 4- 
hour indoor cycles, the addition method reduced surface temperatures by 2°C for 5% PCM and by 
nearly 8°C for 10% PCM, while the sand replacement method showed reductions of 2°C and 3°C 
for the 5% and 10% R-PCM samples, respectively. During the 8-hour cycles, the addition method 
exhibited almost no temperature reduction for the 5% samples, but a 4°C reduction for the 10% 
PCM sample. Similarly, the sand replacement method showed minimal reduction for the 0% and 
5% samples, with a 2°C reduction for the 10% R-PCM sample. 

 
In the outdoor experiments, the addition method showed that the 5% PCM samples had almost a 
reduction of 2°C, and the 10% PCM sample achieved a significant 7°C reduction over the 8-hour 
period. The sand replacement method resulted in minimal reduction for the 5% samples about 
1.5C, while the 10% PCM sample showed a reduction of 4°C. 

 
Furthermore, the results indicated higher heat capacity and lower thermal conductivity and 
diffusivity in the PCM-integrated concrete, with these differences becoming more pronounced as 
heating progressed. These findings suggest that PCM-enhanced concrete has the potential to 
mitigate UHI effects by significantly lowering surface temperatures. 

 
This research provides insights into the efficacy of microencapsulated organic PCM in precast 
concrete rigid pavement (Sidewalks) for UHI mitigation, highlighting the thermal dynamics 
involved in such applications. 
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Statement of Problem 
The Urban Heat Island (UHI) effect refers to higher temperatures in urban areas compared to the 
surrounding countryside due to human development. Increased thermal energy storage in paving 
materials contributes to the UHI effect, leading to elevated surface temperatures. Precast concrete 
pavement with improved mix designs is recognized globally as an emerging technology for 
mitigating climate change and addressing UHI. These precast elements can be incorporated into 
innovative pavement systems to enhance mitigation practices, employ efficient construction 
methods, and promote sustainable pavement restoration. The study investigates the use of precast 
concrete pavement to create cooler rigid pavement using various cooling mechanisms. These 
mechanisms involve modifying the thermal properties of pavement materials and reducing heat 
energy absorption or emission by pavements, while prioritizing environmental sustainability. 
Summary of Project Activities 
Literature Review 
The literature review focuses on three main areas: UHI effects and mitigation strategies, cool 
pavement techniques, and integration of phase change materials (PCMs) in pavement systems. The 
UHI effect, characterized by elevated urban temperatures compared to rural areas, arises from the 
built environment's thermal properties, and reduced evaporative cooling due to impervious 
surfaces [1-8]. Urban pavements, covering 20–40% of city surfaces, significantly contribute to 
UHI due to their heat absorption and sensible heat release [9-10]. Cool pavements mitigate UHI 
by enhancing solar reflectance, promoting evaporation, or using absorbed heat for renewable 
purposes [11-16]. The PCMs known for their ability to store and release thermal energy during 
phase transitions, improve the thermal, mechanical, and durability properties of construction 
materials like concrete [16-17]. PCMs regulate temperature, reduce thermal gradients, and enhance 
concrete's performance in freezing-thawing cycles, snow melting, and thermal stress management 
[18-20]. PCM integration methods, such as lightweight aggregate impregnation or embedding 
PCM in pipes, enhance pavement thermal regulation and snow melting capacity but require careful 
design to prevent leakage and thermal losses [21-26]”. 
Experimental Design & Material Selection 
The experimental design focuses on selecting the appropriate PCM based on its melting point and 
heat of fusion, as provided by Microtek Laboratories. The selected PCM, in powder form, ensures 
easy integration with the precast concrete mix as shown in Figure 1. Adhering to local standards 
in San Antonio, Texas, the concrete design mix was formulated considering aggregate gradation 
and water-cement ratios that meet local TxDOT standards. The mixing process and the dimensions 
of concrete samples with varying PCM dosages were established as shown in Figure 2. 
Additionally, a heat simulation chamber was designed to observe PCM’s behavior in pavement 
samples. The necessary equipment, including data acquisition system and light bulbs for heating, 
was acquired to facilitate the experiments as shown in Figure 3. 

 
Figure 1: PCM packages. 
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Figure 2: Concrete - PCM samples with 0%, 5% and 10% by addition and by Sand- 

Replacement. 
 

Figure 3: Reflective Thermal – Insulated Box Preparation 

Laboratory Testing 
The experimental work is divided into indoor and outdoor environments. Indoor experiments 
include first marking and placing the thermocouple sensors on top and bottom surfaces of the 
concrete samples as shown in Figure 4. Both material-based and pavement-based tests were 
conducted as shown in Figures 5-7. Key thermal and material properties were measured using 
advanced devices. Differential Scanning Calorimetry (DSC) was employed to analyze the heat 
flow associated with PCM transitions, while Laser Flash Analysis measured thermal diffusivity 
and conductivity. Additionally, a pycnometer was used to determine the density and porosity of 
the samples as shown in Figure 6. These tests provided critical data on the effectiveness of PCM 
integration in reducing surface temperatures and enhancing thermal performance of pavement 
materials. The pavement-based indoor experiments assess how PCM affects surface temperature 
under controlled conditions for four- and eight-hour cycles heating and cooling. The outdoor 
experiments are entirely pavement-based, where all samples are exposed to natural sunlight and 
environmental conditions during the peak heat of the day, from 1 to 9 pm, for a total of 8 hours. 
These outdoor tests are crucial for understanding the field performance of PCM-enhanced concrete 
in mitigating temperature variations in pavements. 
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Figure 4: Marking and Installing Thermocouple Sensors on Top and Bottom Surfaces. 

 

Figure 5: Indoor Heating Experiment set-up; Heating phase; Cooling phase. 
 

Figure 6: Thermal Properties Testing Devices 
 

Figure 7: Sample Preparation for the LFA, (a) Coring the slabs, (b) Dried Samples. (c) 
measuring diameters and thicknesses, (d) final desired samples. 
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Indoor Results -Pavement surface temperature observations by Addition Method 
The surface temperature profiles during the heating and cooling cycles for concrete samples with 
0%, 5%, and 10% PCM are shown in Figure 8, respectively. For the 0% PCM sample as in Figure 
8a, the temperature on the top surface rises more quickly and reaches a higher peak compared to 
the bottom surface in Figure 8b during the heating cycle. During the cooling cycle in Figure 8c, 
the temperature decreases steadily, with the top surface cooling faster than the bottom surface as 
shown in Figure 8d. In contrast, the 5% PCM sample as in Figure 8a shows a noticeable reduction 
in temperature rise during the heating cycle. The top surface still heats up faster than the bottom, 
but the peak temperatures are approximately 2°C lower than those of the 0% PCM sample in 
Figure 8a. The cooling cycle also demonstrates a slower temperature decrease, indicating the 
PCM's ability to retain heat in Figures 8c and 8d. The 10% PCM sample as in Figure 8a exhibits 
the most significant impact of PCM. The temperature rise during the heating cycle is substantially 
lower for both surfaces, with a peak temperature reduction of about 8°C compared to the 0% PCM 
sample in Figure 8a. The cooling cycle shows a more pronounced heat retention effect, with 
temperatures decreasing at a slower rate in Figure 8d. These results highlight the effectiveness of 
PCM in moderating temperature fluctuations in concrete pavements. Additionally, the increasing 
gap between the top and bottom curves during the heating phase, as shown in Figure 8, indicates 
the effective heat absorption and storage capabilities of PCM. For the 0% PCM sample the gap is 
the smallest, representing a direct temperature rise due to applied heat. In contrast, the 5% PCM 
sample and the 10% PCM sample show progressively larger gaps. This illustrates that higher PCM 
content enhances thermal regulation by delaying and moderating the surface temperature rise, 
leading to a more pronounced differential between the bottom and the top temperatures. 

 

Figure 8: Heating cycle for two hours: (a) Top Surface; (b) Bottom Surface. Cooling Cycle for 
two hours: (c) Top Surface; (d) Bottom Surface. 
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Indoor Results -Pavement surface temperature observations by Sand-Replacement Method 
Figure 9 presents the surface temperature profiles for concrete samples containing 0%, 5%, and 
10% R-PCM, integrated through Sand-Replacement Method, observed over a four-hour period. 
During the heating cycle, the 0% R-PCM sample in Figure 9a displayed the highest temperature 
increase, with both the top and bottom surfaces reaching their peak temperatures faster than the 
samples containing PCM. The top surface in particular exhibited a more pronounced temperature 
rise, mirroring the trend seen in the bottom surface. As anticipated, the cooling cycle in Figure 9c 
for the 0% R-PCM sample showed a consistent temperature decrease across both surfaces, with 
minimal variation between the top and bottom, indicating a uniform heat dissipation without the 
influence of PCM. In contrast, the 5% R-PCM sample in Figure 9a showed a slower rate of 
temperature increase during the heating cycle. Although the top surface still heated up faster than 
the bottom, the maximum temperatures reached were approximately 2°C lower than those 
observed in the 0% R-PCM sample. During the cooling phase, the temperature decline in the 5% 
R-PCM sample was more gradual. However, as the cooling progressed, the temperature curve of 
the 5% R-PCM sample began to converge with that of the 0% R-PCM sample, suggesting a 
diminishing differential as the cooling cycle continued. The 10% R-PCM sample in Figure 9a 
exhibited the most substantial temperature reduction during the heating cycle, with peak 
temperatures for both surfaces being around 3°C lower than those of the 0% R-PCM sample. In 
the cooling cycle in Figure 9d, the temperature decreases for the 10% R-PCM sample showed no 
significant difference between the top and bottom surfaces, maintaining a consistent reduction 
throughout the period. 

 
Figure 9: Heating cycle for two hours: (a) Top Surface; (b) Bottom Surface. Cooling Cycle for 

two hours: (c) Top Surface; (d) Bottom Surface 

Materials testing Results 
Figure 10 presents the thermal properties of concrete samples with 0%, 5%, and 10% PCM 
integrated through the Addition Method, showcasing the apparent specific heat capacity, thermal 
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conductivity, and thermal diffusivity across a range of temperatures from 25°C to 80°C. As shown 
in Figure 10a, the apparent specific heat capacity (Cp) of the concrete samples varies with 
temperature. The 5% and 10% PCM samples exhibit a significant increase in specific heat capacity 
as the temperature approaches the PCM melting point, around 30°C to 35°C. The 5% PCM sample 
shows a noticeable rise in specific heat capacity at this temperature, reflecting the latent heat 
absorption during the phase change of the PCM. The 10% PCM sample demonstrates an even 
larger increase, indicating a greater capacity to store heat due to the higher PCM content. After 
surpassing the PCM melting point, the specific heat capacity of both PCM-enhanced samples 
decreases and stabilizes, aligning more closely with the 0% PCM sample as the temperature 
continues to rise. To accurately reflect the nature of the heat capacity observed, the label of the y- 
axis in Figure 10a is named as “apparent specific heat.” This term encompasses both sensible and 
latent heat components, explaining the elevated values in the 20-35°C range for PCM-containing 
materials. Figure 10b illustrates the thermal conductivity of the concrete samples. The 0% PCM 
sample maintains a high and relatively stable thermal conductivity throughout the temperature 
range, which is characteristic of standard concrete’s efficient heat conduction properties. The 5% 
and 10% PCM samples, however, show a distinct reduction in thermal conductivity, particularly 
near the PCM melting point. The 5% PCM sample experiences a moderate decrease in thermal 
conductivity, while the 10% PCM sample shows a more substantial reduction. This decrease is 
indicative of the PCM's phase change, which disrupts the heat transfer pathways within the 
concrete, effectively lowering its ability to conduct heat. Thermal diffusivity, depicted in Figure 
10c, measures how quickly heat spreads through the material. The 0% PCM sample exhibits 
relatively high thermal diffusivity, indicating its ability to rapidly absorb and distribute heat. The 
5% PCM sample shows a reduction in thermal diffusivity near the PCM melting point, consistent 
with the observed decrease in thermal conductivity. The 10% PCM sample shows an even further 
reduction in thermal diffusivity, suggesting that the PCM not only absorbs more heat but also slows 
the rate at which this heat spreads through the material. This lower thermal diffusivity indicates 
enhanced thermal buffering, as the PCM slows the material's response to temperature changes. 

 
Figure 10: Thermal Properties comparison of Addition Method; (a) Apparent Specific Heat 

Capacity; (b) Thermal Conductivity; (c) Thermal Diffusivity. 
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Figure 11 presents the thermal properties of concrete samples with 0%, 5%, and 10% R-PCM 
integrated through the Sand-Replacement Method, showcasing the apparent specific heat capacity, 
thermal conductivity, and thermal diffusivity across a range of temperatures from 25°C to 80°C. 
As depicted in Figure 11a, the apparent specific heat capacity (Cp) of the concrete samples shows 
distinct variations with temperature, particularly around the PCM melting point at 30°C to 35°C. 
The 5% and 10% R-PCM samples exhibit a marked increase in specific heat capacity as the 
temperature approaches the PCM melting point. The 5% R-PCM sample shows a noticeable rise 
in specific heat capacity in this temperature range, indicating the absorption of latent heat as the 
PCM undergoes its phase transition. The 10% R-PCM sample demonstrates an even more 
significant increase, reflecting the higher PCM content's ability to store more heat. After the PCM 
completes its phase transition, the specific heat capacity of both PCM-enhanced samples decreases 
and stabilizes, aligning more closely with the 0% R-PCM sample at higher temperatures. Figure 
11b illustrates the thermal conductivity of the concrete samples. The 0% R-PCM sample exhibits 
high and stable thermal conductivity throughout the temperature range, consistent with the heat 
conduction properties expected of standard concrete. The integration of PCM via sand- 
replacement, however, leads to a noticeable reduction in thermal conductivity, especially around 
the PCM melting point. The 5% R-PCM sample experiences a moderate decrease in thermal 
conductivity, while the 10% R-PCM sample shows a more substantial reduction. This reduction is 
indicative of the PCM’s phase change, which disrupts the continuity of heat conduction pathways 
within the concrete matrix, thereby lowering the material's overall ability to conduct heat. The 0% 
R-PCM sample has relatively high thermal diffusivity in Figure 11c, indicating its ability to 
rapidly absorb and distribute heat throughout the concrete. The 5% R-PCM sample shows a 
reduction in thermal diffusivity near the PCM melting point, consistent with the observed decrease 
in thermal conductivity. The 10% R-PCM sample exhibits an even further reduction in thermal 
diffusivity, suggesting that the increased PCM content not only enhances the material's heat 
storage capacity but also slows the rate at which heat is transferred within the concrete. 

 
Figure 11: Thermal Properties comparison of Sand-Replacement Method; (a) Apparent Specific 

Heat Capacity; (b) Thermal Conductivity; (c) Thermal Diffusivity. 
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Pavement System Design 
Focusing on developing a concrete pavement capable of regulating temperature through the 
integration of PCM. This process began with assessing the thermal properties of the chosen PCM, 
including melting point and heat of fusion, to ensure compatibility with pavement applications. 
Multiple PCM dosages were then tested within the concrete mix, and their effects on key thermal 
properties—such as thermal conductivity, diffusivity, and specific heat capacity. The collected data 
guided the refinement of PCM dosage levels, balancing thermal performance with the structural 
integrity required for a durable, high-performing pavement system. The design is now optimized 
to deliver both effective temperature control and long-term resilience in UHI mitigation. 
Field Implementation and Monitoring 
The field implementation and monitoring phase has been successfully completed, focusing on the 
real-world performance of PCM-enhanced concrete in mitigating temperature fluctuations in 
pavement applications. These outdoor experiments were designed to simulate natural 
environmental conditions, with the concrete slabs exposed to peak sunlight from 1 to 9 pm, for a 
total of 8 hours. The samples, placed in direct sunlight, were equipped with temperature sensors 
to track the behavior of PCM in response to heat during the day as shown in Figure 12. The data 
collected allowed us to evaluate how effectively PCM reduced surface temperatures as shown in 
Figure 13. In addition to daytime heating, the nighttime cooling phase was also crucial. As 
temperatures dropped, the experiment assessed how the stored heat in PCM was released, 
providing insights into its ability to slow the cooling rate. This overnight cooling period helped in 
understanding how PCM can reduce temperature-related stresses in the pavement, enhancing its 
overall durability and resilience under real-world conditions. 

 

Figure 12: Outdoor experiments, (a) During day, (b) During night. 

Outdoor Results 
Figure 13 illustrates the surface temperature profiles for concrete samples with 0%, 5%, and 10% 
PCM, integrated through both the addition and sand-replacement methods, over an 8-hour outdoor 
exposure cycle. This cycle includes natural heating from solar radiation followed by cooling as the 
ambient temperature drops. In the addition method, as shown in Figure 13a (top surface) and 
Figure 13b (bottom surface), the 0% PCM sample exhibited the highest peak temperatures, 
particularly on the top surface, which reached approximately 47°C. This behavior is typical of 
unmodified concrete, which rapidly absorbs and conducts heat, leading to significant temperature 
increases under direct sunlight. The 5% PCM sample displayed a moderate reduction in peak 
temperature within the midday peak, with the top surface temperature reduced by approximately 
2°C compared to the 0% PCM sample in Figure 13a. Then, it was slightly higher than the 0% 
PCM sample during releasing the heat when the surrounding temperature started to drop. The 
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bottom surface showed a similar reduction, indicating that PCM was effective in moderating heat 
absorption during the peak exposure period. The 10% PCM sample demonstrated the most 
significant temperature reduction, with a peak temperature of around 40°C on the top surface, 
representing a 7°C decrease compared to the 0% PCM sample in Figure 13a. The bottom surface 
exhibited a similar pattern, with temperatures consistently lower than those of the 5% PCM and 
0% PCM samples in Figure 13b. The results for the Sand-Replacement Method, depicted in 
Figure 13c (top surface) and Figure 13d (bottom surface), present a different thermal behavior 
profile. The 0% R-PCM sample again exhibited the highest peak temperatures, with the top surface 
reaching around 50°C. The 5% R-PCM sample in the sand-replacement method showed a small 
reduction in peak temperature, with the top surface temperature approximately 1.5°C lower than 
that of the 0% R-PCM sample in Figure 13c. This reduction is more modest than the reduction 
observed in the addition method, suggesting that the lower PCM content in the sand-replacement 
method has a limited impact on temperature moderation. The 10% R-PCM sample in the sand- 
replacement method exhibited a peak temperature of around 46°C on the top surface, indicating a 
4°C reduction compared to the 0% R-PCM sample in Figure 13c. While this reduction is 
significant, it is less pronounced than the 7°C reduction observed in the Addition Method, 
highlighting the limitations of the Sand-Replacement Method in achieving substantial thermal 
regulation. 

 

 
Figure 13: Outdoor exposure cycle for 8 hours. Addition: (a) Top Surface; (b) Bottom Surface. 

Sand-Replacement: (c) Top Surface; (d) Bottom Surface 

Educational outreach and workforce development 
• Summary of the project was presented to undergraduates in the CE 3243 class. Feb 2024. 
• A summary of the project was presented to the Highway Engineering CE 3223, Feb 2024. 
• Demo and tour to UTSA prospective students, emphasizing urban challenges, July 2024. 
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• Promoting Trans-IPIC center in an outreach event at Champion High School, Boerne, TX 
November 2024 (Figure 14) 

 

Figure 14: Educational Outreach Events 

Technology Transfer 
• Microtek Laboratories, Inc.: Shared our experimental results, highlighting the temperature 

reduction achieved in precast concrete integrated with PCM. These results provide insight into 
the thermal performance improvements enabled by PCM. 

• Tindall Corporation: Collaborated in several meetings to share our design mix details for 
scaling up the project. Leveraged Tindall's expertise in precast concrete to refine and adapt the 
design for large-scale implementation. 

 
Papers that include TRANS-IPIC UTC in the acknowledgments section 
• Accepted manuscript for presentation at the TRB Annual Meeting, Jan 2025. 
• Prepared manuscript for submission to Int. J. of Pavement Engineering, Dec 2024 
• Prepared manuscript for submission to J. of Construction and Building Materials, Dec 2024. 

(under review) 

Number of presentations 
• Presented in the Highways USA conference, October 2023. 
v Radwan, I. and Dessouky, S. “Cool Pavements for Mitigating UHI Effect using PCM in 

Precast Concrete.” Highways USA Conference, October 2023. 
• Presented in the TRANS-IPIC Monthly Research Webinar, March 2024. 
v Radwan, I. and Dessouky, S. “Cool Pavements for Mitigating UHI Effect using PCM in 

Precast Concrete” Transportation Infrastructure Precast Innovation Center (TRANS- 
IPIC) Monthly Research Webinar. March 4th. 2024. 

• Presented in the TRANS-IPIC Workshop and engaged with industry experts, April 2024 
v Radwan, I. and Dessouky, S. “Cool Pavements for Mitigating UHI Effect using PCM in 

Precast Concrete” Transportation Infrastructure Precast Innovation Center (TRANS- 
IPIC) Workshop, Presentation. April 22nd. 2024. 

• Presented poster in the USDOT Future of Transportation Summit, August 2024. 
v Radwan, I. and Dessouky, S. “Cool Pavements for Mitigating UHI Effect using PCM in 

Precast Concrete.” USDOT Future of Transportation Summit, August 2024 
• Presented in the UTSA Klesse Research Expo, November 2024. 
v Radwan, I. and Dessouky, S. “Cool Pavements for Mitigating UHI Effect using PCM in 

Precast Concrete.” UTSA Klesse Research Expo, November 18th, 2024. 
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Figure 15: Research presentations in conferences and events 
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