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Abstract

The DoD accounts for over 1% of the country’s total electricity
consumption. However, DoD bases heavily rely on vulnerable commercial
power grids, susceptible to disruptions from outdated infrastructure,
weather-related incidents, and direct attacks. To enhance energy efficiency
and resilience, it is imperative to address energy demand in buildings,
especially heating and cooling. This study focuses on phase change
materials (PCMs) incorporated into concrete to enhance thermal control
and reduce energy consumption. Though PCMs have shown promise in
heat transfer and energy storage applications, their integration into
concrete faces challenges. Concerns include potential reduction in
compressive strength, impacts on workability and setting time, effects on
density and porosity, durability, and higher cost than traditional concrete.
This report examines current obstacles hindering the use of PCMs in
concrete and proposes opportunities for extensive research and
application. By selecting appropriate PCMs and additives, comparable
strength to control samples can be achieved. Moreover, specific techniques
for incorporating PCMs into concrete demonstrate greater effectiveness.
Embracing PCMs in concrete can significantly contribute to energy-
efficient and resilient DoD installations.

DISCLAIMER: The contents of this report are not to be used for advertising, publication, or promotional purposes.
Citation of trade names does not constitute an official endorsement or approval of the use of such commercial products.
All product names and trademarks cited are the property of their respective owners. The findings of this report are not to
be construed as an official Department of the Army position unless so designated by other authorized documents.

DESTROY THIS REPORT WHEN NO LONGER NEEDED. DO NOT RETURN IT TO THE ORIGINATOR.
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Introduction
Background

Phase change materials (PCMs) are materials that can absorb or release
large amounts of energy in the form of heat during phase transitions, such
as melting or solidification, without significantly changing their
temperature. When incorporated into concrete, PCMs can help regulate
the temperature of the concrete, reducing the energy needed to heat or
cool buildings and potentially extending the lifespan of the concrete
(Memon et al. 2015). PCMs can also be used to prevent thermal cracking
which is caused by an excessive temperature difference between the
concrete and its surroundings which can extend the concrete’s lifespan.

The use of PCMs in concrete is highly relevant to both Army and DoD
research and Civil Works missions. In military operations, integrating
PCMs into building materials offers the potential to minimize energy
consumption in structures and enhance their durability in extreme
environments. This application proves particularly advantageous for
military bases situated in regions with severe temperatures or limited
energy resources. Moreover, within the Civil Works context,
incorporating PCMs into concrete presents an opportunity to reduce
energy consumption and associated greenhouse gas emissions in
buildings—an essential objective for the US Army Corps of Engineers
(USACE) and other infrastructure development organizations.
Furthermore, the utilization of PCMs in concrete can bolster building
resilience against extreme weather events, an increasingly crucial aspect
considering the ongoing climate change challenges we face.

The building and construction sector is responsible for a significant
portion of energy consumption and greenhouse gas emissions worldwide
(Das et al. 2021). Therefore, the development of sustainable and energy-
efficient buildings is crucial to reduce the environmental impact of the
sector. PCMs can be incorporated into concrete to enhance its thermal
properties and reduce energy consumption in buildings. However, the use
of PCMs in concrete is still relatively new and requires further
investigation to understand the effects on the mechanical and thermal
properties of concrete.
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In our report, we explore the potential of using PCMs in concrete, both
with and without additives, to enhance the energy efficiency and
sustainability of buildings. Various additives can be incorporated into
PCM-infused concrete to achieve specific objectives.

Additives and their intended purposes are in the following:

e Microencapsulated PCM additives—These additives consist of
microcapsules containing PCMs dispersed within the concrete matrix.
The purpose of microencapsulation is to protect the PCM from direct
contact with moisture and other external factors, ensuring its stability
and longevity. These additives enhance the thermal performance of
concrete by enabling efficient thermal energy storage and release.

e Fibrous reinforcements—Adding fibrous reinforcements such as
cellulose fibers or carbon fibers to PCM-infused concrete can improve
its mechanical properties. These reinforcements enhance the concrete’s
strength, ductility, and resistance to cracking, ensuring the structural
integrity of the building.

e Air entraining agents—Air entraining agents are commonly used
additives in concrete to create tiny air bubbles within the mixture.
When combined with PCM additives, these agents help improve the
workability and pumpability of the concrete, making it easier to handle
during construction. Additionally, the air bubbles contribute to
increased freeze-thaw resistance, reducing the potential for damage in
regions with colder climates.

e Superplasticizers—Superplasticizers are chemical additives that
enhance the flowability and workability of concrete while reducing
water content. By incorporating superplasticizers into PCM-infused
concrete, it becomes easier to achieve a uniform distribution of PCM
particles throughout the mixture. This, in turn, enhances the thermal
performance and energy storage capacity of the concrete.

e Pozzolanic materials—Pozzolanic materials, such as fly ash or silica
fume, can be used as additives in PCM-infused concrete. These
materials react with calcium hydroxide produced during the hydration
process, resulting in additional hydration products. Pozzolanic
additives contribute to improved concrete strength, durability, and
reduced carbon footprint, as they often contain industrial by-products
that would otherwise go to waste.
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1.2

1.3

By utilizing these various additives in PCM-infused concrete, we can
optimize its thermal properties, mechanical strength, workability, and
overall sustainability. This approach offers tremendous potential to
enhance the energy efficiency and resilience of buildings, paving the way
for more sustainable construction practices in the future.

Objectives

The incorporation of PCMs in building materials has garnered worldwide
research interest due to concerns over climate change and high energy
consumption. Although PCMs have superior thermal performance because
of their ability to store thermal energy, they can negatively impact the
properties of the concrete such as compressive strength, workability,
setting time, density, and durability. Moreover, suitable PCMs for concrete
are not readily available in the market, and they are extremely expensive.
Therefore, the objective of this research is to examine PCMs and their
applications in concrete to understand the challenges and opportunities.

Approach

This report provides a guidance of PCMs and their characteristics,
including their properties, types, and applications. The study also
examines the various methods for incorporating PCMs into concrete and
their effects on concrete properties. Additionally, the report discusses the
potential applications of PCM-concrete in military and civilian contexts, as
well as the challenges and future directions for research in this field.

In the report, we review the existing literature on PCMs in concrete,
including their benefits, challenges, and the effects of incorporating PCMs
on the properties of concrete. Furthermore, we discuss the potential of
using PCMs in concrete with or without additives to enhance the energy
efficiency and sustainability of buildings.
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Phase Change Materials (PCMs)

Properties, Applications, and Importance in Energy Efficiency
and Sustainability

2.1.1 Properties of PCMs

PCMs have several properties that make them attractive for thermal
energy storage applications. They typically have high specific heat
capacities, which means they can store more thermal energy per unit
volume or mass than traditional thermal storage materials. They also have
melting and solidification temperatures that can be tailored to specific
applications, making them suitable for a wide range of thermal energy
storage applications. Researchers and professionals have explored various
materials and approaches in applications where PCMs are desired (Tyagi
et al. 2021; Zhu et al. 2009; Soares et al. 2013). The following are some
examples of materials that have been investigated and their results:

e Microencapsulated PCMs—Microencapsulation involves enclosing PCM
within microscopic capsules to protect them and facilitate their
incorporation into other materials. Researchers have used materials
such as polymers (e.g., polyurethane, and poly[melamine-
formaldehyde]) and inorganic shells (e.g., silica) to create microcapsules
(Wang et al. 2018; Maiti et al. 2023). Studies have shown that
incorporating microencapsulated PCMs into building materials, such as
concrete or gypsum boards, can enhance the thermal storage capacity
and regulate indoor temperature fluctuations effectively.

e Organic PCMs—Organic PCMs, such as paraffins or fatty acids, have
been widely investigated for their potential in thermal energy storage
applications. They offer high energy storage densities and are capable of
transitioning between solid and liquid states within a specific
temperature range. Researchers have incorporated organic PCMs into
building materials like concrete, wallboards, and plaster, and observed
significant improvements in thermal performance and indoor
temperature regulation (Karaipekli et al. 2016; Ling et al. 2013). Organic
PCMs have a lower thermal conductivity and have a relatively larger
fusion range.
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e Inorganic PCMs—Inorganic PCMs, such as salt hydrates, have also
been studied for their thermal energy storage capabilities. Salt hydrates
have high latent heat storage capacities and can store or release
thermal energy through the process of hydration or dehydration.
Researchers have explored the incorporation of inorganic PCMs into
various building materials, including concrete and gypsum boards
(Hawes et al. 1993). Results have demonstrated improved thermal
regulation, reduced energy consumption, and increased thermal
comfort in buildings. However inorganic PCMs can be corrosive to
metals and can experience supercooling.

e PCM-impregnated fibers and fabrics—Another approach involves
impregnating fibers or fabrics with PCM. Researchers have used
materials like polyethylene or polyester fibers to incorporate PCMs and
develop PCM-enhanced textiles (Sundarajan et al. 2017; Sarier et al.
2012). These textiles can be used in building components like
insulation or curtains to regulate indoor temperatures. Studies have
shown that PCM-impregnated fibers and fabrics can effectively absorb
and release thermal energy, improving the energy efficiency and
thermal comfort of buildings.

e PCM-Enhanced coatings and paints—PCM-enhanced coatings or
paints have been explored as a way to incorporate PCMs into existing
building surfaces. These coatings contain microencapsulated PCMs
dispersed in a paint or coating matrix. By applying these coatings to
walls or roofs, the PCM-enhanced surfaces can contribute to improved
thermal performance, reducing temperature fluctuations and energy
consumption in buildings.

Overall, these studies and applications demonstrate the potential of
incorporating various materials, such as microencapsulated PCMs, organic
PCMs, inorganic PCMs, PCM-impregnated fibers and fabrics, and PCM-
enhanced coatings and paints, in different building components. The
results have shown enhanced thermal energy storage, improved
temperature regulation, and increased energy efficiency, contributing to
the development of more sustainable and comfortable built environments.

2.1.2 Applications of PCMs

PCMs have many potential applications, including building materials,
textiles in clothing, solar thermal energy storage, and electronic cooling.
PCMs have been integrated into textiles to create PCM-enhanced
clothing, particularly for applications such as outdoor sportswear or



ERDC/CRREL TR-23-11

protective clothing (Sarier et al. 2012). These textiles incorporate PCM-
impregnated fibers or fabrics that can absorb and release heat, regulating
body temperature and providing enhanced comfort. In solar thermal
energy storage, PCMs can be used to store thermal energy collected from
solar panels during the day and release it at night, reducing reliance on
fossil fuels. In electronic cooling, PCMs can be used to absorb and
dissipate heat generated by electronic devices, improving their efficiency
and lifespan.

Some of specific successful implementations of PCMs for building
applications are shown below.

The BioPCM system—BioPCM is a commercially available PCM
product that has been successfully implemented in buildings for
thermal energy storage. It consists of a biodegradable and nontoxic
PCM encapsulated in HDPE containers. The containers are installed
within building materials such as walls, floors, or ceilings to regulate
indoor temperature. The BioPCM system has been used in residential
and commerecial buildings, resulting in reduced energy consumption,
improved thermal comfort, and decreased peak load demands.
Thermal Energy Storage (TES)—PCM System in Concrete Elements—
Researchers have incorporated microencapsulated PCMs into concrete
elements, such as walls or floors, to enhance thermal storage capacity
(Zhou et al. 2012; Navarro et al. 2016; Tyagi et al. 2011). These PCM-
infused concrete elements are successfully implemented in both
residential and commercial buildings. The PCM-infused concrete helps
in reducing energy consumption by storing excess heat during the day
and releasing it during cooler periods, improving indoor temperature
regulation and reducing the need for mechanical cooling or heating.
PCM-Enhanced coatings for roofs—PCM-enhanced coatings or paints
have been applied to building roofs to mitigate temperature
fluctuations and reduce cooling loads. These coatings contain
microencapsulated PCMs dispersed in a paint or coating matrix that
can absorb and release heat. Successful implementations of PCM-
enhanced coatings on roofs have shown reduced cooling energy
requirements and improved indoor comfort in buildings located in hot
climates.
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e PCM-Enhanced insulation materials—PCMs are also integrated into
insulation materials to improve their thermal performance. PCM-
enhanced insulation products are designed to store excess heat
during the day and release it during cooler periods, reducing
temperature fluctuations and lowering energy consumption.
Successful implementations of PCM-enhanced insulation have
demonstrated improved energy efficiency and reduced heating and
cooling loads in buildings.

2.1.3 Importance in Energy Efficiency and Sustainability

The use of PCMs is important for energy efficiency and sustainability
because it can help reduce energy consumption and reliance on fossil
fuels. By storing thermal energy during periods of low demand and
releasing it during periods of high demand, PCMs can help reduce the
need for heating and cooling systems to operate at peak capacity,
reducing energy consumption and associated greenhouse gas emissions.
Additionally, the use of PCMs in building insulation and electronic
cooling can help reduce energy consumption and improve the efficiency
and lifespan of devices. As technology continues to advance and new
PCMs are developed, their potential applications will continue to expand,
contributing to a more sustainable future. The following are a few key
findings from existing research:

e Building energy consumption—Studies have shown that incorporating
PCMs into building materials, such as walls, roofs, or floors, can
effectively reduce the energy consumption for heating and cooling
(Song et al. 2018; Kuznik et al. 2008). PCMs act as a thermal energy
storage medium, absorbing and releasing heat to regulate indoor
temperatures. This helps to minimize the need for mechanical heating
and cooling systems, leading to energy savings ranging from 10% to
40% in different climatic conditions.

e Peak load reduction—PCM integration can also contribute to peak load
reduction in buildings (Halford et al. 2007; Lee et al. 2016). By storing
excess heat during the day and releasing it during peak demand
periods, PCM-enhanced building components can help to flatten the
electricity demand curve. This reduces the strain on the electrical grid
and enables more efficient energy utilization.
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2.2

e Greenhouse gas emissions—The reduced energy consumption achieved
through PCM integration has a direct impact on greenhouse gas
emissions (Amoatey et al. 2022; Anisur et al. 2013). Several studies have
quantified the emissions reduction potential of PCM-enhanced
buildings. The exact reduction varies depending on factors such as
building type, climate, and PCM configuration. However, research
suggests that PCM integration can lead to emissions reductions of up to
30% compared to conventional buildings.

e Life-cycle assessment (LCA)—LCA studies have been conducted to
evaluate the overall environmental impact of PCM integration (Kylili et
al. 2016; Cabeza et al. 2014). LCAs consider the entire life cycle of
PCM-enhanced buildings, including raw material extraction,
manufacturing, construction, use phase, and end-of-life. These studies
have found that despite the additional energy and emissions associated
with PCM production and integration, the overall environmental
benefits in terms of energy savings and reduced operational emissions
outweigh the impacts of PCM implementation.

It is worth noting that the specific findings may vary depending on
factors such as the type of PCM, its concentration, the climate, the
building design, and the local energy mix. However, most studies
indicate that PCM integration has the potential to significantly reduce
energy consumption and emissions, contributing to more sustainable and
energy-efficient buildings.

Usage of PCMs in Concrete

There are various ways to incorporate PCMs in concrete, such as adding
them to the mix or embedding them in prefabricated panels. Different
types of PCMs can be used depending on the desired thermal behavior and
application. For example, paraffin-based PCMs are often used for low-
temperature applications, while salt hydrates are preferred for high-
temperature applications.

The potential applications of PCMs in concrete are vast. They can be used in
various building components, such as walls, roofs, and floors, to improve
thermal performance and energy efficiency. Additionally, PCMs can be used
in both new construction and retrofit projects, making them a versatile and
adaptable solution for sustainable building design. As research and
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2.3

development in this field continues, there is potential for further
advancements in the use of PCMs in concrete and other building materials.

Incorporating PCMs into Concrete and the Effects on the
Thermal Properties and Performance of the Resulting Composite
Material

One approach for incorporating PCMs into concrete is to mix the PCM
with the concrete mixture directly. In this method, the PCM particles are
dispersed throughout the concrete matrix. As the temperature rises, the
PCM melts and absorbs heat, and as the temperature drops, the PCM
solidifies and releases heat. However, the incorporation of PCM directly
into the concrete mix may result in poor dispersion of the PCM particles,
leading to non-uniform thermal performance of the material.

A second approach is to use prefabricated PCM modules or capsules that
are embedded in the concrete. In this method, the PCM is encapsulated in
a container or a tube, which is then placed in the concrete during casting.
This approach allows for better control over the location and distribution
of the PCM, but it may increase the complexity and cost of the
construction process.

A third approach is to use PCM-containing admixtures, which are added to
the concrete mix to enhance its thermal performance. These admixtures
typically contain microencapsulated PCMs that are mixed with the
concrete. This method offers better control over the dispersion of PCM
particles, and it can also improve the workability of the concrete mixture.
However, the effectiveness of the admixture may depend on the type and
amount of PCM used, as well as the curing conditions of the concrete.

The incorporation of PCMs into concrete has several benefits, including
increased thermal mass, reduced temperature fluctuations, and
improved energy efficiency. However, the effectiveness of the PCM in
concrete depends on several factors, including the type and amount of
PCM used, the method of incorporation, and the environmental
conditions. Therefore, the selection of the appropriate PCM and
incorporation method is critical to achieving optimal thermal
performance in concrete.
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2.4

Challenges of PCMs in Concrete

While PCMs offer thermal benefits, their incorporation into concrete can
introduce challenges in other aspects.

The addition of PCMs to concrete can lead to a reduction in compressive
strength. PCMs may hinder the cement hydration process, affecting the
formation of cementitious crystals and resulting in lower strength
development. The extent of strength reduction depends on factors such as
PCM type, content, and distribution within the concrete matrix.

PCMs can influence the workability and setting time of concrete. The
presence of PCMs may increase the viscosity of the concrete mixture,
making it less workable and more difficult to handle during construction.
Furthermore, PCMs can extend the setting time, as they can interfere with
the hydration process and delay the formation of hardened cement paste.

PCMs often have lower densities compared to typical concrete
components. Incorporating PCMs into concrete can reduce the overall
density of the composite material, potentially affecting its mechanical
properties and weight-bearing capacity. Additionally, the introduction of
PCMs may alter the pore structure of concrete, potentially impacting its
durability and resistance to freeze-thaw cycles or chemical attacks.

The long-term durability of concrete can be affected by the presence of
PCMs. The interaction between PCMs and the concrete matrix may
influence moisture transport properties, pore structure, and chemical
reactions. This can result in potential challenges related to freeze-thaw
resistance, alkali-silica reaction, or other forms of degradation. To
overcome the stability challenge, researchers and manufacturers are
exploring several potential solutions, including developing stable PCMs,
encapsulation of PCMs, and using additives such as nanoparticles, to
enhance the stability of PCMs and improve their performance in concrete.

The use of PCMs in concrete can also present several challenges related to
cost, which must be addressed to ensure their effective and widespread
use. The cost of PCMs is generally higher than that of conventional
building materials. This is because PCMs are often made of high-quality
materials that are designed to withstand high temperatures and repeated
phase transitions. Additionally, the cost of manufacturing PCMs is high



ERDC/CRREL TR-23-11 11

due to the complex process involved in their production. One potential
solution to reduce the cost of PCMs is to develop low-cost alternatives that
are still effective in storing and releasing thermal energy. A few examples
of cheaper materials that were investigated are salt mixtures, eutectic
mixtures, and waste or by-product materials.

Salt mixtures, such as sodium sulfate and potassium sulfate or sodium
nitrate and potassium nitrate, were studied as low-cost alternatives to
organic PCMs. These salt mixtures undergo phase transitions at specific
temperatures, enabling thermal energy storage. While salt mixtures have
lower energy storage densities compared to some high-cost PCMs, they
can still offer viable performance at a lower price point, particularly in
applications with moderate temperature ranges.

Eutectic mixtures are combinations of materials that have a lower melting
point compared to their individual components. For example, mixtures of
fatty acids or alcohols can form eutectic compositions that exhibit phase
change behavior. These eutectic mixtures can provide cost advantages over
high-cost organic PCMs while still offering significant thermal energy
storage capacities. Eutectic mixtures tend to have a low thermal
conductivity and are prone to leakage during phase changes.

Researchers have also explored the use of waste or by-product materials as
cost-effective thermal energy storage media (Gutierrez et al. 2016).
Examples include using waste cooking oil, waste palm oil, or waste
vegetable oils. These materials can be treated or modified to serve as phase
change materials, providing a more economical option for thermal energy
storage applications.

The production of PCMs may involve energy-intensive processes,
chemical synthesis, and the extraction of raw materials. These activities
can result in emissions of greenhouse gases and other pollutants,
consumption of resources, and potential environmental impacts
associated with material extraction.

However, it is worth noting that the environmental benefits of PCMs can
still outweigh their production impacts when considering their application
in energy-efficient buildings. The reduction in energy consumption
achieved through PCM integration can lead to significant long-term energy
savings and reduced greenhouse gas emissions during the operational
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2.5

phase of buildings. Life cycle assessment studies, which consider the
environmental impacts across all life cycle stages, have generally shown
that the benefits of PCM integration outweigh the production impacts.

Potential solutions

Potential reduction in compressive strength is to

e optimize PCM selection and concentration to minimize the negative
impact on compressive strength,

e choose PCMs with suitable melting points and latent heat capacities
that align with the desired thermal performance without compromising
the strength of the concrete, and

e explore the use of microencapsulation techniques to protect PCMs and
maintain concrete strength.

Impacts on workability and setting time will

o utilize superplasticizers or other workability-enhancing admixtures to
improve the flow and workability of PCM-infused concrete,

e optimize the dosage and timing of admixture incorporation to achieve
the desired balance between workability and PCM integration, and

e adjust concrete mix proportions to compensate for any delays in setting
time caused by the presence of PCMs.

Effects on density and porosity can

e incorporate suitable additives or reinforcements to mitigate the impact
of PCMs on density and porosity (e.g., the addition of fibers or
pozzolanic materials can help maintain or improve the density and
strength of the concrete) and

e optimize the mix design to achieve the desired density and minimize
any potential increase in porosity caused by PCM integration.

Considerations of long-term durability include

e conducting thorough research and testing to evaluate the long-term
durability of PCM-infused concrete,

e exploring the use of additives that enhance durability properties, such
as corrosion inhibitors or mineral admixtures like silica fume, and
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optimizing the curing conditions and quality control measures during
construction to ensure the long-term performance and durability of the
concrete.

Higher cost compared to traditional concrete materials include

developing cost-effective PCM formulations by exploring alternative
PCM types, such as eutectic mixtures or salt hydrates, that offer
comparable thermal performance at a lower cost,

investigating the use of waste or by-product materials as PCM sources
to reduce material costs, and

continually improving production processes and scale up
manufacturing to achieve economies of scale and reduce costs.

Limited availability and compatibility with concrete production processes
include

collaborating with PCM manufacturers to expand the availability of
PCM options suitable for concrete applications,

developing partnerships between PCM manufacturers and concrete
producers to ensure compatibility and streamline integration
processes, and

investing in research and development efforts to optimize PCM
formulations specifically for concrete applications, addressing
compatibility challenges.
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Conclusions and Recommendations
Conclusions

By optimizing PCM selection, utilizing appropriate additives, considering
long-term durability, addressing cost concerns, and enhancing availability
and compatibility, PCM-infused concrete can be effectively implemented
while maintaining or even improving its overall performance. Studies have
reported a reduction in compressive strength ranging from 5% to 30% when
incorporating PCMs into concrete, depending on factors such as PCM type,
content, and distribution within the matrix. The presence of PCMs can lead
to a decrease in workability, with a slump loss of approximately 10% to 30%
reported in some cases. Setting time can be extended by 1 to 4 hours
because of the interference of PCMs with the cement hydration process. The
addition of PCMs can result in a slight reduction in concrete density,
typically ranging from 1% to 5%. PCMs may increase the porosity of
concrete, resulting in an increase of 1% to 8% compared to conventional
concrete. PCM-infused concrete may exhibit some degradation due to
factors such as increased permeability and potential chemical interactions
with the PCM. The extent of the impact on long-term durability varies based
on the specific PCM used, but it can affect properties such as freeze-thaw
resistance and resistance to chemical attack. PCMs are generally more
expensive than conventional concrete materials on a per-unit basis. The cost
of PCMs can range from $5 to $50 per kilogram, depending on factors such
as PCM type, purity, and production scale. While there is a growing range of
PCMs available on the market, the selection of suitable PCMs specifically
designed for concrete applications is still relatively limited. Compatibility
issues may arise during the manufacturing and integration of PCMs into
concrete, requiring adjustments to mixing procedures or the use of
specialized techniques.

It is important to note that the specific quantitative impacts can vary based
on the PCM type, concentration, and specific application context.
Mitigation strategies, such as optimizing PCM selection, using additives,
and employing specific manufacturing techniques, can help minimize
these challenges and maximize the benefits of PCM-infused concrete.
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3.2 Recommendations

Our recommendations are to include testing PCMs in concrete
construction applications based on function, cost, and constructability for
the efficacy of PCMs in concrete mixtures, and effect the of PCMs on other

concrete properties.
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