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Highlights 

• Coconut shell activated carbon composite Bio PCM enhances thermal storage in mortar 

• Composite PCM shows high thermal stability and 32.5 J/g latent heat capacity 

• 30 wt% PCM in mortar reduces thermal conductivity by 49% 

• FTIR and TGA confirm chemical and thermal stability in modified mortar 

• Techno-economic analysis shows encouraging payback period of 2 years for ACcs/EPCM 

• Strength-thermal trade-off shows potential in insulating construction use 
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Abstract: This study presents a sustainable, leakproof, shape-stable composite phase change 

material for Thermal Energy Storage (TES), created by incorporating a eutectic mixture of capric- 

and myristic-acid-based biobased PCMs into porous activated carbon derived from waste coconut 

shells (ACcs). The resulting ACcs/EPCM composite was embedded into cement mortar in varying 

ratios (10-30 wt%) to manufacture thermally enhanced building material. Comprehensive testing 

was conducted to assess the phase transition characteristics of composite PCM along with 

chemical, microstructural, physical, mechanical, thermal and thermophysical characterization, and 

thermoregulation performance evaluation of ACcs/EPCM incorporated mortar. The DSC analysis 

showed that ACcs/EPCM possessed a melting temperature of 21.8 °C and a latent heat capacity of 

32.5 J/g with high thermal cycling stability. FTIR results confirmed good chemical compatibility 

of ACcs/EPCM within cement mortar and TGA indicated sufficient thermal stability below 

degradation temperatures (< 150 oC). Replacing 30 wt% of sand with composite PCM in mortar 

significantly enhanced its thermal insulating properties through reduction of thermal conductivity 

by 33% and thermal diffusivity by 26%. On the other hand, this modification led to a 75.3% 

decrease in compressive strength and an increase in water absorption from 7.6% to 24.7%. Further, 

pore size distributions of cement mortars were evaluated through mercury intrusion porosimetry 

indicated a reduction from 2.46 μm to 1.86 μm in critical pore diameter and increase in total 

porosity by 36.8% through inclusion of 30 wt% of ACcs/EPCM. Furthermore, techno-economic 

analysis of ACcs/EPCM incorporated cement mortar reveals an encouraging payback period of 

2.33 years.  

Keywords: Composite biobased PCM; activated carbon; cement mortar; thermal inertia; 

thermophysical characteristics 

 

 

 

 

 

 

 

                  



1. Introduction 

As electricity demand continues to grow and the impacts of climate change become more severe, 

countries around the world are focusing on two main strategies to promote sustainability. The first 

is improving the energy efficiency of systems and infrastructure to reduce overall consumption. 

The second is shifting toward renewable energy sources to gradually move away from fossil fuels. 

A combination of the two approaches helps limit environmental damage while meeting energy 

needs. In most cases, investing in energy efficiency is more affordable at the start than increasing 

energy production which often requires significant capital and ongoing operating costs. By 

prioritizing efficiency, countries can manage energy use more effectively while laying the 

groundwork for a cleaner energy future [1]. Efficiency upgrades generally require less time to 

develop and implement compared to broader transition from fossil fuels to renewable energy 

sources. This is because improving energy efficiency through better technologies, materials, or 

systems can often be achieved within existing structures, whereas changing the energy supply 

typically requires overhauling infrastructure and extensive long-term planning. In 2021, the 

building and construction sector was responsible for 36% of global energy consumption 

highlighting its critical role in both energy demand and the potential for impactful efficiency 

improvements [2]. For instance, the majority of household energy use goes toward heating living 

spaces making up 63.5% of total residential energy consumption in the European Union (EU) (Fig. 

1). The next largest portion is used for heating water accounting for 14.9%. Together, these two 

activities (i.e., space and water heating) made up 78.4% of the total energy used by households in 

2022 showing that thermal comfort remains dominant energy demand in EU’s residential sector 

[3]. As a result, enhancing energy efficiency of buildings has emerged as a key priority worldwide 

                  



aiming to support sustainability goals and strengthen energy security across local, national and 

global scales.  

The global energy crisis has also raised the demand for innovative materials capable of 

significantly reducing energy consumption. The integration of PCMs into building materials can 

improve indoor thermal comfort while reducing HVAC energy demand [4,5]. This benefit arises 

from the LHS capacity of PCMs, which absorb surplus heat when indoor temperature rise and 

release it as temperatures fall. By moderating daily temperature fluctuations, PCMs can reduce 

peak heating and cooling loads, maintain more stable indoor conditions, and facilitates to achieve 

a more uniform thermal environment within the building [6]. There are three main categories of 

PCMs i.e., inorganic, organic and eutectic. Organic PCMs e.g., fatty acids are widely used in 

building applications because they offer suitable phase transition temperatures, non-corrosiveness, 

chemical stability, and limited supercooling [7]. Inorganic PCMs can provide higher thermal 

conductivity and volumetric LHS; however, phase separation, corrosive behaviour, supercooling 

and reduced stability when subjected to repeated thermal cycling may limit their application [6]. 

On the other hand, concerns related to inorganic PCMs are fundamentally important while 

considering their incorporation in cementitious materials where chemical incompatibility between 

PCM and cement matrix can negatively affect durability and mechanical properties [6]. Although 

organic PCMs such as fatty acids offer several advantages, their application is limited by PCM 

leakage during phase transition, low thermal conductivity and inadequate shape stability when 

subjected to long term thermal cycles. To address aforementioned challenges, recent research has 

shifted its focus to different secure incorporation methods of PCMs in construction materials and 

building envelopes. Different techniques are available for incorporating PCMs into construction 

materials and building envelopes, including shape stabilization, microencapsulation, and 

                  



microencapsulation [6]. Among these, shape stabilization is considered the most suitable for direct 

integration into construction materials. This method effectively retains the PCM within a 

supporting matrix, minimizing the risk of leakage during phase transitions. In addition, it 

eliminates the potential failures associated with capsule rupture, thereby improving the long-term 

durability and reliability of PCM-enhanced construction materials [7]. Thereby, research focus has 

been shifted to improve long term thermal reliability and structural stability of shape stabilized 

PCM composites [8].  

Coconuts are a vital agricultural commodity in numerous tropical regions, yet the disposal of waste 

coconut shells remains a significant environmental concern due to the increasing global demand 

for coconut derived products. Annually, approximately 50 billion coconuts are cultivated 

worldwide with an estimated 85% of their shells discarded as waste [9]. These discarded shells are 

predominantly disposed of in landfills and their decomposition as organic material contributes to 

the emission of greenhouse gases particularly methane exacerbating climate change [10]. 

Additionally, improper disposal practices are linked to soil and water contamination further 

amplifying environmental challenges [11]. Given these issues the sustainable management and 

reutilization of waste coconut shells have emerged as critical priorities particularly for tropical 

nations where coconut production plays a pivotal role in the economy. However, the recovery and 

reutilization of such waste necessitate a comprehensive assessment of the distinct characteristics 

of the waste streams along with the selection of most effective recovery techniques [12].  

The transformation of waste coconut shells into activated carbon (AC) represents an efficient and 

sustainable strategy to valorize agricultural residues [13]. Coconut shells being rich in 

lignocellulosic components serve as excellent precursors to produce high-quality AC due to their 

inherent carbon-rich structure [14]. Coconut shells-based AC (ACcs) offers significant potential as 

                  



a carrier material for PCMs in TES applications. Its large surface area and highly porous structure 

allow effective impregnation of PCM which stores and releases thermal energy efficiently through 

solid-liquid phase transition [15]. ACcs utilization for TES applications facilitates the reuse of 

agricultural waste while offering a cost-efficient, sustainable, and eco-friendly alternative for 

traditional materials. [16]. This approach improves the efficiency and cost-effectiveness of TES 

systems by making use of the widely available and inexpensive coconut shells which contribute to 

sustainability. In addition, the concepts of the circular economy which include the environmental 

conservation and resource efficiency are compatible with the incorporation of ACcs into TES 

applications. A number of studies [17–19] have shown that ACcs encompass high surface area and 

porous structure which favors its utilization in TES applications based on PCMs. In addition, the 

carbon-based highly porous structure enhances PCM’s thermal conductivity primarily due to its 

high surface area and interconnected pore network [20]. These porous carbon frameworks serve 

as thermally conductive pathways allowing heat to flow more efficiently through the composite. 

The extensive internal surface provides numerous contact points between the PCM and the 

conductive matrix which reduces thermal resistance at the interface [21]. As a result, the heat 

absorbed or released during phase transition is transferred more uniformly and rapidly improving 

the overall thermal responsiveness of the system. 

Cementitious materials integrated with TES capabilities can passively regulate the temperature 

inside buildings. This passive solution reduces the need for energy intensive HVAC systems 

leading to energy savings and improving the overall energy efficiency of buildings. The 

implementation of such functionality involves the integration of composite PCMs into building 

materials [22–25]. The incorporation of shape stabilized biobased eutectic PCM (EPCM) 

composite (ACcs/EPCM) into the cementitious mixture imparts TES characteristics. The 

                  



proportion of the composite material incorporated into the cementitious mixture is decided 

according to the target TES capacity and the necessary mechanical properties. The equilibrium 

between structural integrity and TES functionality can be achieved through precise adjustments of 

the incorporation amounts for particular applications. Additionally, a more uniform temperature 

distribution can be attained by strategically placing composites within various layers of concrete 

[26]. The process entails the absorption and release of ambient heat by ACcs/EPCM via melting 

and crystallization phases thereby enabling passive thermal regulation. As a result of this recurring 

process, reliance on conventional heating and cooling systems is reduced by improving energy 

efficiency and lowering costs of energy. Furthermore, the incorporation of ACcs/EPCM composite 

in cement mortar promotes environmental sustainability by reducing the carbon footprint of 

structures and improving indoor thermal comfort. The chemical composition of ACcs like materials 

includes CaO, SiO2, Al2O3 and Fe2O3 closely resembles that of cement [27] and the high reactive 

silica content reacts with water and Ca(OH)2 to form C-S-H gel in cementitious material [28]. 

Despite increasing research on PCM-based cementitious materials, an important research gap 

remains in the development of composites that are simultaneously low-cost, environmentally 

sustainable and compatible with cement-based materials while retaining sufficient mechanical 

performance for large scale construction applications [29]. The development of leakproof 

ACcs/EPCM composite and its integration with TES-enabled cement mortar is critical to achieve 

reliable performance making this approach a compelling solution for energy efficient and 

sustainable construction. 

Based on the previous literature evidence [30–33], this study introduces an innovative approach to 

waste utilization aiming to resource conservation, mitigate environmental pollution and promote 

circular economy through the adoption of AC/PCM composite inclusion for enhancing the energy 

                  



efficiency of cement mortar. The detailed analysis of synthesized materials presents the potential 

for transforming waste challenges into opportunities for sustainable innovation. Although 

numerous porous carriers have been investigated for shape-stabilized PCMs, existing studies 

mainly focus on commercial ACs, expanded graphite, silica, and synthetic porous matrices. Key 

concerns include PCM leakage, poor interfacial compatibility with the cement matrix, loss of 

thermal performance during prolonged cycling, and reductions in mechanical strength. 

Comparatively little attention has been devoted to agricultural-waste-derived ACs, despite their 

potential to combine high porosity with circular-economy benefits.  

Moreover, no comprehensive study has evaluated ACcs as a carrier for biobased EPCM to develop 

PCM composite and its subsequent incorporation into cement mortar at relatively high volumetric 

replacement levels while simultaneously assessing thermal storage performance, pore evolution, 

mechanical behavior, thermal regulation, and economic feasibility. The capric–myristic acid (CA-

MA) EPCM was selected in this study due to its favorable phase transition temperature which 

aligns well with the thermal comfort range for passive building applications [36]. Both fatty acids 

can be derived from renewable sources, including coconut and palm kernel oils, as well as waste 

cooking oils through emerging biorefinery processes. Although high-purity commercial materials 

were used in this study to ensure reproducibility, current purification technologies can produce 

biobased fatty acids of comparable quality, supporting the sustainable large-scale application of 

this EPCM [7,34]. Moreover, no comprehensive study has evaluated ACcs as a carrier for biobased 

EPCM to develop PCM composite and its subsequent incorporation into cement mortar at 

relatively high volumetric replacement levels while simultaneously assessing thermal storage 

performance, pore evolution, mechanical behavior, thermal regulation, and economic feasibility. 

This work addresses this gap by developing a leak-proof composite based on ACcs and a biobased 

                  



EPCM. Unlike conventional mineral or synthetic carrier materials, the proposed material 

simultaneously valorizes agricultural waste, enables passive thermal regulation, and is directly 

integrated into cement mortar. Beyond demonstrating thermal storage performance, the study 

establishes the relationships among pore structure, mechanical behavior, thermophysical 

properties, thermal regulation and economic feasibility, providing a comprehensive framework for 

evaluating sustainable TES-enabled cementitious materials. 

2. Materials and methods 

2.1 Materials 

Steam activated powdered activated carbon produced from waste coconut shells, i.e., ACcs, at 

activation temperature above 900 °C was procured from a commercial supplier. Steam activation 

involves the use of high temperature steam to create a porous structure enhancing the carbon’s 

surface area and adsorption properties making it suitable as an appropriate carrier material. 

Furthermore, ACcs used in this study is a food-grade material with a black color and a particle size 

ranging from 350-400 μm. It has a pH of approximately 5 and a bulk density of 450 kg/m3. The 

ACcs has a loss on drying of ≤6%, indicating low moisture content, and a residue on ignition of 

≤3%. Its acid-soluble content is ≤3%, while the filtering time is approximately 70 seconds. 

The EPCM was formulated by combining fatty acids with a saturated aliphatic chain of 10-14 

carbon atoms [35] i.e., CA and MA. CA (CH3(CH2)8COOH) has a density, molar mass and melting 

temperature range of 0.893 g/ml, 172.3 g/mol and 27-32 °C, respectively. Likewise, MA 

(CH3(CH2)12COOH) possesses a density, molar mass and melting temperature of 0.90 g/ml, 228.4 

g/mol and 56 °C, respectively. These fatty acids are considered biobased as they are derived from 

natural sources including both vegetable/plants based or animal oil making them environmentally 

                  



friendly option [36]. Both PCMs obtained from Merck (capric acid) and Carl Roth GmbH (myristic 

acid) had purities ≥ 98% ensuring the reliability and consistency of the materials for experimental 

purposes. Moreover, all materials used in this study were utilized directly without any additional 

pretreatment.  

The cement used for the mortar production was CEM V/A (S-P) 42.5R complies with EN 197-1 

sourced from Cementerie Aldo Barbetti S.p.A., Italy. In addition, fine alluvial sand with grain size 

designation 0/3 mm was procured from Calcestruzzi Cipiccia S.p.A. aggregate production plant 

located in Narni (TR), Italy conforming to the EN 12620 and EN 13043 standards. Fig. 2 presents 

the sieve analysis of sand showing the percentage of material passing through each sieve size 

conducted in accordance with ASTM C136. Tables 1-2 enlist the manufacturer’s physical, 

mechanical and chemical properties of the cement used for the production of cement mortar.  

2.2 Specimen preparation 

2.2.1 Eutectic PCM development 

In selecting suitable PCM for incorporation into cementitious mixture, the thermal comfort zone 

was considered to determine the appropriate temperature range for phase transitions. The ideal 

thermal comfort conditions for indoor environments are outlined in international standards such as 

ISO 7730 [37] and ASHRAE 55 [38]. These standards highlight various factors that influence 

thermal comfort i.e., heat gain and loss, activity level, metabolic rate, relative humidity, air speed, 

air temperature, clothing insulation and mean radiant temperature [39]. Due to the complexity and 

variability of such factors, it is challenging to pinpoint a precise comfort temperature. However, 

based on these guidelines, the recommended ambient temperature range for thermal comfort is in 

the range of 20 to 28 °C [40]. Therefore, to facilitate effective functioning of PCM in building 

                  



applications, the material phase transition temperature should ideally fall within this range to 

support optimal thermal regulation.   

Based on the above-mentioned recommended phase transition temperature range, the EPCM was 

prepared by combining CA and MA in a specific mass ratio to achieve desired melting temperature. 

The melting temperatures of CA and MA through differential scanning calorimetry (DSC) were 

found to be 29.8 °C and 55.7 °C, respectively. The eutectic mixture was formulated by carefully 

selecting the appropriate mass ratio of the individual fatty acid resulting in a phase transition 

temperature more suitable for building interior temperature regulation. DSC analysis of the CA-

MA binary mixtures identified an optimum composition of 72.5 wt% CA and 27.5 wt% MA, 

exhibiting a melting temperature of 20.5 °C (Fig 3). The simultaneous thermal transition of both 

components, together with lack of phase separation, indicates the formation of a homogeneous 

eutectic mixture without detectable chemical interaction or phase segregation.  

2.2.2 Leak-proof composite preparation  

The composite material comprising ACcs and EPCM (ACcs/EPCM) was prepared using a vacuum 

impregnation technique. The initial EPCM addition ratio was defined based on the mass of EPCM 

relative to the mass of ACcs (EPCM/ACcs × 100 (wt%)). To determine the maximum impregnation 

capacity of the porous ACcs structure, EPCM was added at 75, 80 and 85 wt% of ACcs. The 

impregnation process was accomplished under vacuum conditions in an advanced ATT climatic 

chamber (UD150C SR) at a temperature of 80°C for a period of 3h. To facilitate the proper 

distribution of the PCM within ACcs matrix and prevent agglomeration, the mixture was 

periodically mixed at specific intervals during process. This stirring procedure facilitated the even 

dispersion of PCM throughout the pores while allowing air to enter for efficient impregnation. In 

their liquid state, fatty acids exhibit a surface tension in the range of 2×10-4 N⸳m-1 to 3×10-4 N⸳m-1 

                  



which is adequate to ensure their retention within the porous structure of carrier material [41]. 

Therefore, the anti-leakage performance of the resulting ACcs/EPCM composite was evaluated 

through leakage tests. The samples, each containing a specific concentration of EPCM, were 

heated to 60 °C, exceeding the melting point of the EPCM, for 3 hours. For leakage assessment, a 

molded sample was placed on a Whatman Grade 42 filter paper and carefully inspected for any 

visible signs of liquid leakage beneath the sample. The samples that demonstrated the highest 

EPCM content without leakage after 3 hours were identified with the EPCM 75 wt% and 80 wt% 

of ACcs composites exhibiting the best anti-leakage performance (see Fig. 4). However, a slight 

leakage was observed in the composite with EPCM 85 wt% of ACcs leading to the identification 

of 80 wt% as the optimum leak-proof composite for further application.  

2.2.3 Mortar production 

Figure 5 presents the production process of cement mortar samples. The cement mortar was 

prepared using a mixing ratio of sand to cement ratio of 1 and water to cement ratio of 0.75 which 

served as the reference mortar for comparison. To manufacture thermally efficient cement mortars 

(TECMs), a portion of the sand was replaced with ACcs/EPCM composite at increasing weight 

percentages of 10%, 20% and 30%. It is pertinent to mention that the ACcs/EPCM composite was 

incorporated by partially replacing sand, as the primary objective was to TES functionality while 

maintaining the cement dosage and minimizing potential effects on cement hydration, consistent 

with the approach reported in the literature [23]. The ACcs/EPCM composite functions as a porous, 

aggregate-like phase, making its incorporation within the sand fraction more appropriate than 

direct modification of the cementitious binder. Partial replacement of sand also allows the original 

cement dosage and water-to-cement ratio to be maintained while introducing the PCM-containing 

composite into the mortar matrix. Furthermore, this approach provides thermal functionality 

                  



without increasing the overall aggregate volume of the mortar. The mortars prepared with these 

substitutions were labeled as TECM-10%, TECM-20% and TECM-30%, respectively. 

Furthermore, to maintain manageable workability while optimizing the TES potential, 

ACcs/EPCM composite substitution ratio was capped at 30%. The quantities and proportions of 

the ingredients used in mortar production are outlined in Table 3.  

The procedure for preparing cement mortars begins by separately mixing the cement with water 

and the sand with composite material. The cement and water were thoroughly blended to form a 

smooth paste while the sand and composite were dry mixed to ensure uniform distribution. After 

both mixtures were prepared, the sand-composite mixture was gradually combined with cement 

paste and mixed thoroughly for a sufficient duration to achieve a homogeneous mortar. 

Subsequently, the resulting fresh mortars were poured into oiled molds with dimensions of 40 × 

40 × 160 mm3 and 50 × 50 × 50 mm3 for mechanical testing and 200 × 200 × 15 mm3 for 

thermoregulation performance assessment. All the samples were transferred to a climatic chamber 

immediately after preparation and cured at 20 ± 1 °C with a relative humidity of 90% to prevent 

moisture loss. After one day, the samples were recovered from molds and curing was continued 

for 28 days. This curing process allowed the mortars to achieve their final properties for further 

analyses. 

2.3 Testing program 

2.3.1 Chemical characterization 

The DRIFT (Diffuse Reflectance Infrared Fourier Transform) analysis was conducted to evaluate 

the structural and chemical properties of ACcs/EPCM composite and mortar samples incorporating 

this composite. First, ACcs/EPCM composite was finely ground to a powder form. A small amount 

of the sample was then mixed with KBr in a 1:10 weight ratio to aid in sample dilution and enhance 

                  



reflectance quality. The mixture was carefully ground to homogeneous powder to ensure 

uniformity. Subsequently, the sample was placed in DRIFT sample holder, and spectra were 

collected over a specific wavenumber range i.e., 4000–400 cm-1. The same procedure was repeated 

for prepared mortar samples containing the composite PCM allowing for comparison of the spectra 

and the identification of any shifts or modifications in the functional groups.  

2.3.2 Microstructural characterization 

A TES Vega 3 scanning electron microscope (SEM) with both secondary electron and 

backscattered electron detectors was used to examine the microstructure of the samples. To 

improve image clarity, the samples were coated with a thin layer of gold. Imaging was performed 

at an accelerating voltage of 20 kV which helps generate detailed surface and structural 

information. 

                  



2.3.3 Pore structure 

Mercury intrusion porosimetry (MIP) was used to analyze the pore structure of cement-based 

samples. Small cube-shaped samples (1 × 1 × 1 cm³) were tested using a Pascal 140 and 440 device 

(Thermo Fisher Scientific). Before the test, the samples were dried in a vacuum oven at 45 °C until 

their weight no longer changed ensuring all moisture and air were removed. It is pertinent to 

mention that the aforementioned drying temperature is well below thermal degradation 

temperature of EPCM used in this study, i.e., 155 oC. Moreover, the selected ACcs/EPCM 

composite was leakproof thus EPCM remains within porous structure of ACcs at this drying 

temperature without impacting microstructure of composite. The porosimeter had the capability to 

measure pore size as small as 0.003 μm and apply a maximum pressure of 414 MPa. During testing, 

mercury was gradually forced into the pores under increasing pressure which helped reveal even 

the smallest pores. For the computations, standard values for the contact angle (117°) and surface 

tension (0.485 N⸳m-1) of mercury were used from the literature as per [42,43] which are typically 

found for samples subjected to oven-drying. The evaluation of pore diameters was made through 

Washburn equation which makes the assumption that the shape of material's pores is cylindrical. 

2.3.3 Physical characterization 

The workability of cement mortar with and without ACcs/EPCM was evaluated according to the 

ASTM C1437 standard. Since the control mortar was highly flowable, the mold was filled without 

tamping, and the remaining mortars were filled as per the aforementioned standard. After filling, 

the mold was carefully lifted, and the spread diameter of the mortar was measured immediately in 

four different directions to ensure accuracy. 

The procedure for determining the water absorption and bulk density of the prepared mortar 

samples including those with composite PCM was conducted according to ASTM standards. In 

                  



this process, mortar cubes 50 × 50 × 50 mm3 were prepared and cured for 28 days. For water 

absorption (as per ASTM C642), the dry weight was first recorded. The samples were then 

immersed in water for 24h after which they were weighed again. The water absorption was 

calculated as a percentage increase in weight. For bulk density (ASTM C138), the mass of the dry 

samples was divided by its known volume to determine its density. A reference sample without 

the composite PCM was tested using the same procedure for comparison allowing for an 

assessment of the effect of the composite PCM on these physical properties.   

2.3.4 Mechanical characterization 

The compressive and flexural strength of the prepared mortar samples were evaluated following 

standard ASTM procedures. For compressive strength mortar cubes 50 × 50 × 50 mm3 were 

prepared and tested after 28 days as per ASTM C109. Likewise, mortar prism specimens of the 

dimension 40 × 40 × 160 mm3 were tested after 28 days using a three- point bending setup as 

specified in ASTM C348. These tests were performed on samples with and without composite 

PCM to determine its impact on the mechanical properties of mortar.  

2.3.5 Thermal characterization 

The thermal energy storage properties of the biobased EPCM and ACcs/EPCM were evaluated 

using Differential Scanning Calorimetry (DSC) with a NETZSCH DSC 214 Polyma. The analyses 

were performed under a N2 atmosphere with a flow rate of 30 ml per minute. The thermal 

degradation performance of the mortar samples was analyzed through thermogravimetric analysis 

(TGA) using a NETZSCH STA 2500 Regulus analyzer. The tests were conducted at a controlled 

heating rate of 5 °C per minute, with the temperature increased from ambient conditions to 500 °C 

while continuously monitoring the mass loss of the samples.  

                  



The thermal conductivity of the mortar samples was measured using a Hot Disk TPS 2500S 

instrument from Hot Disk AB, which operates according to the Transient Plan Source (TPS) 

method (see Fig. 6). This technique, standardized by UNI EN ISO 22007-2:2015 [44], is widely 

recognized for evaluating thermal properties of heterogeneous materials. During the test, a Kapton-

insulated sensor (model no. 5501; radius 6.4 mm) was sandwiched between two identical mortar 

samples. Measurements were conducted with an output power of 50 mW and a testing time of 80s, 

respectively. The sensor generated a transient heat pulse while monitoring the resulting 

temperature response of the material, allowing for the accurate determination of the samples’ 

thermal conductivity and related thermophysical properties. To minimize the influence of external 

thermal disturbances, all measurements were performed inside a dedicated polystyrene insulation 

box. Prior to testing, the samples were conditioned at 25 °C and 50% relative humidity for 3 hours. 

For this purpose, the samples were first placed inside the polystyrene box, which was subsequently 

stored in a climatic chamber to ensure stable environmental conditions throughout the conditioning 

period. After conditioning, the samples were removed from the climatic chamber and subjected to 

thermal conductivity measurements. To ensure consistency and accuracy, each sample was 

measured five times; the average value was considered to provide a reliable representation of the 

mortar’s thermal performance. 

3. Results and discussion 

3.1 Chemical characterization 

3.1.1 DRIFT analysis 

DRIFT analysis provides important information about the structural integrity and chemical 

interactions of the cement mortar composite incorporating ACcs/EPCM as a partial replacement 

for sand at 10%, 20%, and 30% levels (see Fig. 7). Several functional groups linked to 

                  



carbonaceous phases, cement hydration products and PCM-derived organic compounds are 

represented by distinctive absorption bands in the spectra. The characteristic absorption bands 

confirm the successful incorporation of the ACcs/EPCM composite into the cementitious matrix 

while preserving the typical spectral features associated with hydrated cement after 28 days of 

curing. No additional absorption bands indicative of new chemical reaction products were 

observed, suggesting that no apparent chemical incompatibility developed between the composite 

PCM and the cement matrix under the investigated conditions.  

The broad absorption band observed between 3400 and 3600 cm⁻¹ is linked to the O–H stretching 

vibration of water molecules. This band originates from both bound water in calcium silicate 

hydrate (C-S-H) gel and free water present in portlandite (Ca(OH)2). The presence of this band in 

all specimens indicates the existence of typical hydration products after 28 days of curing. 

Furthermore, the H–O–H bending vibration around 1640 cm⁻¹ further confirms the presence of 

hydration water showing that the mortar retains its typical characteristics related to moisture 

retention. 

A key finding is the appearance of strong absorption bands between 2950 and 2850 cm⁻¹ which 

are associated with νs and νas C–H stretching vibrations from aliphatic –CH2 and –CH3 groups. 

These bands are absent in the control sample but clearly visible in the TECM-10%, TECM-20% 

and TECM-30% spectra. This confirms the successful integration of ACcs/EPCM composite which 

contains long-chain fatty acids, and the intensity of these bands increases as the composite PCM 

replacement level increases in cement mortar samples.  

A clear indicator of composite PCM integration is the sharp absorption band around 1730 cm⁻¹ 

which represents the C=O stretching vibration of carboxyl group (–COOH) or ester functional 

groups from the capric-myristic EPCM. This band did not appear in the control sample confirming 

                  



that the EPCM retains its chemical distinction within the composite matrix. The presence of these 

ester or –COOH groups suggests that the interaction between PCM and cement was of purely 

physical nature rather than chemical. Therefore, PCM's ability to store and release thermal energy 

remained intact which enables effective thermal energy regulation in building materials. 

An important observation was made through the presence of absorption bands in the 1385–1365 

cm⁻¹ range which are linked to carbonate (CO3
2-) groups. These peaks indicate that carbonation 

has occurred in the mortar samples which is a common process in cement-based materials when 

they are exposed to atmospheric CO2. During carbonation, CO₂ reacts with Ca(OH)2 in the cement 

to form CaCO3. This band appears in all the samples suggesting that natural carbonation took place 

over time. This process can actually be beneficial for the mortar’s durability because it helps to fill 

pores within the material reducing its porosity and making the microstructure denser and more 

refined which can improve resistance to environmental degradation. 

The Si–O stretching vibrations observed between 1100 and 950 cm⁻¹ are linked to the silicate 

structures in C-S-H gel which is the primary binding phase in hydrated cement. The intensity of 

these bands is relatively comparable across all mortar samples indicating that the formation of 

essential cement hydration products remains intact in all specimens regardless of presence of 

ACcs/EPCM. Moreover, it is equally important to avoid any substantial disruption in the formation 

of C-S-H gel which is mainly responsible for the mechanical strength of the mortar. Additionally, 

the absorption bands at 870–850 cm⁻¹ and 750–600 cm⁻¹ can be associated with carbonate 

compounds (CaCO3) and calcium aluminate hydrate phases such as ettringite and monosulfate 

which are typical hydration products in cement-based materials. It is important to note that DRIFT 

analysis provides a qualitative assessment of typical hydration products rather than quantitative 

assessment. Thus, the current results should be interpreted within the qualitative assessment 

                  



regime which was the main focus of the current study. The quantitative assessment of typical 

hydration products could be focused in future studies.    

3.1.2 DSC results 

The phase change behavior of both EPCM and the leak-resistant ACcs/EPCM composite was 

examined using DSC. To ensure reliable measurements, the samples went through controlled 

heating and cooling cycles at a rate of 0.5 °C per minute [45]. At the extreme temperatures of –20 

°C and 60 °C, the process was paused for 5 minutes. This isothermal segment made sure the 

material had enough time to completely melt or crystallize in each cycle. The DSC analysis was 

performed over two consecutive heating/cooling cycles. However, only the second cycle was 

considered for data evaluation in order to eliminate possible effects associated with the thermal 

history of the samples and instrument stabilization [45]. The selected temperature range was wide 

enough to guarantee complete melting and crystallization of PCM.  

The DSC results of tested materials are presented in Fig. 8, while the corresponding thermal 

parameters are summarized in Table 4. The DSC peaks indicate heat absorption during melting 

(endothermic process) and heat release during crystallization (exothermic process). From these 

curves, the starting temperatures of phase change were identified. For EPCM, melting begins at 

approximately 20.5 °C, while crystallization starts at around 19.0 °C. In the case of the ACcs/EPCM 

composite, these temperatures were slightly higher, recorded at 21.8 °C for melting and 19.1 °C 

for crystallization (Fig. 8). This slight increase in phase change temperature can be explained by 

the structure and interaction within the composite. The ACcs material has a porous structure that 

holds the EPCM inside it. These tiny pores sometimes severely restrict the movement of the EPCM 

molecules, especially the long molecular chains [46]. As a result, more energy (or slightly higher 

temperature) is required for the molecules to rearrange themselves during melting and 

                  



crystallization. In addition, forces such as surface tension and capillary action between the PCM 

and the ACcs surface further increase the energy needed for the phase change. Another contributing 

factor is improved thermal conductivity in the composite. Better heat transfer allows the material 

to distribute heat more evenly, which can slightly shift the phase change temperature upward [47]. 

The interaction between the components of the composite also plays an important role in 

determining these thermal properties [48]. A key property evaluated in this study is the phase 

change enthalpy, which represents the amount of heat energy the material can store and release 

during the phase transition. For EPCM, the melting (∆𝐻𝑀) and crystallization (∆𝐻𝐶) enthalpies 

were found to be 157.2 J/g and 156.3 J/g, respectively. In comparison, the ACcs/EPCM composite 

showed lower values of 32.5 J/g and 32.6 J/g. It is pertinent to mention that ACcs/EPCM composite 

material showed insignificant DSC characteristics even after prolonged thermal cycling (Fig. 8c). 

Meanwhile, the double peaks observed during melting and crystallization after prolonged thermal 

cycling can be associated with subtle changes in the phase behavior of the fatty-acid-based EPCM. 

Similar variations have been reported for fatty-acid eutectic mixtures and are generally attributed 

to minor component degradation, impurities, molecular rearrangement, or partial phase separation 

during repeated thermal cycling. These changes can cause the individual components to undergo 

phase transitions over slightly different temperature ranges, resulting in the observed double peaks 

[49]. Overall, the results suggest that ACcs is an effective supporting material for shape stabilized 

biobased PCM. This shows promising thermal characteristics of ACcs/EPCM composite for further 

embedment in mortar.  

3.1.3 TGA results 

TGA was performed to evaluate the thermal stability of the materials (ACcs, EPCM and 

ACcs/EPCM composite) when exposed to increasing temperatures. The obtained thermograms, 

                  



presented in Fig. 8, indicate mass variation as a function of temperature. Among the materials 

investigated, ACcs showed a very strong thermal stability, with only a minor mass loss throughout 

the entire temperature range up to 500 °C. At lower temperatures, particularly below 100 °C, a 

very small weight loss was observed, which can be attributed to the evaporation of moisture that 

is naturally present in the material. When the temperature increased beyond 130 °C, a slight 

additional mass loss occurred, likely associated with the breakdown or release of some organic 

substances within ACcs, including both volatile and non-volatile components. Nevertheless, the 

overall weight loss remained minimal, which confirms that ACcs can withstand high temperatures 

without major degradation.  

On the other hand, EPCM showed a single-stage (one-step) decomposition pattern. The major 

mass loss occurred within the temperature range of approximately 155-219 °C (Fig. 9), indicating 

that EPCM starts breaking down rapidly once it reaches such temperatures. The ACcs/EPCM 

composite followed a similar decomposition trend to EPCM, even if with a significantly higher 

residual mass at high temperatures. The composite retained about 53% of its original mass at 500 

°C. This happens because only the loaded EPCM portion in ACcs/EPCM composite, i.e., 44.44% 

((mass of EPCM/total mass of ACcs/EPCM campsite) × 100), decomposes with approximately 

2.56% impurities, while the ACcs remains largely stable and intact. From these results, it can be 

concluded that the composite is thermally stable up to around 155 °C, i.e., when EPCM begins to 

decompose, which is substantially higher than its phase transition temperature (~ 21 °C) (Fig. 9). 

Therefore, the material can safely operate under normal conditions without any risk of thermal 

damage. Ultimately, the high thermal stability of the composite confirms that it can maintain its 

performance and structure even when exposed to temperature changes. This makes it reliable for 

practical applications where materials are expected to be stable under varying thermal conditions. 

                  



3.2 Microstructural characterization 

3.2.1 SEM analysis 

Figure 10 presents SEM images of ACcs/EPCM incorporated mortar samples. It can be observed 

that the control specimen without ACcs/EPCM shows that a needle-like structure is generated 

around fine cement particles indicating the formation of ettringite. These needle-like structures 

joined together to form a complex network bonding cement and sand particles. Also, macro and 

micro voids are observed within the cement-sand matrix indicating the formation of pores due to 

excessive water in mortar required to trigger the pozzolanic reaction responsible of generating C-

S-H gel. Meanwhile, a similar structure was observed in ACcs/EPCM incorporated mortar samples 

showing adequate needles forming a complex interjoining network. This shows that the 

incorporation of composite PCM in mortar samples does not completely disturb the formation of 

C-S-H owing to its exclusive physical presence within the cemented matrix rather than chemical. 

These results are also in line with FTIR which confirms the non-chemical interaction of composite 

PCM with cementitious matrix. Meanwhile, the flaky appearance of composite PCM becomes 

more and more apparent with an increase in its quantity from 10% to 30% in mortar causing 

hindrance for the conjunction of cement-sand particles through the joining of needles appearing 

on them due to the formation of C-S-H. This indicates although composite PCM is chemically 

inert to affect the hydration reaction within the mortar, it weakens the interfacial transition zone 

(ITZ) which may lead to a reduction in mechanical strength of cement mortar. 

3.2.2 MIP 

The pore structure of the control and TECM30% was analyzed using MIP to analyze the 

development of pores with the inclusion of ACcs/EPCM in mortar. The pore size distribution curve 

                  



of TECM-30% shows a more pronounced peak in the capillary pore region (around 1–3 µm), 

suggesting the formation of larger and more connected pores compared with the reference mortar. 

The increase in pore volume may be attributed to several factors associated with the incorporation 

of the ACcs/EPCM composite. Firstly, the ACcs possesses a highly porous structure, which can 

introduce additional internal voids into the mortar matrix. Secondly, replacing sand with the 

composite PCM reduces the packing density because the composite particles are lighter and more 

porous than natural sand. In addition, the reduced workability observed in PCM-incorporated 

mortar can lead to lower compaction and more entrapped air voids during casting. The increase in 

porosity may also be associated with weaker interfacial bonding between the cement paste and 

PCM composite particles, resulting in the formation of ITZ voids. Consequently, the TECM-30% 

mortar developed a less compact microstructure with higher cumulative pore volume than the 

control mortar. Meanwhile, the inclusion of ACcs/EPCM composite increase the cumulative pore 

volume and leading to development of micropores thereby, increasing porosity from 22.8% to 

31.2% for control and TECM-30%, respectively (Figs. 11 and 12). Furthermore, in the 

macroporosity region (> 0.1 μm), the final cumulative pore volume for TECM-30% remains higher 

than the control sample which confirms the presence of more interconnected macropores possibly 

due to interfacial voids and pore coalescence from the incorporation of composite PCM. 

3.3 Physical characterization 

The slump flow for the control sample was measured at 180 ± 5 mm. The results showed a clear 

trend of increased water demand as the ACcs/EPCM content increased, indicating reduced 

workability. Composite PCM caused an increase of ~ 5.8% of water demand for the highest 

replacement level (i.e., 30%) to achieve sufficient workability and ease of placement as compared 

to 10% and 20% replacement levels while keeping constant w/c (0.75). The reason may be 

                  



attributed to the high specific surface area (1350.61 m²/g as indicated by BET analysis) [8] and 

porous structure of the ACcs which significantly increases water absorption reducing the free water 

available for lubrication within the mix. Moreover, incorporating the composite PCM led to a 

decrease in workability. This is mainly due to its high porosity which causes it to absorb more 

water from the mix. Therefore, to achieve the desired flow, additional water is needed to 

compensate for this absorption. A similar trend was observed by [50] in which sand was partially 

replaced at levels up to 30%. It was observed that at 30% replacement, the water requirement 

increased by ~ 36% to maintain the same workability. Hashemi et al. [51] replaced the sand with 

highly porous material like bottom ash at levels up to 100% and observed a significant reduction 

in flowability reaching up to 120%. This trend was also noted by other researchers [52–54] who 

reported similar declines in workability when using highly porous bottom ash. However, Kim et 

al. [55] found that the addition of superplasticizers effectively counteracted the loss of workability 

in mortars containing highly porous material like bottom ash without the need to increase the water 

content. With the use of superplasticizers, they achieved slump flow values ranging from 150 mm 

to 200 mm.  

3.3.1 Bulk density  

Figure 13 presents the data associated with bulk density for control and TES-enabled cement 

mortar samples. The bulk density decreases from 1129 kg/m3 (the control specimen) to 875 kg/m3 

(the specimen with 30% of ACcs/EPCM composite). Thus, the addition of ACcs/EPCM composite 

results in the reduction of bulk density with the largest drop of ~ 23% observed in the TECM-30% 

specimen. This drop in bulk density as indicated by [56] can be mainly attributed to low specific 

gravity (0.45 g/cm3) and the highly porous nature of the ACcs in comparison with cement (2.8 

g/cm3) and sand (2.54 g/cm3). It is also due to the ACcs having more air-filled spaces within its 

                  



structure making it less dense than sand which is more compact and solid. These results are also 

complemented with MIP analysis which indicated increase in porosity with the incorporation of 

ACcs/EPCM composite in mortar. A lower bulk density is crucial for reducing the overall weight 

of the structure which plays a significant role in the structural behavior during seismic events such 

as earthquakes. Mortars with bulk densities < 2000 kg/m3 as specified by ACI PRC-213-14(23) 

are considered lightweight. Additionally, the bulk density of the material directly influences its 

thermal conductivity with lower densities typically resulting in reduced heat transfer. Moreover, a 

density range between 800 kg/m3 and 1120 kg/m3 is ideal for non-structural applications as per 

ACI PRC-213-14(23) which is consistent with findings by AlAbsi et al. [57] who reported a dry 

density of ~ 900 kg/m3 for PCM based cement mortar. These results also suggest that the 

incorporation of ACcs/EPCM composite can offer a viable solution for lightweight materials in 

construction providing both TES benefits and reduced weight for specific applications. This 

characteristic is beneficial not only for minimizing structural loads but also for improving the 

material’s thermal performance, making it more suitable for energy-efficient construction.  

3.3.2 Water absorption 

The water absorption results indicate the potential effects of ACcs/EPCM composite inclusion on 

the absorption capacity of mortar (see Fig. 14). In addition, water absorption also signifies its 

importance to determine the mechanical properties and the suitability for various applications. The 

control sample with a water absorption of 7.6% reflects typical behavior for untreated mortar. 

However, with 10% and 20% ACcs/EPCM replacement the water absorption increases to 10.8% 

and 12.8%, respectively. This aligns with the findings by Sukontasukkul et al. [25] that demonstrate 

PCM’s capability to improve the thermal properties in lightweight materials though often 

accompanied by increased water absorption with decreased mechanical strength. Furthermore, at 

                  



these lower replacement levels, ACcs/EPCM composite particles are likely to fit into and fill the 

spaces and reduce the number of accessible pores thereby decreasing water absorption. At 30% 

replacement level, however, water absorption rises sharply to 24.7%. This increase is due to the 

higher porosity associated with ACcs as AC from biomass sources typically possesses substantial 

internal pore structures [58]. This trend confirms that while ACcs/EPCM composite can enhance 

thermal properties, their high porosity can influence water absorption levels highlighting the 

importance of balancing between composite content to maintain optimal performance in water-

resistant applications. 

3.4 Mechanical characterization 

3.4.1 Compressive strength 

Compressive strength tests were conducted on both control and TECM samples after 28 days of 

curing. For each type of sample, three specimens were tested to failure to determine their 

compressive strength. The average values of compressive strengths along with their corresponding 

standard deviations are presented in Fig. 15 providing insights into the mechanical performance of 

cement mortar. The control sample exhibited a relatively high compressive strength; i.e., 26.7 MPa 

at 28 days. However, a noticeable reduction in compressive strength was observed in the samples 

containing ACcs/EPCM composite. Specifically, as the proportion of composite PCM increased 

the compressive strength of TECMs decreased significantly as reported in the literature [59,60]. At 

28-days, the compressive strengths of the TECM-10%, TECM-20% and TECM-30% samples 

were 21.7%, 26.6% and 75.3% lower than that of the control sample, respectively. This sharp 

decline in strength is attributed to the porous structure of ACcs which reduces the overall density 

and strength of cement mortar. Additionally, the smooth surface of ACcs particles leads to a weaker 

bond at the ITZ which is the boundary where ACcs particles meet the cement paste [61]. Typically, 

                  



the strength of the bond at this interface plays a crucial role in the overall mechanical properties 

of the cementitious material. Moreover, ACcs particles do not provide sufficient surface area for a 

strong chemical or mechanical bond with the cement paste mainly due to relatively lack of 

roughness and smooth surface [62]. However, the compressive strength of novel thermally efficient 

cement mortar still satisfied the requirement which enables its utilization for wall plastering in 

non-load-bearing applications [63]. 

3.4.2 Flexural strength 

A three-point flexural test was performed in order to assess the flexural strength of the TECM 

samples after 28 days of curing. Figure 16 presents the averaged flexural strength values along 

with the corresponding standard deviations. For the control sample, the 28-day flexural strength 

was measured to be 0.66 MPa. In contrast, the flexural strength of the ACcs/EPCM composite 

incorporated TECM samples was found to be lower than that of the control sample. Moreover, an 

increase in composite PCM content led to a further reduction in flexural strength. Specifically, the 

samples with 10%, 20% and 30% composite PCM replacement demonstrated a decrease of 8.4%, 

38.9% and 54.2%, respectively, in comparison with the control sample. This trend mirrors the 

behavior observed in compressive strength results. Previous studies have also highlighted a similar 

trend for instance, there was a significant reduction in both strengths with an increase in PCM 

content as reported by Aguiar and Félix [64]. Likewise, Vieira et al. [65] observed up to a 63.6% 

reduction in flexural strength for a developed composite consisting of PCM and cement relative to 

the reference sample. Moreover, Young et al. [66] suggested that these strengths reductions could 

be attributed to the thermal crack that occurs amid the hydration process affecting the material’s 

structural integrity. 

                  



In the current study, some key factors can be shortlisted for the reduction in mechanical 

characteristics of composite ACcs/EPCM-based mortar as supported by previous studies [67–69]. 

First, the composite PCM particles themselves have inferior mechanical properties and their 

induction creates more voids within the mortar particularly at higher replacement levels that 

weakens the overall structure and subsequent reduction in mechanical strength. Second, an 

increase in composite PCM dosage results in higher porosity thereby increasing w/c ratio to 

maintain desired workability and ease of placement, e.g., in the role of insulation mortar for wall 

plastering. Furthermore, it is also suggested that during the mixing process, the entrapped air may 

also be responsible for reduced mechanical properties. Third, the existence of a weaker bond 

between the cementitious matrix and composite PCM particles further compromises the strength 

of the mortar by affecting the overall cohesion of the material.  

3.5 Thermal characterization 

3.5.1 TGA 

TGA of the mortar samples was conducted after 28 days under a controlled heating rate of 5 °C 

per minute (Fig. 17). The control mortar sample exhibited three distinct phases, each 

corresponding to specific products formed during the hydration reactions between the cement and 

water. From room temperature to 100 °C, the initial minor mass loss is driven by the evaporation 

of free and weakly bound water within the cementitious matrix [70]. This stage involves only 

moisture release, with no significant chemical alterations occurring in the mortar. Between 100 °C 

and 200 °C, a more pronounced weight loss occurs due to the release of water chemically bound 

to the C-S-H gel [71]. The increasing thermal energy breaks these structural bonds, marking the 

initial breakdown of the material's hydration products. Finally, from 300 °C to 500 °C, the minor 

weight loss shown is primarily caused by the dehydroxylation of portlandite. The minimal mass 

                  



reduction in this temperature range highlights the cement's high thermal resistance and excellent 

stability against high-temperature degradation [72]. 

Furthermore, TGA curves reveal a significant increase in weight loss beyond 150 °C in mortar 

samples containing composite PCM. This increase in mass loss shows a positive correlation with 

the amount of composite PCM incorporated into the mix. TECM-30% exhibited the highest weight 

loss as it contains the maximum replacement level of composite PCM. The observed relationship 

is due to the degradation of the EPCM held within the porous structure of AC. Additionally, the 

formation of weak bonds between the composite PCM and the cement hydrate may further 

contribute to the higher rate of weight loss as the thermal breakdown of the PCM is facilitated by 

these less stable interactions.  

Overall, these results indicate that the developed TECM performs well under typical temperature 

conditions with the PCM effectively contributing to the material thermal management without 

premature degradation. The results also suggest that the integration of PCM into the mortar does 

not negatively impact its overall thermal stability, making it a viable option for applications 

requiring efficient energy storage and temperature regulation. 

3.5.2 Hot disk measurements  

Thermal conductivity plays a pivotal role in determining the TES capacity of the materials as 

highlighted by [73]. Therefore, measurement was performed using the Hot Disk measurements 

were performed according to the procedure mentioned in section 2.3.5. During testing, all samples 

were conditioned in controlled environment at 25 °C and 50% relative humidity, corresponding to 

the liquid phase of the EPCM, thus indicating its molten state. However, there is a controversy at 

this point in the literature with some studies reporting higher thermal conductivities in the liquid 

state [67,74], while some authors observed greater values in the solid state [24] in PCM-based 

                  



mortars. For accuracy and reliability, the experimental values were calculated as the average of 

five repeated measurements.  

The obtained thermal conductivity values are reported in Fig. 18a. A consistent decline trend was 

observed with increasing substitution ratio of the ACcs/EPCM composite. Specifically, the thermal 

conductivity values for the control sample, TECM-10%, TECM-20% and TECM-30% were 

respectively recorded at 0.64, 0.57, 0.46 and 0.43 W/mK. Compared with the control sample, these 

values represent reductions of approximately 11%, 28%, and 33% for TECM-10%, TECM-20%, 

and TECM-30%, respectively. This behavior is consistent with previous research, e.g., [75,76]. The 

possible cause for this reduction can be attributed to the inherently low thermal conductivity of 

fatty acids (typically ranges 0.16–0.20 W/mK) [77] in comparison with the substituted mineral 

component; i.e., natural sand has an average thermal conductivity between 1.80–2.50 W/mK 

[24,78,79]. Moreover, the volume of entrapped air during the inclusion of composite PCM leads 

to higher porosity which is also a prominent factor for reduced thermal conductivity [80]. Previous 

studies [81,82] also demonstrated that a reduction in density is associated with a corresponding 

decrease in thermal conductivity. Rilem [83] suggests that materials with a thermal conductivity 

lower than 0.75 W/mK can be considered as insulating materials. According to Baite et al. [84], 

incorporating composite PCM in amounts greater than 30% can result in a thermal conductivity 

that falls below this threshold of 0.75 W/mK. This relationship is critical to assess the thermal 

behavior of materials particularly in applications where low thermal conductivity is desirable for 

enhanced energy storage or insulation properties [85]. This characteristic is advantageous for 

building applications where it facilitates sustained heat storage and discharge over time ensuring 

effective thermal regulation. In this study, the mortar with the highest composite PCM content 

(TECM-30%) exhibited a notable reduction in thermal conductivity (~ 50%) compared to the 

                  



control mortar. This significant decrease suggests that mortars with higher composite PCM content 

may offer strong potential for insulation applications as reduced thermal conductivity enhances 

resistance to heat transfer. However, it's important to maintain a balance, while lower conductivity 

improves insulation, it may also slow down heat exchange, potentially limiting the effectiveness 

of the PCM’s latent heat storage capability. Furthermore, as the proportion of ACcs/EPCM 

composite increased, the thermal diffusivity showed a declining trend and findings are in well 

agreement with previous study which reported thermal diffusivity in a range of 0.2-1.2 mm2/s (Fig. 

18b) [86]. Moreover, the addition of ACcs/EPCM composite to the mortar samples resulted in an 

increase in specific heat capacity (see Fig. 18c) and measured values were found to be within range 

0.82-2.23 kJ/kgK as reported in [87]. This increasing trend in specific heat capacity can be 

attributed to increased amount of ACcs/EPCM composite as the traditional components like cement 

and sand demonstrated a lower specific heat than fatty acids-based EPCM. 

From the perspective of construction applications, the addition of PCM particles to the mortar 

layer improves its capacity to absorb and retain heat by altering its thermophysical characteristics 

as discussed above. The stored heat can be progressively discharged over an extended duration 

following the conclusion of the heating phase. Such properties provide facilitation for better 

alignment with fluctuating energy supply and demand offering the potential to take advantage of 

energy tariffs for peak and off-peak hours. This is particularly beneficial when dealing with the 

intermittent nature of renewable energy sources such as solar energy where energy availability 

may vary throughout the day. Materials that have low thermal diffusivity exhibit high thermal 

inertia are considered suitable substances for the purpose of insulation particularly in the 

construction industry. These materials are effective at resisting rapid temperature changes making 

them useful for maintaining stable indoor conditions. However, if the amount of PCM particles is 

                  



too high, it results in substantial reduction of mortar’s thermal conductivity and thermal diffusivity 

which is not desirable. This leads to slower heat transfer which means the heating process will take 

longer thereby potential increment of overall construction costs. Therefore, it is essential to 

determine the optimal amount of PCM to avoid imbalance between thermal performance and 

related construction cost. 

4. Techno-economic assessment of ACcs/EPCM incorporated cement mortar 

A preliminary techno-economic analysis was conducted to evaluate the feasibility of employing 

the developed ACcs/EPCM composite as a TES additive in cementitious mortars. Raw material for 

ACcs i.e., coconut shell waste is an agricultural waste byproduct and abundantly available in many 

regions at low cost. Meanwhile, principal expenses related to AC production arise from thermal 

treatment and activation processes. Based on reported laboratory-scale manufacturing routes for 

biomass-derived ACs, an energy demand of approximately 3.02 kWh/kg was assumed following 

[88]. Vacuum impregnation was conducted using an ATT climatic chamber (UD150C SR) with a 

rated power of 18 kW [89] for a duration of 3 hours. In practice, the actual energy consumption is 

generally lower than rated power and typically ranges between 30−60%. Therefore, for the present 

analysis, the actual power consumption was conservatively assumed to be 50% of the rated power, 

corresponding to an effective power demand of 9 kW. The total energy consumption during 

impregnation cycle can be calculated as 27 kWh. Using a representative global residential 

electricity price of 0.176 $/kWh for the second quarter (Q2) of 2026 [90], the corresponding energy 

expenditure for producing 1 kg of AC is estimated by following equation. 

𝐶𝑒𝑙𝑒𝑐𝑡𝑟𝑖𝑐𝑖𝑡𝑦 = (
𝐸𝑡𝑜𝑡𝑎𝑙

𝑚𝐴𝐶
)  × 𝑃𝑒𝑙𝑒𝑐𝑡𝑟𝑖𝑐𝑖𝑡𝑦   (1) 

where  𝐶𝑒𝑙𝑒𝑐𝑡𝑟𝑖𝑐𝑖𝑡𝑦 is electricity cost of AC production, expressed as $/kg, 𝐸𝑡𝑜𝑡𝑎𝑙 total electricity 

consumed during AC production, including carbonization, steam activation, washing, and drying, 

                  



expressed in kWh, 𝑚𝐴𝐶 mass of activated carbon produced, expressed in kg, 
𝐸𝑡𝑜𝑡𝑎𝑙

𝑚𝐴𝐶
 is specific 

electricity demand for AC production expressed as kWh/kg, and 𝑃𝑒𝑙𝑒𝑐𝑡𝑟𝑖𝑐𝑖𝑡𝑦 is representative unit 

electricity price, expressed as $ kW/h. Considering that each impregnation batch produced 

approximately 3 kg of ACcs/EPCM composite, the 
𝐸𝑡𝑜𝑡𝑎𝑙

𝑚𝐴𝐶
 and 𝐶𝑒𝑙𝑒𝑐𝑡𝑟𝑖𝑐𝑖𝑡𝑦 associated with the 

impregnation process becomes 9 kWh/kg and 1.58 $/kg, respectively. Biobased PCMs used in this 

study are commercially available and typically exhibit market prices ranging from 4 to 10 $/kg 

[91]. For the present analysis, an average cost of 7 $/kg was adopted. The total production cost of 

the ACcs/EPCM composite can then be estimated from: 

𝐶𝑐𝑜𝑚𝑝 =  𝜔𝑃𝐶𝑀 𝐶𝑃𝐶𝑀  +  𝜔𝐴𝐶𝐶𝐴𝐶  + 𝐶𝑒𝑙𝑒𝑐𝑡𝑟𝑖𝑐𝑖𝑡𝑦  + 𝐶𝑚𝑖𝑠𝑐    (2) 

where 𝐶𝑐𝑜𝑚𝑝 is the total production cost of the ACcs/EPCM composite, 𝜔𝑃𝐶𝑀 and 𝜔𝐴𝐶 are the mass 

fractions of EPCM and ACcs, respectively, 𝐶𝑃𝐶𝑀 is the PCM cost, 𝐶𝐴𝐶 is the AC production cost, 

𝐶𝑒𝑙𝑒𝑐𝑡𝑟𝑖𝑐𝑖𝑡𝑦 is the impregnation cost, and 𝐶𝑚𝑖𝑠𝑐 represents miscellaneous processing costs 

(0.30−0.50 $/kg). Biobased PCMs used in this study are commercially available and typically 

exhibit 𝐶𝑃𝐶𝑀 ranging from 4 to 10 $/kg [91]. For the present analysis, an average 𝐶𝑃𝐶𝑀 of 7 $/kg 

was adopted. Thereby, for ACcs/EPCM, 𝐶𝑐𝑜𝑚𝑝 was calculated to be 4.01 $/kg for loading rate of 

45% as verified by TGA. It should be noted that this estimate corresponds to laboratory-scale 

production, where the energy consumption per unit mass is inherently higher because of the limited 

batch size. In industrial-scale manufacturing, larger processing capacities and improved process 

efficiencies would substantially reduce the specific energy consumption associated with vacuum 

impregnation, thereby decreasing the overall production cost. Nevertheless, even at laboratory 

scale, the developed ACcs/EPCM composite remains competitive with several commercially 

available PCM-based TES materials, while simultaneously offering additional environmental 

                  



benefits through the valorization of coconut shell waste and the reduction of reliance on virgin 

porous support materials. 

Considering bulk density of TECM-30% i.e., 875 kg/m3, the ACcs/PCM composite quantity 

depends on the thickness of the mortar layer (t). 

Mass of ACcs/EPCM (
kg

m2
)   =  875 × 𝑡 × 0.30    (3) 

Thus, for 10 mm thick application of mortar, 𝐶𝑐𝑜𝑚𝑝 of 4.01 $/kg can be converted as 10.52 $/m2. 

Moreover, the additional investment associated with ACcs/EPCM composite application in cement 

mortar for 10 mm thick layer is assumed as 0.21 $/m2 (2% of 𝐶𝑐𝑜𝑚𝑝) for the optimum replacement 

level [92]. Thereby, the total investment for ACcs/EPCM incorporated cement mortar application 

in buildings becomes 10.73 $/m2. This cost still remains competitive compared with conventional 

PCM technologies, such as microencapsulated PCMs and prefabricated PCM panels, which 

generally require more sophisticated manufacturing processes and higher application costs. Based 

on energy savings reported for AC based composite PCM-enhanced mortars in the literature, 

annual electricity savings of approximately 25−27.4 kWh/m2 can be achievable [92]. Assuming a 

global average electricity tariff of 0.176 $/kWh, the corresponding economic benefit in terms of 

annual savings is estimated to range between 4.4 $/m² and 4.8 $/m² annually. Nevertheless, 

detailed building-scale simulations are required to accurately quantify the operational savings 

associated with ACcs/EPCM-incorporated mortars. The payback period can be determined from: 

Payback period =
Initial investment

Annual savings
   (4) 

The estimated payback period for proposed ACcs/EPCM incorporated cement mortar is around 

2.33 years. Such a short recovery period highlights the economic attractiveness of the proposed 

system. Following the payback period, the material is expected to continue providing economic 

                  



benefits throughout its service life. Overall, the results suggest that ACcs/EPCM-modified mortars 

constitute an economically viable TES solution for sustainable building applications.  

5. Field implications 

The current study evaluated the potential of incorporation of ACcs/EPCM composite prepared 

using coconut shell waste, an abundant agricultural waste byproduct posing waste and 

environmental management issues, valorizing it into a high-surface-area porous carrier for 

biobased PCM incorporation. This approach not only provides an effective pathway for 

agricultural waste management but also contributes to the development of low-carbon construction 

materials aligned with circular economy principles. The incorporation of ACcs/EPCM into 

cementitious mortar resulted in an enhancement of TES capabilities while maintaining acceptable 

mechanical performance for non-load-bearing applications. Although a gradual reduction in 

mechanical properties was observed with increasing ACcs/EPCM dosage, the mortars retained 

sufficient strength for use in building envelope components, interior partition systems, renders, 

plasters, and other non-structural applications where thermal regulation is prioritized over high 

load-bearing capacity. A key contribution of this study lies in identifying an optimal ACcs/EPCM 

incorporation level that maximizes thermal benefits while minimizing adverse effects on 

mechanical integrity. Such optimization is essential for the practical implementation of TES 

materials in cement-based systems, where an appropriate balance between structural functionality 

and energy performance must be achieved [93]. The thermal and mechanical performance of 

ACcs/EPCM-incorporated mortars was found to be comparable with that of other composite PCM-

based cementitious materials reported in the literature (Table 5). The results demonstrate that the 

developed ACcs/EPCM composite provides an effective balance between thermal energy storage 

capability and mechanical performance, exhibiting characteristics comparable to those of existing 

                  



PCM-enhanced mortars. Compared with conventional PCM-enhanced construction materials that 

often rely on virgin porous supports or synthetic encapsulation systems, the proposed ACcs/EPCM 

composite significantly improves material sustainability by employing a renewable and waste-

derived precursor. This strategy reduces the environmental burden associated with raw material 

extraction, lowers embodied carbon, and promotes resource efficiency within the construction 

sector. Simultaneously, it addresses challenges associated with agricultural waste disposal, thereby 

creating a synergistic solution that benefits both sustainable construction practices and biomass 

waste valorization. From a broader perspective, ACcs/EPCM-incorporated cementitious materials 

represent a suitable candidate for TES applications in buildings, particularly in the context of 

nearly zero-energy buildings, passive thermal regulation systems, and climate-responsive 

construction. A limitation of this study is that the effective heat storage and release capacity of the 

hardened ACcs/EPCM mortar was not directly quantified. Although DSC confirmed the latent heat 

capacity of the ACcs/EPCM composite, and thermal conductivity and diffusivity measurements 

indicated improved thermal buffering, these tests do not directly quantify the mortar’s reversible 

TES capacity under cyclic conditions. Future work should therefore include dynamic thermal 

cycling and heat-flux measurements at mortar and prototype scales, together with quantitative 

characterization of hydration products, TGA/DTG analysis, to further establish the mechanisms 

governing the thermal and mechanical performance of the composite mortar and individual 

decomposition stages of the mortar constituents. 

6. Conclusions 

This study proposes a novel recycling method for coconut shell waste in shape stabilized 

composite biobased PCM for TES infused lightweight mortar, to promote clean energy in building 

sector and waste valorization and contributing to key sustainable development goals. To this end, 

                  



a ACcs/EPCM composite was produced and incorporated in lightweight mortar. To further evaluate 

this ACcs/EPCM based lightweight composite, microstructural, physical, mechanical, 

thermophysical and thermoregulation performance were investigated through incorporating 

varying amounts of shape stable composite PCM. The adopted composite PCM was entirely 

biobased making it an environmentally friendly option for developing TES systems with a smaller 

ecological footprint. 

In the initial phase of this study, mortar samples were produced with varying content of shape 

stable composite PCM at fixed water to cement ratio of 0.75. The introduction of composite PCM 

led to a notable increase in water demand (~ 5.8%) and decrease in workability compared with 

control mortar. 

Microstructural analysis was conducted on mortar samples with and without composite PCM. 

SEM analysis revealed that the composite PCM particles were uniformly and finely distributed 

throughout the material. The incorporation of composite PCM led to a decrease in the density and 

an increase in the water-accessible porosity of the mortars. This can be attributed to both the 

additional water required for workability control and the air trapped during the mixing process. 

Furthermore, thermogravimetric analysis indicated changes in the composition of cement hydrate 

for the composite PCM based mortars. 

The incorporation of composite PCM altered the pore structure of the cement mortars. The 

inclusion of composite PCM caused a significant decrease in critical pore size. Subsequently, there 

was an increase in total porosity than control mortar as indicated by MIP. The results also indicated 

that incorporating composite PCM into the mortar led to an increase in porosity encompassing 

micro, meso and macropores. 

                  



The mechanical properties of the cement mortars were significantly influenced by the 

incorporation of composite PCM. A reduction of approximately 21.7% in the compressive strength 

was observed with the addition of 10 wt% composite PCM. However, the PCM based mortars 

maintained the required strength necessary for non-structural applications as long as the composite 

PCM content remained up to 30 wt%. 

On the other hand, the inclusion of the composite PCM significantly enhanced the thermal 

resistance of the cement mortars. For instance, a reduction of approximately 33% in thermal 

conductivity was observed in TECM-30%. This improvement is likely due to both the inherent 

thermal properties of the composite PCM and the increased porosity of the TECMs compared to 

the control mortar.  

Techno-economic analysis of ACcs/EPCM incorporated cement mortar shows a payback period of 

2.33 years with total cradle to gate plastering application cost of 10.72 $/m2 making it a cost-

effective TES solution for building applications with additional benefits of coconut shell waste 

valorization.   

The current study concludes that the TECM-30% composition demonstrated a promising balance 

between mechanical and thermal properties. In contrast, mortars with higher composite PCM 

content should be regarded as materials intended for coating or filling applications rather than for 

structural purposes owing to its reduced mechanical characteristics.  
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Fig. 1. Percentage share of energy consumption in EU households [3] 

 

 

 

 

 

 

                  



 

Fig. 2. Particle size distribution curve of sand 
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Fig 3: Preparation of EPCM using DSC outcomes of CA:MA mix ratios 
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Fig. 4. Leakage test results of ACcs/EPCM composites prepared with different initial PCM 

mixing (75, 80, and 85 wt% of ACcs) during the vacuum impregnation process. 
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Fig. 5. Production process of the produced mortars with/without ACcs/EPCM composite (a) 

mixing; (b1-2) molding; (c) molded samples; (d) curing in environmental chamber 
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Fig. 6. Schematic illustration of the Hot Disk setup used to determine thermophysical properties 

mortar samples after conditioning under controlled environment 

                  



 

Fig. 7: FTIR spectra with and without ACcs/EPCM incorporated cement mortar samples 

 

 

 

 

                  



 

 

Fig. 8. DSC results of selected materials (a) EPCM; (b) ACcs/EPCM; (c) ACcs/EPC (1000th 

cycle) 
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Fig. 9. TGA analysis results of ACcs, EPCM and ACcs/EPCM  
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Fig. 10. SEM images of ACcs/EPCM incorporated mortar samples (a) Control; (b) TECM-10%; 

(c) TECM-20%; (d) TECM-30% 
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Fig. 11. Pore volume analysis of control and TECM 

 

 

 

 

 

 

 

 

 

 

 

0

0.05

0.1

0.15

0.2

0.25

0.3

0.35

0

0.005

0.01

0.015

0.02

0.025

0.001 0.01 0.1 1 10 100 1000

P
o
re

 v
o
lu

m
e 

(c
m

3
/g

)

C
u
m

u
la

ti
v
e 

p
o
re

 v
o
lu

m
e 

(c
m

3
/g

)

Pore diameter (μm)

Control TECM-30%
Control TECM-30%

Pore volume

Cummulative pore volume

                  



 

Fig. 12. Pore development analysis of control and TECM 
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Fig. 13. Bulk density of mortar samples with/without composite PCM 
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Fig. 14. Water adsorption of the control and TECM samples 
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Fig. 15. Compressive strength after 28 days of the control and TECM samples 
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Fig. 16. Flexural strength after 28 days of the control and TECM samples 
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Fig. 17. TGA results of the control and TECM samples 
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Fig. 18. Thermophysical properties of mortar samples with and without ACcs/EPCM (a) thermal 

conductivity; (b) thermal diffusivity; (c) specific heat capacity 
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Table 1: Physical and mechanical properties of the cement 

Property 
Unit of 

Measurement 
Average Value Limits (EN 197/1) 

Compressive Strength (24 h) MPa 14 - 

Compressive Strength (2 days) MPa 24 ≥ 20 

Compressive Strength (7 days) MPa 35 - 

Compressive Strength (28 days) MPa 49 ≥ 42.5 / ≤ 62.5 

Initial Setting Time minutes 170 ≥ 75 

Final Setting Time minutes 220 - 

Stability mm 0 ≤ 10 

Residue on 90-micron sieve % - - 

Residue on 63-micron sieve % 1.2 - 

Residue on 32-micron sieve % - - 

Specific Surface Area (Blaine) cm²/g 4700 - 

Absolute Density g/cm³ 2.8 - 

Apparent Density g/cm³ 1.1 - 

Loss on Ignition % n.d.* - 

Insoluble Residue % n.d.* - 

SO₃ Content % 2.5 ≤ 4.0 

Chlorides % 0.04 ≤ 0.10 

        *not detected  

 

 

 

 

 

 

 

 

 

                  



Table 2: Chemical composition 

Parameter SiO2 Al2O3 Fe2O3 CaO MgO SO3 Na2O K2O TiO2 MnO 

Values (%) 29.1 9.8 2.2 45.0 4.1 2.7 0.7 2.3 0.4 0.1 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

                  



Table 3: Mixture proportions 

Material Cement (g) Sand (g) Water (g) 
ACcs/EPCM 

composite (g) 

Control 450 450 337.5 0 

TECM-10% 450 405 337.5 45 

TECM-20% 450 360 337.5 90 

TECM-30% 450 315 337.5 135 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

                  



Table 4: DSC results of EPCM and ACcs/EPCM 

Sample Melting point 

(°C) 

∆𝑯𝑴 

(J/g) 

Crystallization point 

(°C) 

∆𝑯𝑪 

(J/g) 

EPCM 20.5 157.2 19.0 156.3 

ACcs/EPCM 21.8 32.5 19.1 32.6 

ACcs/EPCM (1000th 

cycle) 

22.3 31.2 21.2 31.2 

 

 

 

 

 

 

 

 

 

 

 

 

 

                  



 

Table 5. Comparison of composite PCMs incorporated mortars. 

Precursor 

material 

Type of PCM Max dosage 

ratio (%) 

Thermal 

conductivity 

(W/mK) 

Compressive 

strength at 28th 

day 

(MPa) 

Ref. 

Perlite paraffin 80 1.04 18 [94] 

Diatomite octadecane 30 0.71 18.3 [95] 

Perlite paraffin 20 0.52 13.2 [96] 

Expanded 

graphite 

n-octadecane 2.5 1.85 10.5* [97] 

Coal gasification 

slag 

paraffin  22 1.30 18.56 [98] 

Expanded 

graphite 

paraffin 20 0.81 5.1 [99] 

AC CA-SA 25 0.41 4.78 [100] 

Coconut shell 

based AC 

CA-MA 30 0.43 6.6 This study 

*curing unknown 
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