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A B S T R A C T

Phase change materials (PCMs) have emerged as promising additives for lime renders aimed at moderating 
indoor temperatures and reducing heating and cooling demand in retrofit applications, including Built Heritage. 
However, existing studies largely report durability as a macroscopic pass-fail outcome and emphasize initial 
thermal benefits, with limited evidence on whether thermal functionality is retained after severe environmental 
ageing. This study addresses this gap by combining durability assessment with an integrated evaluation of post- 
exposure changes in microstructure, mechanical performance, and, critically, the conservation of thermal 
behaviour and thermal cyclability. Twelve lime render formulations incorporating microencapsulated paraffin 
PCMs with melting temperatures of 18 and 24 ◦C at 5, 10 and 20% by weight of lime, with and without 20% 
metakaolin, were investigated. Specimens were subjected to natural weathering, freeze-thaw cycling and salt 
attack, followed by post-durability characterization of microstructure, compressive strength and thermal per
formance. Functional thermal stability after ageing was assessed through a thermal agreement metric that 
directly links durability exposure with the preservation of functional thermal behaviour, enabling evaluation of 
whether thermal performance is merely present initially or effectively retained over time. In parallel, the 
retention and cyclic stability of latent heat storage and release were evaluated at both material and laboratory 
envelope scales. The results showed, first, that metakaolin-containing mortars exhibited significantly enhanced 
durability, successfully withstanding freeze-thaw and salt attack, whereas formulations without metakaolin 
failed prematurely. Following durability exposure, these optimized formulations displayed a refined pore 
network and preserved or improved mechanical performance, with compressive strength increases of up to 
460%. Regarding the preservation of thermal functionality, PCM-metakaolin formulations generally exceeded 
90% thermal agreement and reached 100% in several cases, while maintaining stable heat storage and release 
under repeated cycling. Overall, the results demonstrate that, when appropriately formulated, PCM-lime renders 
can combine durability with persistent and cyclable thermal performance, supporting their feasibility as long- 
lasting solutions for energy-efficient rehabilitation.

1. Introduction

The building sector is a major contributor to global energy con
sumption and emissions [1–4]. In 2021, buildings accounted for 34% of 
global final energy demand and 37% of energy- and process-related CO₂ 
emissions, underscoring the crucial role of building envelopes and ma
terials to climate mitigation [1]. In Europe, the challenge is intensified 
by an aging building stock: more than 220 million building units, about 
85% of the EU total, were built before 2001, and between 85% and 95% 
of today’s buildings are expected to remain in use by 2050 [2]. 

Accordingly, the EU’s policy framework aims for a fully decarbonised 
building stock by 2050, with deep renovation pathways designed to 
transform buildings into zero-emission ones after 2030 [2–4]. Given that 
a substantial proportion of the existing building stock will remain 
operational for several decades, and that rehabilitation generally entails 
a significantly lower environmental burden than demolition followed by 
new construction [5–7], retrofitting will play a decisive role in reducing 
the sector’s carbon footprint [2,4,8,9]. It is therefore essential to identify 
construction materials that are both sustainable in production and 
capable of delivering enhanced energy efficiency with reliable long-term 
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performance. This agenda aligns closely with the United Nations Sus
tainable Development Goals, specifically SDG 7 (Affordable and Clean 
Energy), SDG 11 (Sustainable Cities and Communities), and SDG 13 
(Climate Action), which together emphasise reducing energy demand, 
preserving existing builds, and mitigating climate impacts [10].

Within this context, lime mortars have re-emerged as sustainable 
binders for both heritage conservation and low-impact construction 
[11–17]. Compared with ordinary Portland cement (OPC) mortars, 
air-lime systems exhibit lower embodied energy and CO₂ emissions at 
manufacture [16,18], while remaining chemically compatible with 
historic substrates and maintaining high vapour permeability, thus 
preventing moisture-related pathologies [15]. Crucially, lime mortars 
reabsorb CO₂ through carbonation during service life, partially off
setting process emissions [11–14]. This capacity for long-term carbon 
sequestration positions lime mortars as dynamic carbon sinks, rein
forcing their relevance in sustainable construction strategies.

Despite these advantages, lime mortars exhibit limited thermal per
formance under operational conditions. Their low thermal inertia con
strains the ability to stabilize indoor environments and reduce peak 
heating and cooling demands, especially in regions with large diurnal 
temperature variations [19,20]. This shortcoming is well-documented 
and remains a key obstacle when assessing lime mortars against 
contemporary energy-performance requirements. To address this, recent 
research has explored the incorporation of phase change materials 
(PCMs) [17,21–25]. PCMs undergo reversible phase transitions that 
enable them to absorb and release significant amounts of thermal energy 
within a defined temperature range [22,26,27]. When integrated into 
lime mortars, they provide latent heat storage and release, com
plementing the material’s inherent sustainability. Several laboratory 
and pilot-scale studies have demonstrated that PCM-enhanced mortars 
can reduce indoor temperature fluctuations and lower heating and 
cooling loads, thereby improving the energy efficiency and thermal 
comfort [20–22,28,29].

Enhancing the energy efficiency of buildings largely depends on 
improving the thermal performance of the envelope, and renders 
represent a practical intervention layer [30–32]. In heritage contexts, 
where invasive retrofitting is not permissible, lime-based renders are 
especially valuable due to their chemical and physical compatibility 
with historic substrates and their ability to preserve permeability, 
essential for the conservation of traditional masonry [15,33]. Conse
quently, lime renders provide a suitable matrix for PCM incorporation 
[34].

Various strategies have been developed for incorporating PCMs into 
mortars, though their effectiveness varies widely. Direct incorporation 
into the binder is straightforward but presents major challenges, such as 
leakage during phase transitions, incompatibility with the alkaline 
matrix, and poor distribution heterogeneity [35,36]. Macro
encapsulation, typically achieved by embedding PCMs in tubes, panels, 
or large capsules, reduces leakage but constitutes an invasive modifi
cation [36–38]. This approach is generally incompatible with heritage 
applications, as it does not comply with conservation requirements for 
minimally intrusive interventions [33]. In contrast, microencapsulation 
has proven to be the most effective and compatible solution [21,22,27, 
34]. Encapsulating PCMs within fine polymeric shells ensures homoge
neous dispersion in the mortar, prevents leakage, stabilises PCM 
movement, and enhances heat-transfer for latent heat exchange [38]. 
Recent studies consistently highlight microencapsulation as the most 
reliable pathway for integrating PCMs into lime-based renders for both 
modern and heritage applications [21,22,27].

While improved thermal efficiency is critical, it alone does not 
guarantee sustainability [17,39,40]. If a material deteriorates rapidly, 
the environmental gains achieved during production and operation are 
neglected by the need for premature repair, replacement, or reinforce
ment, increasing life-cycle impacts [17,39,40]. Durability therefore 
becomes a central pillar of sustainable building envelopes, equally 
important as low embodied carbon and enhanced thermal performance. 

In this context, durability must be understood not only as resistance to 
physical degradation, but also as the capacity of the material to preserve 
its functional properties after exposure to environmental stressors. For 
PCM-enhanced mortars, long-term sustainability requires maintaining 
structural integrity, mechanical performance, and thermal functionality 
under environmental exposures and ensuring stable thermal perfor
mance under repeated cycles [41].

In conventional lime mortars, durability may be compromised by 
freeze-thaw cycling, salt crystallization, and combined climatic stresses 
[39,42]. These mechanisms progressively alter pore structure, induce 
cracking and scaling, and promote efflorescence, ultimately leading to 
loss of cohesion and material deterioration [39,42,43]. The incorpora
tion of PCMs adds further complexity [34]: microencapsulated PCMs can 
potentially weaken mechanical strength if not properly integrated [22, 
44–46], and their inclusion can influence porosity and water absorption, 
key parameters governing resistance to environmental decay. Conse
quently, assessing durability in PCM-lime mortars requires a coupled 
evaluation of environmental resistance and post-exposure evolution of 
microstructural, mechanical and thermal properties.

Beyond these durability concerns lies another critical yet often 
overlooked aspect: the thermal cycling stability of PCMs within the 
mortar matrix. Since PCMs operate through repeated phase transitions, 
their long-term effectiveness depends on maintaining thermal storage 
and release capacity after numerous heating and cooling cycles [41]. A 
decline in latent heat capacity over time could significantly compromise 
energy efficiency of PCM-enhanced mortars. While previous studies 
have assessed the thermal behaviour of PCMs in controlled environ
ments [21,47,48], limited research has evaluated their stability after 
understanding of how continuous phase change cycles affect their sta
bility when embedded in lime mortars. Moreover, evaluating cyclability 
requires not only differential scanning calorimetry (DSC) analysis of 
phase transition enthalpies but also lab-scale energy performance tests 
under realistic conditions. In this study, both approaches are combined 
to provide a comprehensive assessment of the long-term viability of 
PCMs in lime-based mortars. This dual methodology enables a more 
accurate evaluation of whether PCM-enhanced mortars can sustain their 
energy-saving performance throughout service life, reinforcing their 
potential as sustainable construction materials.

Ultimately, the sustainability of PCM-lime renders must be assessed 
along three complementary axes: (i) conventional durability, defined as 
the ability of the material to preserve its physical integrity under 
aggressive environmental exposures such as freeze-thaw cycling, salt 
crystallization, and weathering; (ii) post-durability performance, 
encompassing the evolution of microstructure, mechanical resistance, 
and thermal behaviour following such exposures; and (iii) thermal 
cyclability, defined as the retention of latent-heat storage and 
temperature-damping capacity after repeated heating and cooling cy
cles. If either dimension fails, the anticipated benefits, in terms of 
reduced energy demand and improved comfort, are offset by mainte
nance or performance loss, undermining environmental gains. This 
systems perspective is consistent with broader sustainability and 
decarbonization frameworks, which emphasize durability and long-term 
performance alongside low embodied impact [1,2,4,10].

This study addresses a critical gap in the literature by examining both 
the durability under aggressive environmental exposures, understood 
not only as resistance to degradation but also as the post-durability 
evolution of microstructure, mechanical performance, and thermal 
behaviour, and the thermal cycling stability of lime mortars incorpo
rating microencapsulated PCMs. While previous research has focused 
primarily on thermal benefits [21,23,29,49,50], this work explicitly 
investigates the resistance of PCM-enhanced lime mortars to environ
mental stressors and accelerated ageing, together with their 
post-exposure microstructural, mechanical, and thermal response, 
evaluating whether these materials remain structurally sound and 
thermally functional after exposure to weathering, freeze-thaw cycles, 
and salt crystallization, as well as their capacity to retain efficiency after 
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multiple phase-change cycles. The findings aim to determine whether 
PCM-enhanced lime mortars can provide a sustainable and durable so
lution for contemporary construction, contributing simultaneously to 
energy savings and the long-term preservation of built heritage.

2. Materials and methods

2.1. Materials

Rendering mortars were produced with CL-90-S hydrated calcitic 
lime (average particle size 10 µm, <10% >50 µm) sourced from Cal In
dustrial S.A. in Navarra and a calcareous sand (particle size 0–1 mm) 
from CTH (Huarte, Navarra, Spain), at a binder-to-aggregate ratio of 
21.7/78.3 by weight. The water content was fixed at 25 wt% for all 
mixes. Raw materials were characterised by X-ray fluorescence (XRF) 
and X-ray diffraction (XRD) to determine their composition. XRF was 
performed with a Bruker S2 Puma apparatus and quantified using 
Spectra Results Manager software. The hydrated lime comprised: 
96.54% CaO, 1.29% SO3, 0.91% MgO, and 0.82% SiO2. XRD identified 
portlandite (Ca(OH)2) and calcite (CaCO3) as the primary crystalline 
phases. The sand comprised of 94.61% CaO, 2.27% SiO2, 0.79% Al2O3, 
and 0.73% MgO; XRD indicated calcite, quartz, montmorillonite, and 
hydrobiotite.

To optimize the fresh and hardened performance of the end- 
products, chemical additives and metakaolin (MK) were incorporated. 
Polycarboxylated ether derivative (MasterCast GT 205, Master Builders 
Solutions España S.L.U., Barcelona, Spain) was used as superplasticizer 
(SP), while a potato starch derivative (Casaplast KO09, Nova Casanova, 
Barcelona, Spain) acted as an adhesion booster. Metakaolin (Metaver N, 
NEWCHEM, Austria) was incorporated at 20% by weight of lime (bwol) 
in selected mixes to enhance strength and durability. XRF analysis of MK 
indicated a composition of 49.32% Al2O3 and 45.40% SiO2 as the main 
constituents.

Two microencapsulated paraffin-based PCMs with melamine shells 
at different melting points (24◦C for PCM24 and 18◦C for PCM18) were 
added in mortars at 5%, 10%, and 20% bwol. A total of 14 mortar for
mulations were produced, including two PCM-free control mixes 
(Table 1). The adhesion booster was fixed at 0.50% bwol in all mixes. 
LM₀ contained SP at 0.60% bwol; all other renders contained SP at 
0.75% bwol. The nomenclature for PCM-bearing renders follows a 
structured format: it begins with “LM” (Lime Mortar), followed by “P24” 
or “P18” to indicate the type of PCM incorporated (PCM24 or PCM18, 
respectively), and a subscript denoting the PCM content (% bwol). If 
metakaolin (MK) is present, it is indicated at the end as “MK” with its 
respective percentage in subscript.

2.2. Mortar preparation

The rendering mortars were prepared by mixing the dry components: 

air lime, calcareous sand, metakaolin (when applicable), micro
encapsulated PCMs, and the adhesion booster, in a BL-8-CA solid addi
tive mixer (Lleal, S.A., Granollers, Spain) for 5 min to ensure 
homogeneity.

Water (25 wt%) was then added while mixing at low speed for 270 s 
in a Proeti ETI 26.0072 mixer (Proeti, Madrid, Spain). The super
plasticizer (SP) was introduced progressively, following the dosages 
specified in Section 2.1, to optimize workability.

Fresh mortars were cast into moulds according to the target tests: 
cylinders (30 mm in diameter, 40 mm in height) for durability assess
ments, and rectangular panels (9 × 18 cm, 2 cm thick) for hotbox testing 
of thermal efficiency and phase change stability under cyclic heating 
and cooling conditions.

All specimens were cured under controlled laboratory conditions at 
20 ± 0.5◦C and 60% ± 5% relative humidity to ensure consistency 
across all tests.

2.3. Durability assessment

Long-term durability was evaluated through accelerated and 
extreme-exposure tests as follows:

(a)Weathering: Specimens were exposed to natural outdoor condi
tions for seven months, from April to November, in Pamplona, Navarra, 
Spain, located in the northern Iberian Peninsula within a climatic 
transition zone between Atlantic and Mediterranean regimes [51]. Over 
this period, mortars experienced minimum temperatures down to 2 ◦C in 
early spring, summer heat peaks approaching 39 ◦C, several heavy 
rainfall events exceeding 40 mm/day, and wind gusts above 80 km/h 
(Open-Meteo Historical Weather API). These conditions imposed com
bined thermal, moisture-related and mechanical stresses representative 
of environmental loads commonly encountered in mid-latitude Euro
pean regions.

(b)Freeze-thaw cycles: Specimens were subjected to 28 two-stage 
cycles. Each cycle consisted of immersion in water at room tempera
ture for 24 h followed by freezing at − 20◦C for 24 h in a Samsung 
RZ80FJSW freezer. The cycles were repeated up to 28 times or until 
complete degradation of the samples occurred. This procedure was 
adapted from EN 1367–1, which defines standardized methods for 
assessing resistance to freezing-thawing cycles [52].

(c)Salt attack: Specimens were fully immersed in a saturated aqueous 
MgSO4 solution at 20◦C and 95% relative humidity (RH) for 24 h, fol
lowed by oven drying at 110◦C for 24 h. After every 10 cycles, the 
specimens were rinsed with water to remove residual salts. The pro
cedure was repeated for up to 28 cycles or until complete disintegration 
of the samples. This protocol was adapted from EN 1367–2, which de
scribes the magnesium sulfate test for evaluating resistance to salt 
crystallization processes [53].

Cylindrical specimens measuring 30 mm in diameter and 40 mm in 
height were used for all durability tests, with duplicates for each 

Table 1 
Mix design of lime-based mortars with varying PCM and metakaolin contents.

Mixture Air lime (g) Calcitic sand (g) MK (g) PCM24 (g) PCM18 (g) SP (g) Adhesion booster (g) Water/total solids

LM0 217.0 783.0 - - - 1.3 1.1 0.25
LM_P245 217.0 783.0 - 10.9 - 1.6 1.1 0.25
LM_P2410 217.0 783.0 - 21.7 - 1.6 1.1 0.25
LM_P2420 217.0 783.0 - 43.4 - 1.6 1.1 0.25
LM_P185 217.0 783.0 - - 10.9 1.6 1.1 0.25
LM_P1810 217.0 783.0 - - 21.7 1.6 1.1 0.25
LM_P1820 217.0 783.0 - - 43.4 1.6 1.1 0.25
LM_MK20 217.0 783.0 43.4 - - 1.6 1.1 0.25
LM_P245MK20 217.0 783.0 43.4 10.9 - 1.6 1.1 0.25
LM_P2410MK20 217.0 783.0 43.4 21.7 - 1.6 1.1 0.25
LM_P2420MK20 217.0 783.0 43.4 43.4 - 1.6 1.1 0.25
LM_P185MK20 217.0 783.0 43.4 - 10.9 1.6 1.1 0.25
LM_P1810MK20 217.0 783.0 43.4 - 21.7 1.6 1.1 0.25
LM_P1820MK20 217.0 783.0 43.4 - 43.4 1.6 1.1 0.25
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condition (n = 2). Mass was recorded throughout the cycles to quantify 
weight loss or gain as an indicator of degradation. Additionally, the 
qualitative condition of the specimens was documented at each stage 
using a predefined damage scale (Table 2) previously established by the 
authors [22]. Representative images illustrating the progression of 
deterioration across the defined damage levels are presented in Fig. 1, 
complementing the scale provided in Table 2.

2.4. Post-durability characterization

Post-durability analyses were performed on cylindrical specimens 
that successfully withstood 28 cycles of freeze-thaw, salt attack, and 
weathering, together with an unaged reference sample, in order to assess 
potential alterations in composition, microstructure, mechanical per
formance and thermal behaviour.

A first set of analyses focused on pore structure, mechanical perfor
mance, and microstructural features. Pore structure was evaluated by 
mercury intrusion porosimetry (MIP) using a Micromeritics AutoPore IV 
9500 porosimeter, operating within a pressure range of 
0.0015–207 MPa. Measurements were performed on cubic fragments 
with an approximate edge length of 1 cm.

To complement the MIP results, scanning electron microscopy (SEM) 
was employed to directly observe microstructural features, phase dis
tribution and damage patterns induced by the different ageing mecha
nisms. SEM analyses were performed using a COXEM EM-30N electron 
microscope equipped with secondary electron (SE) and backscattered 
electron (BSE) detectors. Elemental composition was determined by 
energy-dispersive X-ray spectroscopy (EDS) using a Quantax Compact30 
system (Bruker), with data processed using Esprit Compact software. To 
ensure conductivity, samples were gold-coated using a COXEM SPT-20 
ion sputter.

Mechanical performance was evaluated by compressive strength 
testing using a Frank/Controls 81565 press equipped with a Proeti ETI 
26.0052 compressive breaking device. A controlled loading rate of 
20–50 N/s was applied, with a loading duration between 30 and 90 s.

The thermal behaviour of the PCM-bearing renders after durability 
exposure was evaluated through controlled heating and cooling cycles in 
a climatic chamber (FCH-XENOLAB/1500). Surface temperatures were 
monitored using a FLUKE TiS55 + thermal camera. The cylindrical 
specimens described in Section 2.3 that survived all 28 durability cycles 
(freeze-thaw, salt attack, and weathering), together with an unaged 
reference, were subjected to a heating program from − 10◦C to 50◦C. 
Thermal images were captured at 20, 30, and 50◦C, followed by a 
cooling program from 50◦C to − 10◦C, with images recorded at 30, 20, 
and − 10 ◦C. At each temperature setpoint, qualitative colour mapping 
was used to visualise surface temperature distribution. In addition, a 
representative temperature value was extracted from the centre of each 
specimen to quantitatively monitor surface temperature evolution 
(Fig. 2).

Based on these measurements, the preservation of thermal behaviour 
after durability exposure (weathering, freeze-thaw and salt attack) was 

quantified through a thermal agreement percentage (%), introduced in 
this study as a performance-based indicator to directly assess the ability 
of the material to retain its original thermal response after ageing, rather 
than relying solely on absolute temperature values. This parameter en
ables a consistent comparison between formulations and exposure 
conditions by normalizing the response with respect to the intact spec
imen. Thermal agreement is defined by direct comparison between the 
surface temperature of the post-durability specimens and that of the 
intact (unaged) mortar under identical thermal setpoints. These set
points were selected to cover both intermediate and extreme tempera
tures within the applied thermal cycles, ensuring a representative 
assessment of the material response under relevant thermal conditions.

Thermal agreement was calculated according to the following 
piecewise formulation: 

Thermalagreementi(%)=

⎧
⎪⎪⎪⎪⎨

⎪⎪⎪⎪⎩

100ifΔTi≤τ

100•
(

1 −
ΔTi − τ

ΔTmax − τ

)

ifτ<ΔTi< ΔTmax

0ifΔTi ≥ ΔTmax 

Where ΔTi =
⃒
⃒Tunaged specimen,i − Tpost− durability specimen,i

⃒
⃒ represents the ab

solute surface temperature deviation between the intact (unaged) 
specimen and the specimen after durability exposure, measured at the 
same thermal setpoint. Here, τ represents the temperature deviation 
threshold beyond which differences relative to the unaged specimen are 
considered experimentally distinguishable. In this study, τ was set at 0.2 
◦C, corresponding to the resolution and experimental uncertainty asso
ciated with the thermal measurements. A maximum deviation ΔTmax of 
5 ◦C was adopted; deviations equal to or greater than this value were 
considered indicative of severe alteration of thermal response, beyond 
which the material can no longer be considered to preserve its original 
functional behaviour, resulting in a thermal agreement of 0%. Speci
mens that did not successfully withstand the durability tests were 
directly assigned a thermal agreement value of 0%, as meaningful 
preservation of thermal behaviour could not be assumed.

This approach introduces a quantitative metric to evaluate the 
retention of functional thermal behaviour after durability exposure, 
providing a consistent basis for comparison between formulations and 
ageing scenarios. By normalizing the response with respect to the intact 
specimen, it enables a direct assessment of the extent to which the 
original thermal performance is preserved under different degradation 
conditions. This framework enables consistent comparison of the 
retention of thermal performance across formulations through evalua
tion at defined thermal states, while maintaining controlled and repro
ducible conditions.

Differential scanning calorimetry (DSC) was also performed to 
evaluate the retention of phase-change functionality in specimens that 
weathering, freeze-thaw and salt-attack exposure. Measurements were 
conducted using a DSC25 apparatus (TA Instruments), applying three 
heating and cooling cycles between − 10 ◦C and 50 ◦C at a rate of 5 ◦C/ 
min. Approximately 20 mg of powdered material, obtained by homog
enizing fragments collected from different regions of the specimen after 
ageing exposure, was placed in 40 µL aluminium crucibles. Analyses 
were carried out under a nitrogen atmosphere (50 mL/min flow rate; 
400 mL/min purge). The melting (ΔHm) and crystallization (ΔHc) en
thalpies were determined and compared with those of the unaged 
specimens to identify potential changes in latent heat storage and 
release capacity following ageing exposure.

2.5. Cyclic thermal performance

The cyclic thermal behaviour of PCM-bearing renders is a key indi
cator of their long-lasting sustainability. Ensuring that the PCMs main
tain stable heat storage and release capacities throughout their service 
life is essential to confirm that no degradation or loss of effectiveness 

Table 2 
Damage scale and visual assessment of durability tests.

Damage scale (0− 10) Characteristics

0 No visible damage; specimen intact.
1 Minimal material loss; almost no damage.
2 Small cracks; slight material loss.
3 Moderate cracks; visible wear.
4 Larger cracks; significant material loss.
5 Major cracks; pronounced material loss.
6 Severe cracks; surface starting to break apart.
7 Large sections missing; extensive cracking.
8 Structure heavily compromised; crumbling.
9 Near total destruction; disintegration visible.
10 Total destruction; specimen turned to dust.
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occurs over time. To assess this performance, two complementary tests 
were conducted: differential scanning calorimetry (DSC) cyclic tests and 
hotbox cyclic tests.

DSC cyclic tests: Forty consecutive heating and cooling cycles were 
applied between − 10◦C and 50◦C at a rate of 20 ◦C/min, which allows 
the observation of phase-change behaviour over a high number of 
consecutive cycles. Isothermal steps were included at the start and end 
of each cycle to ensure complete phase transitions, thereby improving 
accuracy and minimizing residual thermal effects [54,55]. The mea
surements were performed using a DSC25 apparatus with 40 µL 
aluminium crucibles. Each sample, approximately 20 mg, consisted of 
small fragments extracted from monolithic specimens to preserve their 
structural integrity. Analyses were carried out under nitrogen atmo
sphere with a flow rate of 50 mL/min and a nitrogen purge gas of 
approximately 400 mL/min. The enthalpy associated with melting 
(ΔHm) and crystallization (ΔHc) was recorded and monitored across the 
40 cycles to identify any variations indicative of thermal fatigue or 
degradation.

To statistically evaluate the cyclic thermal behaviour of PCM-bearing 
renders and to provide robust insights into their reliability and long- 
term performance, descriptive analyses were performed using Micro
soft Excel with the Real Statistics Resource Pack add-in. For each sam
ple, the following parameters were computed across the 40 
measurements: mean (x‾), representing the average value [56]; median, 
reflecting the central tendency and robustness against outliers; standard 
Deviation (SD), quantifying data dispersion around the mean [56]; 
average absolute deviation (AAD), expressing the mean of absolute de
viations from the average and offering a less outlier-sensitive measure 
[56]; and range, denoting the difference between maximum and mini
mum values [56]. Together, these descriptors provide a comprehensive 
evaluation of the PCM’s enthalpy of melting and crystallization over 
repeated cycles, serving as indicators of long-term stability.

Hotbox cyclic tests: The cyclic thermal efficiency of PCM-bearing 
mortars was further evaluated using hotbox experiments, based on 
setups described in prior studies [21,22]. The hotbox simulates real 
building envelope conditions by exposing mortar slabs to alternating hot 
and cold environments under controlled boundaries. The tests were 
conducted on a representative subset of formulations, selected to ensure 

that the results are indicative of the overall behaviour of the 
PCM-modified systems. Four flat mortar slabs (9 × 18 cm, 2 cm thick) 
were mounted within a thermally insulated box, sealed hermetically 
with high-temperature silicone to ensure that heat transfer occurred 
exclusively through the mortar surfaces (Fig. 3). A total of 40 thermal 
cycles, between − 10 ◦C and 50 ◦C were applied, while temperature 
variations were monitored in both a reference hotbox (without PCM) 
and a PCM-containing hotbox. During testing, the temperature damping 
capacity during heating and cooling, as well as the relative exchanged 
energy, were analysed to quantify the material’s thermal efficiency 
throughout the cycling period [21,22]. The relative exchanged energy 
(Q*) was calculated as the time integral of the temperature difference 
between the reference and the PCM hotboxes over time 

[
t1,t2

]
, per

formed with OriginLab software, according to Eq. 1. 

Q∗ =

∫ t2

t1
ΔT(t)dt (Eq. 1) 

This equation captures the dynamic thermal behaviour of the system 
by integrating the continuous temperature evolution over time, thereby 
providing a direct estimation of the energy exchange throughout the full 
heating-cooling cycle.

The same statistical analysis described for the DSC data was applied 
to the hotbox results. The same parameters (mean, median, SD, AAD, 
and range) were computed across the 40 cycles to assess consistency, 
reproducibility, and potential degradation trends during repeated ther
mal cycling. This parallel statistical treatment ensures methodological 
coherence and allows direct comparison between micro-scale (DSC 
measurements) and lab-scale (hotbox) behaviour, providing a compre
hensive and quantitatively supported evaluation of the long-term ther
mal stability of PCM-bearing renders.

3. Results and discussion

3.1. Durability assessment

Ensuring the long-term performance of construction materials is 
fundamental to achieving true sustainability. An effective formulation 
must not only enable the compatible incorporation of PCMs into the 

Fig. 1. Representative specimens at different levels of the damage scale, illustrating the progression from intact to severely deteriorated conditions during the 
durability tests.

Fig. 2. Representative visual (a) and thermographic (b) images of lime-based mortar specimens before and after durability exposures.
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mortar matrix while maintaining adequate fresh properties and work
ability but also enhance energy efficiency without compromising dura
bility [34]. Optimizing the mix design is therefore essential to balance 
these aspects and produce materials capable of withstanding real-world 
environmental stressors over extended service lives. In this study, the 
mortar formulations were previously optimized to ensure full compati
bility between lime and PCM, achieving satisfactory fresh, mechanical, 
and thermal performance as rendering mortars [34]. The present section 
evaluates whether these optimized formulations can also resist 
long-term durability challenges.

The freeze-thaw test results (Fig. 4a and Table 3) underscore the 
crucial role of metakaolin (MK) in enhancing durability. The reference 
mortars, LM₀ and LM_MK₂₀, showed markedly different behaviours: LM₀ 
failed catastrophically after only five cycles, whereas LM_MK₂₀ 
completed all 28 cycles but exhibited significant deterioration (damage 
score = 9). This severe degradation of LM₀ is further corroborated by the 
pronounced mass loss observed during freeze-thaw cycling (Fig. 5a and 
Fig. 5b), which reflects the progressive disintegration of the specimens. 
These observations are consistent with previous studies [57–61], which 
attribute the improved resistance of MK-containing mortars to pozzo
lanic reactions, that densify the matrix and increase cohesion.

Notably, the most substantial improvement was observed in mortars 
combining both MK and PCMs, particularly LM_P2410MK20, 
LM_P1820MK20, and LM_P24₂₀MK₂₀, which withstood 28 freeze-thaw 
cycles with only minor structural damage (damage score = 1–2). 
These formulations exhibited minimal mass variation throughout the 
test (Fig. 5a and Fig. 5b), indicating a high level of structural stability 
consistent with the limited visual damage observed. These results sug
gest that while MK enhances durability by strengthening the matrix, its 
synergy with PCMs further improves freeze-thaw resistance. This effect 
may be attributed to the PCMs’ capacity to buffer internal temperature 
fluctuations, thereby reducing thermal stresses and mitigating micro
cracking during cyclic freezing and thawing [22,62–64]. Additionally, 
microencapsulated PCM particles constitute comparatively softer in
clusions within the surrounding lime-MK matrix and can introduce new 
interfacial transition zones (ITZ) [21]. These locally more compliant 
regions within the microstructure could accommodate ice-induced 
expansion more effectively and thereby reduce stress concentrations 
during freezing.

In the salt attack test, a clear distinction emerged among the PCM- 
containing mortars (Fig. 4b and Table 3). While certain formulations 
with PCMs alone exhibited extensive deterioration similar to the refer
ence mortars, those combining PCMs with metakaolin demonstrated 
markedly improved resistance. The reference mix LM₀ failed completely 
after 14 cycles (damage score = 10), whereas LM_MK₂₀ completed all 28 

cycles with a score of 7, showing notable degradation but improved 
performance relative to LM₀. This trend is mirrored by the evolution of 
specimen mass during sulfate exposure (Fig. 5c and Fig. 5d), where 
reference and PCM-only mortars experienced greater mass variation, 
indicative of material loss and surface degradation. In contrast, mortars 
incorporating both PCMs and MK, specifically LM_P24₁₀MK₂₀, 
LM_P24₂₀MK₂₀, LM_P18₅MK₂₀, LM_P18₁₀MK₂₀ and LM_P18₂₀MK₂₀, 
consistently endured all 28 cycles with damage score of 6. Their 
comparatively stable mass throughout the test supports the visual 
assessment and confirms the enhanced resistance of these formulations 
to sulfate-induced deterioration (Fig. 5c and Fig. 5d). These findings 
indicate a clear synergistic effect between PCM and MK in enhancing 
resistance to salt-induced deterioration, thereby contributing to the 
preservation of structural integrity under chemically aggressive condi
tions. Considering that salt attack is particularly critical in coastal and 
saline environments [65,66], the superior performance of these opti
mized formulations highlights their potential for applications in such 
demanding exposure scenarios.

The enhanced durability of PCM-MK mortars can be attributed to the 
complementary roles of each additive. Metakaolin improves matrix 
cohesion through pozzolanic reactions that strengthen the binding phase 
and limit microcracking under external stresses [57–61]. In addition, the 
prolonged exposure to high moisture conditions during freeze-thaw and 
salt crystallization testing may have further promoted the progression of 
these pozzolanic reactions, as water availability enhances metakaolin 
reactivity compared to curing under ambient laboratory conditions 
[67], a mechanism further explored in Sections 3.2.1 and 3.2.2. In 
parallel, PCMs act as thermal buffers during freeze-thaw cycles, miti
gating abrupt temperature variations and reducing the internal stresses 
associated with ice crystallization [22,62–64]. When combined, these 
effects produce a synergistic improvement in performance, with 
PCM-MK formulations exhibiting greater resistance than those con
taining either additive alone [22]. This synergy arises from the con
current enhancement of matrix cohesion and moderation of thermal 
stresses, together reinforcing the long-term durability of lime-based 
mortars.

Table 4 complements Fig. 4 by presenting visual evidence of the 
damage sustained by the specimens during the durability tests. The 
images illustrate the progressive deterioration and highlight the differ
ences in structural integrity among the various formulations. These vi
sual records further substantiate the observed trends in freeze-thaw and 
salt attack resistance, which are consistently supported by the corre
sponding mass evolution data (Fig. 5), underscoring the protective and 
stabilizing role of PCM-MK combinations in lime mortars.

In addition to accelerated durability tests, natural weathering 

Fig. 3. Experimental hotbox setup for cyclic thermal performance evaluation of PCM-mortars.
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Fig. 4. Durability evaluation: damage scales for (a) freeze-thaw and (b) salt attack cycles.

Table 3 
Cycles withstood and final damage scale of durability tests.

Freeze-thaw Salt attack

Mixture Cycles withstood Final damage scale (0− 10) Cycles withstood Final damage scale (0− 10)

MK-free

LM0 5 10 14 10
LM_P245 9 10 15 10
LM_P2410 6 10 14 10
LM_P2420 3 10 12 10
LM_P185 3 10 28 9
LM_P1810 2 10 4 10
LM_P1820 3 10 4 10

20% MK

LM_MK20 28 9 28 7
LM_P245MK20 9 10 15 10
LM_P2410MK20 28 1 28 6
LM_P2420MK20 28 1 28 6
LM_P185MK20 23 10 28 6
LM_P1810MK20 28 6 28 6
LM_P1820MK20 28 2 28 6
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assessments further verified the long-term stability of the PCM-lime 
mortars (Table 5). After seven months of outdoor exposure, all sam
ples remained structurally sound (Table 4), consistently exhibiting a 
damage level of 1. A slight weight increase of approximately 1% was 
recorded in all cases, attributed to ongoing carbonation [68] rather than 
moisture absorption, since the specimens were fully dried prior to 
weighing. These findings highlight the intrinsic stability of lime-based 
mortars under typical climatic conditions and confirm their suitability 
for durable, long-term applications.

The durability results position PCM-MK mortars as a significant 
advancement in sustainable construction materials. By combining high 
thermal efficiency with enhanced resistance to environmental degra
dation, these mortars extend structural service, thereby reducing 
maintenance requirements and material replacement frequency. This 
directly supports sustainability objectives, as improved durability min
imizes resource consumption, waste generation, and energy use over 
time [10,40,69]. Rather than compromising durability, the incorpora
tion of PCMs, particularly in synergy with metakaolin, strengthens the 
overall resilience of lime-based mortars, ensuring that gains in energy 
efficiency are not achieved at the expense of longevity. These materials 
thus offer an optimal balance between energy performance [21] and 

structural integrity, representing a durable and sustainable solution for 
resilient construction.

3.2. Post-durability microstructural and mechanical assessment

3.2.1. Microstructure evolution after durability exposure
Beyond the macroscopic assessment of durability based on visual 

integrity and mass variation, a comprehensive understanding of the 
long-term performance of lime-based mortars requires analysing how 
different ageing agents affect the internal pore network. Under real 
exposure conditions, durability-related degradation is often governed by 
microstructural changes that may not be necessarily visible at the 
specimen surface but progressively influence transport properties and 
internal stability [70]. In this context, mercury intrusion porosimetry 
(MIP) was employed to investigate the evolution of pore size distribu
tion in a set of representative mortar formulations after the different 
durability tests. For each selected formulation, the unaged state was 
compared with the corresponding specimens subjected to weathered, 
freeze-thaw cycles and salt-attack (Fig. 6).

Regarding post-weathering microstructural analysis, the reference 
mortar containing metakaolin (LM_MK20) exhibits a well-defined 

Fig. 5. Evolution of the average mass variation (%): a-b) Freeze-thaw cycles for references and PCM-modified mortars incorporating PCM24 and PCM18, respec
tively. (c-d) Salt attack cycles for references and PCM-modified mortars incorporating PCM24 and PCM18, respectively.
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Table 4 
Comparative visual analysis of mortar specimens before and after exposure to weathering, freeze-thaw and salt attack cycles. Each individual sample is representative 
of the average state of all samples tested. The coloured rectangles in the bottom right corner indicate the damage level according to the scale defined in Table 2.
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capillary pore peak centred at approximately 0.68 μm in the unaged 
state. After natural weathering, this peak shifts towards a smaller pore 
diameter, around 0.55 μm, while the overall shape of the distribution 
remains narrow and well defined (Fig. 6a). This shift towards finer pore 
sizes is consistent with microstructural densification processes promoted 
under outdoor exposure, where prolonged availability of atmospheric 
CO2 promotes carbonation of portlandite and precipitation of calcite 
within the capillary pore network [71–73]. In the presence of meta
kaolin, this effect is further reinforced by continued pozzolanic reactions 
consuming portlandite and forming C-S-H phases, thereby refining the 
capillary structure [74].

A similar trend is observed in PCM-bearing mortars incorporating 
metakaolin. In LM_P2410MK20, the dominant pore diameter decreases 
from approximately 0.84 μm in the unaged state to about 0.68 μm after 
weathering (Fig. 6b). Likewise, in LM_P1820MK20, the main capillary 
peak shifts from around 1.05 μm to approximately 0.68 μm following 
weathering exposure (Fig. 6f). In both formulations, the displacement is 
accompanied by a clear reduction in peak intensity, indicating redis
tribution of the accessible pore network. This behaviour can be attrib
uted to the partial filling of capillary pores by carbonation products and 
progressive pozzolanic reaction development [71–74]. In other 
PCM-bearing mortars with metakaolin (LM_P2420MK20 and 
LM_P185MK20), natural weathering does not induce a marked 
displacement of the dominant pore diameter. However, a consistent 
attenuation of the main capillary peak is observed relative to the unaged 
state (Fig. 6d-e). This systematic reduction in peak intensity suggests 
partial pore filling and densification, while preserving the characteristic 
pore size range defined by the initial microstructure. A similar behav
iour is also observed in the PCM-bearing mortar without metakaolin 
(LM_P2420), where natural weathering results in attenuation of the 
principal pore peak without significant positional displacement 
(Fig. 6c).

In contrast to natural weathering, freeze-thaw exposure induces a 
more demanding deterioration scenario in which only mortars incor
porating metakaolin remain intact after cyclic freezing and thawing 
(Fig. 6). In these formulations, the pore size distributions reveal a sys
tematic displacement of the dominant capillary pore peak towards 
smaller diameters. At the same time, the distributions remain coherent 
and well-defined with no evidence of pore coarsening or the emergence 
of larger pore domains (Fig. 6a, b, d, f). For example, in LM_MK20 the 
characteristic pore size shifts from approximately 0.68 μm in the unaged 
state to about 0.43 μm after freeze-thaw cycling, while in PCM-bearing 
MK mortars such as LM_P2420MK20 the main peak moves from around 
0.83 μm to approximately 0.68 μm. The absence of pore coarsening and 
preservation of the structured capillary network indicate that freeze- 
thaw cycling does not induce microcracking or internal cohesion loss 
in MK-containing mortars. Instead, the observed pore refinement sug
gests further matrix densification under repeated moisture saturation. 

The high water availability during freeze-thaw cycles promotes the 
progression of pozzolanic reactions [67], while limiting carbonation due 
to reduced CO2 transport through water-filled pores [75,76]. Conse
quently, microstructural evolution under freeze-thaw conditions ap
pears to be governed by reaction-driven pore refinement, rather than 
damage-induced pore enlargement. By contrast, PCM-bearing mortars 
without metakaolin did not withstand freeze-thaw cycling and experi
enced severe structural degradation leading to complete loss of spec
imen integrity (Fig. 4). The absence of post-exposure MIP data for these 
formulations reflects the extend of deterioration and highlights the 
critical role of formulation optimisation, particularly the incorporation 
of metakaolin, in stabilising the matrix under cyclic thermal and mois
ture stresses.

Salt attack induces more pronounced modifications in the pore size 
distributions compared to natural weathering and freeze-thaw exposure, 
particularly in terms of peak attenuation and redistribution of the pore 
network towards finer size ranges (Fig. 6). In all mortars that retained 
structural integrity after salt exposure, the post-attack curves display a 
substantial reduction in main capillary peak intensity, together with a 
shift of the characteristic pore diameter to smaller values (Fig. 6a, b, d-f). 
Moreover, salt-exposed specimens show an increased relative contri
bution of finer pores below 0.1 μm, especially in LM_P2420MK20, 
LM_P185MK20 and LM_P1820MK20 (Fig. 6d-f). This redistribution to
wards finer pores is consistent with a pore-filling mechanism associated 
with salt crystallization, where precipitation of salt crystals partially 
occupies capillary pores and modifies the accessible pore network [77, 
78]. Importantly, no evidence of pore coarsening is detected in the 
formulations that withstand salt exposure, indicating that the micro
structural modifications are governed by filling and redistribution pro
cesses rather than damage-driven pore enlargement.

Overall, the MIP results highlight the critical importance of formu
lation optimisation in controlling the durability of PCM-bearing lime 
mortars. The preservation of a coherent and refined pore network, even 
under aggressive ageing conditions such as freeze-thaw cycling and salt 
crystallization, demonstrates that appropriate matrix design is essential 
for maintaining microstructural stability. The synergistic incorporation 
of PCMs and metakaolin produces a pore structure capable of accom
modating phase transitions, moisture fluctuations, and crystallization 
stresses without pore coarsening or structural disruption. This micro
structural resilience provides strong evidence of enhanced durability 
and supports the expectation of extended service life for properly 
formulated PCM-bearing lime mortars incorporating metakaolin.

Beyond the quantitative pore structure analysis provided by MIP, 
scanning electron microscopy (SEM) was conducted to further evaluate 
the post-durability microstructure of the mortars, allowing direct ex
amination of matrix continuity and the morphological integrity and 
dispersion of the microencapsulated PCM within the lime matrix.

SEM observations revealed a well-preserved microstructure after all 
durability exposures (Fig. 7). As shown in Fig. 7a-b (post-weathering), 
the lime-metakaolin matrix exhibits a compact and continuous 
morphology, without evident microcracking, matrix disruption or pore 
coarsening. The microencapsulated PCM particles remain clearly iden
tifiable, maintaining their spherical geometry and appearing homoge
neously distributed throughout the matrix. No signs of shell rupture, 
collapse or interfacial debonding are observed.

A similar behaviour is evident after freeze-thaw exposure (Fig. 7c-e). 
The matrix retains structural cohesion, and the microcapsules appear 
intact and uniformly embedded despite the cyclic volumetric stresses 
associated with repeated freezing and thawing. The absence of micro
structural discontinuities is fully consistent with the preserved pore 
network characteristics identified by MIP (Fig. 6) and with the macro
scopic integrity observed in the specimens after testing (Fig. 4).

Following salt crystallization (Fig. 7f), mortar microstructure like
wise remains cohesive. The PCM microcapsules preserve their 
morphology and are well accommodated within the surrounding matrix, 
with no observable damage attributable to crystallization pressures. This 

Table 5 
Evolution of specimen weight during natural weathering exposure.

Mixture Initial weight 
(g)

Final weight 
(g)

Weight change 
(%)

LM0 55.5 56.4 1.6
LM_P245 53.7 53.9 0.4
LM_P2410 53.8 54.5 1.3
LM_P2420 53.3 52.6 -1.3
LM_P185 64.0 64.2 0.3
LM_P1810 53.6 55.2 3.0
LM_P1820 54.0 54.6 1.1
LM_MK20 58.3 59.3 1.7
LM_P245MK20 55.6 56.1 0.9
LM_P2410MK20 54.4 55 1.1
LM_P2420MK20 54.9 55.5 1.1
LM_P185MK20 66.4 67.5 1.7
LM_P1810MK20 65.7 66.8 1.7
LM_P1820MK20 65.2 66.1 1.4
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behaviour indicates that the system withstands not only cyclic thermal 
and moisture variations but also physicochemical stresses induced by 
salt growth within the pore structure.

Elemental mapping (Fig. 8) further confirms the stable integration of 

the microcapsules within the matrix. The carbon-rich domains corre
sponding to the PCM core are clearly distinguished in Fig. 8c, while 
calcium (Fig. 8d) is predominantly associated with the lime-base binder. 
Silicon and aluminium (Fig. 8e-f) are homogenously distributed within 

Fig. 6. MIP pore size distribution of selected lime-based mortars after durability exposure: (a) LM_MK20, (b) LM_P2410MK20, (c) LM_P2420, (d) LM_P2420MK20, (e) 
LM_P185MK20 and (f) LM_P1820MK20. For each formulation, pore size distributions are shown for the unaged state and after natural weathering, freeze-thaw cycling 
and salt attack, where applicable. Missing curves correspond to specimens that did not withstand the respective durability test.

A. Rubio-Aguinaga et al.                                                                                                                                                                                                                      Construction and Building Materials 530 (2026) 146628 

11 



the matrix, reflecting the contribution of metakaolin-derived phases. 
These results support the morphological observations, evidencing ho
mogeneous PCM dispersion and strong matrix-capsule compatibility 
without mortar segregation or interfacial degradation.

Overall, SEM analysis demonstrates that durability exposure did not 
induce microstructural deterioration in either the binder matrix or the 
microencapsulated PCMs. The preserved matrix continuity likely con
tributes to protecting the microcapsules from mechanical and 
crystallization-related stresses, thereby maintaining their physical 
integrity. This microstructural stability provides a robust basis for the 
retention of thermal functionality, which is quantitatively assessed in 
Section 3.3.

3.2.2. Post-durability mechanical properties
Compressive strength results reveal a strong dependence of me

chanical performance on both durability exposure and mortar formu
lation, particularly on the incorporation of metakaolin (Fig. 9). After 
natural weathering, all mortars exhibited increased compressive 
strength compared to their unaged state, regardless of PCM content. This 
systematic improvement confirms that outdoor exposure did not induce 

mechanical degradation but instead promoted matrix consolidation, in 
agreement with the MIP findings (Fig. 6). The effect was particularly 
pronounced in metakaolin-containing mortars: LM_MK₂₀ increased from 
2.5 MPa to 6.5 MPa, while LM_P185MK20 reached values up to 8.0 MPa. 
These gains are attributed to the combined progression of lime 
carbonation and continued pozzolanic reactions, which densify the 
microstructure and enhance interparticle bonding [68,70,79]. Increased 
moisture availability under weathering conditions likely further pro
moted pozzolanic activity involving metakaolin, contributing to matrix 
consolidation and strength development [67]. These results are consis
tent with the low damage scale values (Table 1Tables 3–4) and the pore 
refinement trends identified by MIP (Fig. 6).

A markedly different response was observed under freeze-thaw 
exposure. PCM-containing mortars without metakaolin did not with
stand the full set of cycles and failed before test completion, resulting in 
compressive strength values of 0 MPa. The absence of a reinforced 
binding phase facilitated crack initiation and propagation under 
repeated ice formation pressures [80], ultimately leading to structural 
disintegration (Fig. 4a and Table 4)

In contrast, mortars incorporating both PCMs and metakaolin 

Fig. 7. SEM micrographs of PCM-lime mortars after durability exposure: (a-b) post-weathering, (c-e) post-freeze-thaw, and (f) post-salt crystallization. Orange 
arrows highlight the location of microencapsulated PCM particles.
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retained measurable compressive strength after freeze-thaw cycling and, 
in several cases, exhibited improvements relative to their unaged state, 
evidencing a substantially enhanced mechanical resilience (Fig. 9). For 
instance, LM_P1810MK20, increased from 2.5 MPa to 3.1 MPa (ca. 22%), 
and LM_P2410MK20 rose from 2.7 MPa to 3.6 MPa (ca. 33%). At higher 
PCM contents, the effect was more pronounced: LM_P2420MK20 
increased from 4.0 MPa to 5.6 MPa (~40%).

This behaviour differs from that of LM_MK20 (PCM-free MK-bearing 
reference mortar), in which compressive strength was largely preserved 
after freeze-thaw exposure but did not exceed unaged value. This 
distinction underscores the additional contribution of PCMs when 
incorporated within a reinforced lime matrix. The observed strength 
gains support the active role of PCMs in mitigating freeze-thaw-induced 
damage by attenuating internal thermal gradients and reducing cyclic 
freezing stresses [22,62–64]. When combined with the pore structure 
refinement and enhanced matrix cohesion provided by metakaolin 
[57–59,61], this thermal buffering is able not only to withstand 
freeze-thaw cycling but, in some cases, to further mechanical consoli
dation (Fig. 9). Moreover, repeated water exposure during freeze-thaw 
cycling likely promotes ongoing pozzolanic reactions [67], further 

reinforcing the lime matrix and contributing to the improved mechan
ical performance observed in MK-containing mortars. This interpreta
tion is consistent with the low damage scale values, preserved specimen 
integrity after freeze-thaw testing (Fig. 4a), and the refined pore 
network identified by MIP analysis (Fig. 6).

A comparable formulation-dependent trend was observed after salt 
crystallization cycles. PCM-containing mortars without metakaolin 
again failed to complete the durability test, resulting in complete 
structural disintegration (Fig. 4b), with the exception of LM_P185, which 
did not undergo total destruction but exhibited severe damage. This 
collapse reflects the severe stresses generated by salt crystallization 
within a weakly reinforced lime matrix, leading to loss of cohesion and 
load-bearing capacity (Fig. 4b).

Mortars combining PCMs with metakaolin, however, retained sig
nificant compressive strength after salt exposure and, in several cases, 
clearly exceeded their unaged values (Fig. 9). For instance, 
LM_P2410MK20 increased from 2.7 MPa in the unaged state to 15.1 MPa 
after salt exposure (ca. 460%), while LM_P1810MK20 rose from 2.5 MPa 
to 12.5 MPa (ca. 400%). These substantial increases indicate that, at 
intermediate PCM contents, the synergistic interaction between PCMs 

Fig. 8. SEM-EDS elemental mapping of PCM-lime mortar after freeze-thaw testing, illustrating matrix composition and PCM distribution: (a) SEM image, (b) 
composite map, (c) C, (d) Ca, (e) Al, and (f) Si mappings.
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and metakaolin not only mitigates salt-induced damage but can also 
result in pronounced mechanical strengthening.

At higher PCM contents, the response became more formulation- 
sensitive. LM_P2420MK20 exhibited a compressive strength of 3.8 MPa 
after salt exposure, slightly below its unaged value of 4.0 MPa (ca. 6% 
reduction), whereas LM_P1820MK20 increased from 3.3 MPa to 4.5 MPa 
(ca. 36% increase). Despite these variations, all MK-containing PCM 
mortars retained measurable compressive strength after salt crystalli
zation, in clear contrast to MK-free formulations, which failed to com
plete the test. Taken together, the observed mechanical response reflects 
not only resistance to degradation but also continued consolidation of 
the material under the combined effects of pore refinement, salt-induced 
pore filling and favourable moisture conditions for ongoing pozzolanic 
reactions.

Overall, these findings indicate that although salt crystallization 
generates severe internal stresses, the incorporation of metakaolin en
ables the lime matrix to accommodate such stresses effectively, thereby 
preserving structural integrity and, in many cases, enhancing mechan
ical performance (Fig. 9). This response is consistent with the lower 
damage scale values and reduced surface degradation observed in MK- 
containing mortars after salt exposure (Fig. 4), as well as with the 
refined pore structure evidenced by MIP analysis (Fig. 6).

Collectively, the results demonstrate that the mechanical durability 
of PCM-enhanced lime mortars is not an inherent consequence of PCM 
incorporation alone, but rather the outcome of a balanced and optimized 
formulation. When PCMs are combined with metakaolin, the mortars 
exhibit a pronounced capacity to withstand aggressive ageing condi
tions, retaining or even improving their compressive strength after 
freeze-thaw and salt crystallization exposure. This level of mechanical 
resilience confirms that PCM-MK formulations are not only functionally 
effective from a thermal perspective but also structurally robust over 
time. Such durability is fundamental to sustainability, as only mortars 
capable of maintaining mechanical integrity under realistic environ
mental stresses can be considered viable long-term solutions for building 
applications.

3.3. Post-durability thermal performance

3.3.1. Post-durability conservation of thermal behaviour
The thermal performance of PCM-bearing mortars before and after 

durability exposure was evaluated in terms of thermal agreement (%), 
using the intact (unaged) specimens as the functional reference. Rather 
than focusing on absolute surface temperatures, the analysis emphasised 
each formulation’s capacity to preserve its original thermal response 
following severe environmental ageing. Representative thermographic 
images illustrating the heating and cooling stages are presented in 
Fig. 10, while the corresponding thermal agreement values used for 
quantitative comparison are summarised in Fig. 11.

During the heating stage (20, 30 and 50 ◦C), thermal agreement 
values reveal distinct differences in the ability of the mortars to retain 
their thermal behaviour after durability exposure (Fig. 11). Weathered 
specimens consistently exhibited high thermal agreement across all 
formulations, generally exceeding 90%. This indicates that prolonged 
outdoor exposure did not significantly alter the thermal response of 
either reference or PCM-modified mortars. This outcome is particularly 
relevant, as natural weathering represents the most realistic service 
condition for lime-based renders.

Following freeze-thaw cycling and salt attack, thermal agreement 
was strongly dependent on matrix composition. The reference mortar 
without metakaolin (LM0) and MK-free PCM-bearing mortars consis
tently exhibited thermal agreement values of 0%, as these specimens did 
not withstand the full durability programme. Consequently, no preser
vation of thermal behaviour relative to the intact reference could be 
assumed for these formulations. In contrast, mortars incorporating 
metakaolin demonstrated outstanding preservation of thermal behav
iour after both freeze-thaw and salt exposure. MK-containing formula
tions consistently exhibited high thermal agreement values during 
heating, frequently exceeding 90% and, in several cases, reaching 100% 
(Fig. 11). This response was observed for both PCM18- and PCM24- 
based systems and across different PCM dosages, indicating that the 
combined incorporation of PCMs and metakaolin enables the material 
not only to survive severe durability conditions structurally, but also to 
maintain a thermal response essentially identical to that of the intact 

Fig. 9. Compressive strength of PCM-enhanced lime mortars before and after durability exposure: (a) formulations without metakaolin and (b) formulations with 
20% bwol of metakaolin.
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reference.
At the highest heating setpoint (50 ◦C), a slight reduction in thermal 

agreement was observed for certain formulations under all durability 
scenarios (weathering, freeze-thaw, and salt attack). At this tempera
ture, both PCM18 and PCM24 are fully in the liquid phase, and the 
thermal response is governed primarily by sensible heat transfer and 
matrix-related properties rather than latent heat effects. Under these 
conditions, durability-induced microstructural modifications or the 
presence of crystallised salts near the surface may cause minor varia
tions in heat transfer, resulting in marginal reductions in thermal 
agreement without implying loss of PCM functionality.

The cooling stage (30, 20 and − 10 ◦C) further confirmed the dura
bility of MK-containing PCM mortars from a thermal perspective 
(Fig. 11). Consistent with the heating results, weathered specimens 
maintained high thermal agreement values across all formulations, 
demonstrating that realistic outdoor exposure has limited impact on 
functional thermal performance during cooling.

After freeze-thaw and salt exposure, a clear divergence emerged 
between mortars with and without metakaolin. MK-free formulations 
again exhibited thermal agreement values of 0%, reflecting the complete 
loss of functional equivalence with the intact reference. By comparison, 
MK-containing mortars retained high thermal agreement throughout the 
cooling stage, typically above 90% and, in several cases, approaching 
100%, even under sub-zero conditions.

At − 10 ◦C, a moderate decrease in thermal agreement was observed 
in some formulations (Fig. 11). At this stage, PCM crystallization and 
heat release are largely completed, and the thermal response becomes 
increasingly governed by sensible heat conduction and matrix continu
ity rather than latent heat effects. Under such conditions, microstruc
tural alterations induced by severe ageing may slightly influence heat 
dissipation rates. Importantly, these deviations remain limited and do 
not indicate a loss of phase-change functionality but rather reflect the 
greater sensitivity of thermal agreement to matrix-related factors at the 

final cooling stage.
Overall, the thermal agreement analysis provides compelling evi

dence that metakaolin plays a decisive role in ensuring not only the 
structural durability of PCM-lime mortars but also the long-term pres
ervation of their functional thermal behaviour. In line with the dura
bility results discussed in Section 3.1, MK-containing mortars emerge as 
the most robust formulations, combining physical integrity with sus
tained thermal performance. While weathering exposure resulted in 
high thermal agreement across all mortars, only MK-containing formu
lations maintained thermal responses comparable to the intact reference 
after the most aggressive ageing mechanisms, namely freeze-thaw 
cycling and salt crystallization. This performance highlights the syner
gistic interaction between PCM incorporation and metakaolin addition, 
enabling lime-based renders to retain their thermal functionality even 
under extreme environmental conditions.

3.3.2. Post-durability retention of heat storage and release capacity
Differential Scanning Calorimetry (DSC) analyses were performed on 

specimens exposed to natural weathering, freeze-thaw cycling and salt 
crystallization in order to evaluate the post-durability retention of their 
latent heat storage and release capacity. The objective was to determine 
whether aggressive environmental exposure induced any loss of phase 
transition functionality in the microencapsulated PCMs embedded 
within the lime-based matrix. Melting (ΔHm) and crystallization (ΔHc) 
enthalpies were quantified and compared with those of the unaged 
references, as direct indicators of functional stability.

Following natural weathering, PCM-containing mortars preserved 
their latent heat storage and release capacity, with ΔHm and ΔHc values 
remaining practically unchanged relative to the unaged condition 
(Table 6 and Fig. 12). The variations observed were minor and fell 
within experimental uncertainty, indicating the absence of measurable 
functional degradation. The characteristic endothermic and exothermic 
peaks remained clearly defined and no significant shift in phase 

Fig. 10. Representative infrared thermographic maps of LM_P1820MK20 specimens during heating and cooling stages after durability exposure: (a1-a3) heating 
phase at 20, 30 and 50 ◦C, respectively; (a4-a6) cooling phase at 30, 20 and − 10 ◦C, respectively.
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Fig. 11. Thermal agreement (%) of lime-based mortars after durability exposure (weathering, freeze-thaw and salt attack), evaluated at selected heating and cooling 
setpoints by comparison with the unaged specimen.
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transition temperatures was detected (Fig. 12). These results confirm 
that natural environmental exposure did not alter the intrinsic phase 
transition behaviour of the microencapsulated PCMs embedded in the 
lime matrix.

After freeze-thaw cycles, representing an exceptionally demanding 
durability regime for porous lime-based materials, the DSC results 
confirmed that PCM-modified mortars preserved their latent heat stor
age and release capacity (Table 6 and Fig. 12). Both melting (ΔHm) and 
crystallization (ΔHc) enthalpies remained stable across all PCM- 
containing formulations, with only minor fluctuations. The character
istic endothermic and exothermic peaks remained clearly identifiable 
and well defined (Fig. 12), demonstrating that the microencapsulated 

PCMs maintained their thermal functionality despite repeated temper
ature fluctuations and moisture saturation.

After salt crystallization the thermal response remained equally 
robust. ΔHm and ΔHc values remained comparable to those of the 
unaged specimens, with only minor variations and no evidence of sys
tematic enthalpy reduction (Table 6). The phase transition events 
remained clearly identifiable, demonstrating that the micro
encapsulated PCMs retained their ability to undergo reversible phase 
change after salt exposure (Fig. 12). These results indicate that salt- 
induced degradation mechanisms did not compromise the functional 
integrity of the PCM component within the lime-based matrix.

Overall, the close agreement between pre- and post-exposure DSC 
curves across all ageing protocols confirms that the latent heat storage 
and release capability of the mortars was fully preserved after natural 
weathering, freeze-thaw cycling and salt crystallization. The stability of 
enthalpy values and the absence of peak distortion demonstrate that the 
microencapsulated PCMs maintained their functional integrity, with no 
evidence of degradation. All the measured enthalpy values fall within, or 
in close proximity to, the range typically reported for comparable lime- 
based mortars incorporating microencapsulated PCMs (approximately 
0.5–5 J/g) [21,22]. These results quantitatively support the excellent 
physical integrity observed after durability testing (Fig. 4 and 
Tables 3–4) and are fully consistent with the SEM observations, where 
microcapsules remained intact, well integrated within the matrix and 
free from visible damage (Fig. 7). Taken together, the findings highlight 
the compatibility between the lime-metakaolin binder and the micro
encapsulated PCMs, confirming that the binder behaves as a resilient 
matrix capable of preserving capsule integrity and ensuring sustained 
thermal performance even under highly demanding accelerated ageing 
conditions.

3.4. Cyclic thermal performance

3.4.1. Stability of latent heat storage and release capacity
Tables 7–8 summarise the statistical analysis of the melting and 

crystallization enthalpies of the PCM-enhanced formulations (Fig. 13). 
Key statistical descriptors, including mean, median, standard deviation 
(SD), absolute average deviation (AAD), range, maximum and mini
mum, were calculated to assess the thermal stability and cyclability 
PCM24 and PCM18 during repeated phase-change cycles. Together, 

Table 6 
Enthalpy values of melting (ΔHm) and crystallization (ΔHc) of PCM-lime mortars before and after ageing exposure.

Mixture Unaged Post- weathering Post- freeze-thaw Post- salt attack

Latent energy storage (ΔHm) (J/g)

MK-free

LM_P245 0.35 ± 0.01 0.46 ± 0.01 - -
LM_P2410 0.67 ± 0.01 0.93 ± 0.01 - -
LM_P2420 1.78 ± 0.01 1.81 ± 0.01 - -
LM_P185 0.55 ± 0.01 0.50 ± 0.01 - 0.54 ± 0.01
LM_P1810 0.69 ± 0.01 0.77 ± 0.01 - -
LM_P1820 1.80 ± 0.01 2.41 ± 0.01 - -

20% MK

LM_P245MK20 0.33 ± 0.01 0.49 ± 0.01 - -
LM_P2410MK20 0.61 ± 0.01 0.88 ± 0.01 1.05 ± 0.01 1.04 ± 0.09
LM_P2420MK20 1.12 ± 0.01 1.10 ± 0.01 1.93 ± 0.01 2.75 ± 0.01
LM_P185MK20 0.44 ± 0.01 0.57 ± 0.01 - 0.42 ± 0.02
LM_P1810MK20 0.86 ± 0.01 0.83 ± 0.01 0.95 ± 0.01 0.77 ± 0.01
LM_P1820MK20 1.93 ± 0.01 2.08 ± 0.01 1.71 ± 0.01 1.88 ± 0.02

Latent energy release (ΔHc) (J/g)

MK-free

LM_P245 0.41 ± 0.01 0.54 ± 0.01 - -
LM_P2410 0.84 ± 0.01 1.10 ± 0.01 - -
LM_P2420 2.00 ± 0.01 1.93 ± 0.01 - -
LM_P185 0.71 ± 0.01 0.60 ± 0.01 - 0.60 ± 0.01
LM_P1810 0.89 ± 0.01 0.94 ± 0.01 - -
LM_P1820 2.13 ± 0.01 2.63 ± 0.01 - -

20% MK

LM_P245MK20 0.38 ± 0.01 0.59 ± 0.01 - -
LM_P2410MK20 0.73 ± 0.01 1.01 ± 0.01 1.15 ± 0.01 1.29 ± 0.07
LM_P2420MK20 1.38 ± 0.01 1.26 ± 0.01 2.16 ± 0.01 2.54 ± 0.01
LM_P185MK20 0.61 ± 0.01 0.70 ± 0.01 - 0.52 ± 0.04
LM_P1810MK20 1.12 ± 0.01 1.10 ± 0.01 1.15 ± 0.01 0.92 ± 0.01
LM_P1820MK20 1.93 ± 0.01 2.46 ± 0.01 1.94 ± 0.01 2.16 ± 0.03

Note: “-” indicates specimens that did not withstand the respective durability exposure.

Fig. 12. DSC curves of LM_P1810MK20 mortar in the unaged state and after 
durability exposure (weathering, freeze-thaw, and salt attack), representative of 
the preserved latent heat performance of PCM-MK-lime mortars.
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these indicators provide a quantitative evaluation of the reproducibility 
and reliability of the latent heat response under cyclic thermal loading.

The melting enthalpy results (Table 7) confirm the high thermal 
stability of all formulations. For instance, LM_P245 exhibited a mean 
absorbed heat of 0.840 J/g (median = 0.839 J/g), with a very low 
dispersion (SD = 0.009 J/g, AAD = 0.007 J/g, range = 0.037 J/g), 
indicating minimal variability between cycles. Increasing the PCM 
content, as in LM_P2420, led to a proportional increase in energy storage 
capacity (mean = 3.355 J/g), while maintaining limited variability 
(median = 3.361 J/g, SD = 0.042 J/g, AAD = 0.036 J/g, range =
0.139 J/g). These results demonstrate that higher PCM loading en
hances latent heat storage without compromising thermal repeatability.

A similar trend was observed for PCM18-based mortars. LM_P1810 
showed a mean absorbed heat of 1.184 J/g (median = 1.183 J/g), with 
very low variability (SD = 0.010 J/g, AAD = 0.010 J/g, range =
0.033 J/g), confirming stable behaviour across repeated cycles. The 
formulation with the highest PCM18 content, LM_P1820, reached a mean 
value of 3.187 J/g (median = 3.188 J/g, AAD = 0.039 J/g), further 
demonstrating the robustness of the system even at elevated PCM 
concentrations.

Across all formulations, the consistently low SD and AAD values 
highlight the uniformity of latent heat exchange during repeated heating 
and cooling. The reproducibility in both melting and crystallization 
enthalpies confirms that the microencapsulated PCMs preserved their 
phase-change integrity throughout cyclic testing. This high degree of 
thermal stability is essential for long-term performance, supporting the 
reliable integration of PCM-lime mortars in sustainable and energy- 
efficient building envelopes.

These quantitative results are further corroborated by Fig. 13, which 
shows the overlapping DSC curves recorded over 40 thermal cycles. The 
near-complete superposition of the melting and crystallization peaks 

evidences the high thermal stability and repeatability of the PCMs, with 
no observable degradation, peak shift, or alteration in thermal response 
throughout cycling.

The crystallization results (Table 8) further confirms the robustness 
of the PCMs’ thermal performance. For LM_P2410MK20, the mean 
released heat is 1.216 J/g (median = 1.217 J/g), with very limited 
variability (SD = 0.011 J/g, AAD = 0.009 J/g, range = 0.051 J/g), 
indicating stable and reproducible heat release during cycling. Simi
larly, LM_P2420MK20 exhibits a mean crystallization enthalpy of 
3.122 J/g (median = 3.120 J/g, AAD = 0.025 J/g), demonstrating 
consistent and uniform latent heat release even after extensive thermal 
cycling.

PCM18-based mortars display comparable behaviour. 
LM_P1810MK20 shows a mean released heat of 0.942 J/g (median =
0.941 J/g, AAD = 0.009 J/g, range = 0.063 J/g), confirming its high 
thermal stability. The higher PCM-content formulation, LM_P1820, 
achieves a mean value of 2.679 J/g (median = 2.675 J/g, AAD =
0.036 J/g), further supporting the sustained and repeatable perfor
mance of the system across successive crystallization cycles.

The direct comparison between PCM24 and PCM18 highlights their 
excellent cyclability across all tested formulations. Both materials 
exhibit consistently low SD and AAD values, while the close corre
spondence between mean and median enthalpy values confirms highly 
stable and repeatable phase-change behaviour. These results underscore 
their suitability for long-term thermal energy storage applications. 
Fig. 13 visually corroborates this stability, as the overlapping phase- 
change curves remain virtually unchanged over 40 cycles, reinforcing 
the exceptional thermal reliability of both PCMs.

The minimal variability observed in key statistical descriptors, even 
after numerous heating and cooling cycles, demonstrates that the PCMs 
repeatedly absorb and release heat with negligible fluctuations. Such 

Table 7 
Statistical analysis of DSC cyclability results during the melting process, including mean, median, standard deviation (SD), average absolute deviation (AAD), range 
and extreme values (maximum and minimum) for each PCM-enhanced mortar formulation.

Mixture
Mean 
(J/g)

Median 
(J/g)

Standard Deviation (SD) 
(J/g)

Average Absolute Deviation (AAD) 
(J/g)

Range 
(J/g)

Maximum Value 
(J/g)

Minimum Value 
(J/g)

LM_P245 0.84 0.84 0.01 0.01 0.04 0.86 0.82
LM_P2410 0.97 0.96 0.05 0.04 0.18 1.08 0.90
LM_P2420 3.36 3.36 0.04 0.04 0.14 3.42 3.28
LM_P185 0.85 0.85 0.01 0.01 0.03 0.87 0.84
LM_P1810 1.18 1.18 0.01 0.01 0.03 1.20 1.17
LM_P1820 3.19 3.19 0.05 0.04 0.14 3.26 3.12
LM_P245MK20 0.75 0.75 0.01 0.01 0.02 0.76 0.74
LM_P2410MK20 1.31 1.31 0.02 0.02 0.06 1.34 1.28
LM_P2420MK20 3.43 3.44 0.04 0.04 0.13 3.50 3.37
LM_P185MK20 0.81 0.81 0.01 0.01 0.02 0.82 0.80
LM_P1810MK20 1.28 1.28 0.01 0.01 0.02 1.29 1.26
LM_P1820MK20 1.98 1.98 0.01 0.01 0.04 1.99 1.96

Table 8 
Statistical analysis of DSC cyclability results during the crystallization process, including mean, median, standard deviation (SD), average absolute deviation (AAD), 
range and extreme values (maximum and minimum) for each PCM-enhanced mortar formulation.

Mixture
Mean 
(J/g)

Median 
(J/g)

Standard Deviation (SD) 
(J/g)

Average Absolute Deviation (AAD) 
(J/g)

Range 
(J/g)

Maximum Value 
(J/g)

Minimum Value 
(J/g)

LM_P245 0.80 0.80 0.04 0.03 0.21 0.94 0.73
LM_P2410 0.81 0.88 0.04 0.04 0.13 0.97 0.83
LM_P2420 3.12 3.11 0.03 0.03 0.12 3.19 3.07
LM_P185 0.67 0.66 0.01 0.01 0.07 0.70 0.64
LM_P1810 0.85 0.84 0.02 0.02 0.09 0.90 0.81
LM_P1820 2.68 2.68 0.05 0.04 0.17 2.78 2.61
LM_P245MK20 0.76 0.76 0.01 0.01 0.04 0.77 0.73
LM_P2410MK20 1.22 1.22 0.01 0.01 0.05 1.24 1.19
LM_P2420MK20 3.12 3.12 0.03 0.03 0.10 3.18 3.08
LM_P185MK20 0.56 0.56 0.02 0.01 0.08 0.61 0.53
LM_P1810MK20 0.94 0.94 0.01 0.01 0.06 0.97 0.91
LM_P1820MK20 1.63 1.63 0.02 0.02 0.09 1.68 1.59
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reproducibility is fundamental for ensuring dependable long-term 
thermal performance in building materials, where sustained efficiency 
and operational stability throughout the service life are essential.

Moreover, the demonstrated thermal stability of the PCMs contrib
utes directly to the overall sustainability of PCM-lime mortars by 
enhancing energy efficiency and reducing thermal fluctuations within 

building envelopes. Their capacity to undergo repeated phase transi
tions without degradation confirms their potential as a robust passive 
energy-management strategy, supporting durable, low-maintenance, 
and environmentally responsible construction solutions.

Fig. 13. DSC thermal cycling analysis over 40 successive cycles for lime mortars incorporating PCMs. (a) Complete phase change cycles of LM_P2420MK20; (b) 
crystallization detail; (c) melting detail; (d) complete phase change cycles of LM_P1820; (e) crystallization detail; (f) melting detail. The overlapping curves 
demonstrate the excellent stability and reproducibility of the PCMs’ thermal behaviour across repeated phase transitions.
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3.4.2. Long-term energy efficiency enhancement
Previous studies have demonstrated that the incorporation of PCMs 

into lime-based renders can significantly improve energy efficiency 
[21]. In the present study, however, the focus was placed on evaluating 
the cyclic stability of this improvement, that is, whether the enhanced 
thermal performance of the mortars could be maintained under repeated 
heating-cooling cycles. To address this objective, a representative subset 
of formulations was selected, ensuring that the findings would be 
indicative of the overall behaviour of the PCM-modified systems.

The results of the cyclic hotbox tests are summarized in Tables 9–10, 
which present the evolution of temperature variations recorded over 40 
consecutive thermal cycles. These data quantify the thermal buffering 
capacity of the PCM-bearing renders, expressed both as the attenuation 
of maximum and minimum temperature peaks relative to the reference 
mortars (Table 9) and as the temperature differentials observed 
throughout each complete cycle (Table 10). By analysing these param
eters over the entire testing programme, it was possible to evaluate not 
only the initial thermal benefits associated with PCM incorporation but 
also the persistence, stability, and reproducibility of these benefits under 
prolonged cyclic thermal loading.

At the heating peaks (Table 9), mortars incorporating higher PCM 
contents (20%) exhibited the most pronounced attenuation of maximum 
temperatures. LM_P245MK20 and LM_P1820MK20 achieved average 
damping values of 1.40 ◦C and 1.00 ◦C, respectively. As expected, for
mulations with lower PCM content (5%) displayed smaller, yet still 
significant, buffering effects, with average reductions of 0.79 ◦C for 
LM_P245 and 0.87 ◦C for LM_P185. Across all mixtures, the statistical 
descriptors indicate stable behaviour throughout the 40 cycles, con
firming the reproducible and cyclable nature of the thermal response, 
irrespective of PCM dosage.

A similar trend was observed at the cooling peaks (Table 9), where 
mortars containing 20% PCM again showed the most substantial tem
perature attenuation, averaging 0.77 ◦C for LM_P1820MK20 and 0.64 ◦C 
for LM_P245MK20. Formulations with 5% PCM exhibited more moderate 
reductions, close to 0.1◦C, but maintained consistent statistical stability 
over the full testing period. These results demonstrate that both low- and 
high-dosage PCM mortars preserve their thermal buffering efficiency 
under prolonged cyclic exposure, with higher PCM contents amplifying 
the magnitude of the effect.

The temperature variations recorded throughout the entire heating 
phase are presented in Table 10. The data confirm that PCM incorpo
ration leads to substantial attenuation of temperature rise during each 
cycle, with the buffering effect increasing proportionally with PCM 
content. Mortars containing 20% PCM exhibited the highest average 
temperature differentials, reaching 3.01 ◦C for LM_P245MK20 and 2.58 
◦C for LM_P1820MK20. Formulations with 5% PCM showed slightly 
lower, yet still significant, reductions of 1.82 ◦C for LM_P245 and 2.23 ◦C 
for LM_P185. In all cases, standard deviations remained below 0.15 ◦C, 
and the close agreement between mean and median values confirms the 

high reproducibility of the results across 40 cycles. Overall, these find
ings demonstrate that PCM-bearing renders effectively moderate tem
perature evolution during the heating phase and maintain this 
performance consistently under extended cyclic thermal loading.

During the cooling phase (Table 10), a comparable trend was 
observed. Mortars containing 20% PCM again exhibited the most pro
nounced buffering effect, with mean temperature differentials of 1.51 ◦C 
for LM_P245MK20 and 1.41 ◦C for LM_P1820MK20, compared with 0.37 
◦C and 0.36 ◦C for LM_P245 and LM_P185, respectively. Although the 
absolute magnitudes were lower than those recorded during the heating 
phase, the effect remained consistent throughout all 40 cycles, as re
flected by the narrow data ranges and low standard deviations. This 
sustained behaviour confirms the ability of PCM-bearing mortars to 
effectively moderate temperature fluctuations during both heating and 
cooling, demonstrating stable and repeatable energy-storage 
performance.

To further quantify the cumulative thermal buffering capacity, the 
integrals of relative energy exchange (Q*) were calculated from the 
temperature difference curves (ΔT = Treference hotbox - TPCM hotbox) over 
time. This parameter provides a global measure of the total thermal 
modulation achieved by each mortar across the 40 thermal cycles. The 
statistical analysis of Q* is summarized in Table 11.

The mean values confirm that mortars with higher PCM contents 
exhibit greater energy exchange capacity, consistent with the stronger 
temperature damping trends identified in Tables 9–10. The highest Q* 
values were recorded for LM_P245MK20 and LM_P1820MK20, reaching 
approximately 2.5 × 105 ◦C⋅s/m2 and 1.9 × 105 ◦C⋅s/m2, respectively. 
Formulations containing 5% PCM showed proportionally lower, but still 
substantial integrals, 1.3 × 105 ◦C⋅s/m2 for LM_P245 and 1.4 × 105 

◦C⋅s/m2 for LM_P185. Standard deviations remained within the same 
order of magnitude across all formulations, and the narrow data ranges 
further confirm the reproducibility and stability of the thermal response 
under prolonged cyclic exposure.

These results reinforce the trends observed in the temperature- 
buffering analyses, confirming that the cumulative thermal perfor
mance of PCM-bearing mortars remains stable under prolonged cyclic 
exposure. The consistent Q* values across all cycles demonstrate that the 
materials retain their capacity for effective heat exchange, underscoring 
the long-term reliability of their energy-saving functionality. This sta
bility is further illustrated in Fig. 14, which presents the temperature- 
time curves for the LM_P2420MK20 formulation. The near-complete 
overlap of the successive cycles indicates that the material’s thermal 
response remains both stable and highly repeatable throughout the 
entire testing programme.

4. Conclusions

This study presents a comprehensive evaluation of the long-term 
viability of lime-based renders incorporating microencapsulated phase 

Table 9 
Statistical analysis of temperature buffering at heating peaks (maximum temperatures) and cooling peaks (minimum temperatures) over 40 hotbox cycles.

Heating buffering (ΔT at maximum peaks) (◦C)

Mixture Mean Median Standard Deviation (SD) Average Absolute Deviation (AAD) Range Maximum Value Minimum Value

LM_P245 0.79 0.81 0.09 0.07 0.34 0.94 0.60
LM_P185 0.87 0.87 0.05 0.04 0.19 0.95 0.77
LM_P2420MK20 1.40 1.46 0.13 0.11 0.51 1.56 1.05
LM_P1820MK20 1.00 1.00 0.10 0.08 0.38 1.14 0.76
​ Cooling buffering (|ΔT| at minimum peaks) (◦C)
Mixture Mean Median Standard Deviation (SD) Average Absolute Deviation (AAD) Range Maximum Value Minimum Value
LM_P245 0.09 0.09 0.02 0.02 0.09 0.15 0.06
LM_P185 0.08 0.07 0.03 0.02 0.13 0.13 0.00
LM_P2420MK20 0.64 0.64 0.03 0.02 0.16 0.76 0.60
LM_P1820MK20 0.77 0.76 0.03 0.03 0.13 0.85 0.72

During the cooling phase, ΔT = Treference hotbox - TPCM hotbox is negative because the reference (PCM free) hotbox reaches lower temperatures than the PCM- 
bearing one. Accordingly, absolute values (|ΔT|) are reported to represent the magnitude of the thermal buffering effect.
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change materials (PCMs), explicitly integrating durability performance, 
microstructural and mechanical evolution, and preservation of func
tional thermal behaviour. Rather than limiting durability to macro
scopic damage indicators, the findings demonstrate that a meaningful 
evaluation of sustainability must also verify the retention of thermal 
performance and energy-related functionality after exposure to severe 
environmental conditions. The key findings of this study are summarised 

below: 

• Durability performance is strongly governed by mortar formulation. 
While all systems remained stable under natural weathering, PCM- 
bearing mortars without metakaolin failed prematurely under 
freeze-thaw and salt crystallization, whereas PCM-metakaolin for
mulations successfully completed the full set of durability cycles.

Table 10 
Statistical analysis of temperature buffering during the heating phase (ΔT across the full heating phase over 40 hotbox cycles) and cooling phase (ΔT across the full 
cooling phase over 40 hotbox cycles).

Heating buffering (ΔT at heating phase) (◦C)

Mixture Mean Median Standard Deviation (SD) Average Absolute Deviation (AAD) Range Maximum Value Minimum Value

LM_P245 1.82 1.83 0.06 0.05 0.23 1.93 1.70
LM_P185 2.23 2.23 0.06 0.04 0.28 2.35 2.08
LM_P2420MK20 3.01 2.99 0.14 0.12 0.61 3.30 2.69
LM_P1820MK20 2.58 2.57 0.12 0.09 0.59 2.94 2.34
​ Cooling buffering (*|ΔT| at cooling phase) (◦C)
Mixture Mean Median Standard Deviation (SD) Average Absolute Deviation (AAD) Range Maximum Value Minimum Value
LM_P245 0.37 0.36 0.05 0.04 0.19 0.30 0.49
LM_P185 0.36 0.37 0.05 0.04 0.18 0.25 0.44
LM_P2420MK20 1.51 1.51 0.05 0.04 0.27 1.41 1.68
LM_P1820MK20 1.41 1.40 0.02 0.02 0.07 1.38 1.45

* During the cooling phase, ΔT = Treference hotbox - TPCM hotbox is negative because the reference (PCM free) hotbox reaches lower temperatures than the PCM-bearing 
one. Accordingly, absolute values (|ΔT|) are reported to represent the magnitude of the thermal buffering effect.

Table 11 
Statistical analysis of relative energy exchanged (Q*) during cyclic hotbox testing over 40 cycles.

Relative energy exchanged (◦C⋅s /m2)

Mixture Mean Median Standard Deviation (SD) Average Absolute Deviation (AAD) Range Maximum Value Minimum Value

LM_P245 1.3 ⋅105 1.3⋅105 4.7⋅103 3.6⋅103 2.1⋅104 1.4⋅105 1.2⋅105

LM_P185 1.4 ⋅105 1.4⋅105 5.1 ⋅103 3.9 ⋅103 2.3⋅104 1.5⋅105 1.2⋅105

LM_P2420MK20 2.5 ⋅105 2.5⋅105 4.6 ⋅103 3.6 ⋅103 2.2⋅104 2.6⋅105 2.4⋅105

LM_P1820MK20 1.9 ⋅105 1.9⋅105 4.4 ⋅103 3.5 ⋅103 1.9⋅104 2.0⋅105 1.8⋅105

Fig. 14. Temperature-time profiles of the temperature difference (ΔT = TLM_MK₂₀ - T LM_P24₂₀MK₂₀) recorded over 40 heating-cooling cycles for LM_P2420MK20: 
(a) complete sequence of 40 cycles showing highly consistent ΔT amplitudes, evidencing the repeatable and cyclable nature of the thermal response; (b) detail of six 
consecutive cycles illustrating the stability and reproducibility of temperature evolution during both heating and cooling phases.
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• Optimized PCM-metakaolin mortars exhibited enhanced resistance 
to aggressive ageing conditions, reaching low damage levels after 
freeze-thaw cycling (damage score 1–2) and maintaining structural 
stability under salt attack (damage score ~6).

• Post-durability microstructural analyses revealed preservation of a 
coherent and refined pore network, with no evidence of pore 
coarsening. SEM observations confirmed that the microencapsulated 
PCMs remained intact and well-integrated within the matrix after all 
ageing regimes.

• Mechanical performance was maintained or improved after dura
bility exposure. PCM-metakaolin mortars showed increases in 
compressive strength of up to 460% following salt exposure, con
firming the robustness and resilience of the optimized lime matrix.

• Functional thermal behaviour was preserved after severe ageing. 
Thermal agreement values generally exceeded 90% and reached 
100% in several cases, indicating that optimized formulations 
retained a thermal response comparable to that of the intact mortar, 
whereas non-optimized systems lost functional equivalence due to 
structural failure.

• Latent heat storage and release capacity remained stable after 
durability exposure. Stable melting and crystallization enthalpy 
values support the retention of phase-transition behaviour.

• Extended cyclic testing confirmed highly reproducible thermal 
behaviour over repeated heating-cooling cycles, demonstrating that 
the microencapsulated PCMs maintained their phase-change func
tionality without degradation or thermal fatigue. Consistent results 
at both material and laboratory envelope scales further confirm that 
the energy-buffering effect remains stable and cyclable over time.

Overall, the findings demonstrate that PCM-enhanced lime renders 
can only be considered truly sustainable when durability, mechanical 
resilience, and long-term thermal functionality are addressed simulta
neously. When optimally formulated with metakaolin, these materials 
combine resistance to aggressive environmental exposure with persis
tent and repeatable thermal performance. This integrated robustness 
supports their technical feasibility as durable, energy-efficient solutions 
for long-term retrofit applications in the built environment.
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thermal conductivity and diffusivity of lime mortar, Materials 14 (2021) 1–14, 
https://doi.org/10.3390/ma14040998.

[20] A. Sarcinella, J.L.B. De Aguiar, M. Lettieri, S. Cunha, M. Frigione, Thermal 
Performance of Mortars Based on Different Binders and Containing a Novel 
Sustainable Phase Change Material (PCM), MATERIALS 13 (2020), https://doi. 
org/10.3390/ma13092055.

[21] A. Rubio-Aguinaga, J.M. Fernández, ́I. Navarro-Blasco, J.I. Álvarez, Air lime 
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Investigation of the Properties of Lime-Based Plaster-Containing PCM for 
Enhancing the Heat-Storage Capacity of Building Envelopes, Int. J. Thermophys. 
35 (2014) 767–782, https://doi.org/10.1007/s10765-013-1550-8.
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