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            Research Article Cement-Based Renders Manufactured with Phase-Change Materials: Applications and Feasibility Luigi Coppola, 1,2 Denny Coffetti, 1,2 and Sergio Lorenzi 1,2 1 Department of Engineering and Applied Sciences, University of Bergamo, Bergamo, Italy 2 Consorzio INSTM, UdR “Materials and Corrosion”, Firenze, Italy Correspondence should be addressed to Sergio Lorenzi; [email protected] Received 16 August 2016; Revised 16 November 2016; Accepted 4 December 2016 Academic Editor: Giorgio Pia Copyright © 2016 Luigi Coppola et al. is is an open access article distributed under the Creative Commons Attribution License, which permits unrestricted use, distribution, and reproduction in any medium, provided the original work is properly cited. e paper focuses on the evaluation of the rheological and mechanical performances of cement-based renders manufactured with phase-change materials (PCM) in form of microencapsulated paraﬃn for innovative and ecofriendly residential buildings. Speciﬁcally, cement-based renders were manufactured by incorporating diﬀerent amount of paraﬃn microcapsules—ranging from 5% to 20% by weight with respect to binder. Speciﬁc mass, entrained or entrapped air, and setting time were evaluated on fresh mortars. Compressive strength was measured over time to evaluate the eﬀect of the PCM addition on the hydration kinetics of cement. Drying shrinkage was also evaluated. Experimental results conﬁrmed that the compressive strength decreases as the amount of PCM increases. Furthermore, the higher the PCM content, the higher the drying shrinkage. e results conﬁrm the possibility of manufacturing cement-based renders containing up to 20% by weight of PCM microcapsules with respect to binder. 1. Introduction With the dawn of twenty-ﬁrst century, the sustainable devel- opment in terms of economic, social, and environmental ﬁelds is gaining more and more importance. Sustainability in the construction industry [1] can be achieved through three diﬀerent main routes based on the abatement of atmospheric emissions [2–4] and reuse or recycling of natural resources [5–8] and the reduction of raw materials quarrying [9–13]. Heating and cooling of buildings and domestic hot water production require about 40% of energy consumption of the whole European community. In the Mediterranean area, Italy is the country with the highest energy consumption for resi- dential buildings since the majority of the existing buildings were built in the second half of the last century, neglecting energy saving strategies. As a result, a typical Italian house has an average energy consumption of 140 ÷ 170 kWh/m 2 ⋅year for heating purposes [14] and also the summer cooling plays an important role in terms of energy consumption. Further- more, the energy used for houses mainly comes from fossil fuels, whose consumption is increasing and it is becoming environmentally unsustainable. In a real estate market char- acterized by growing demand for high quality buildings, liv- ing comfort is becoming a key factor. Acoustic, temperature, humidity and, in general, living comfort together with a better air quality are necessary to improve the Indoor Environmen- tal Quality (IEQ). e heating energy produced during the winter and cool- ing energy produced during the summer tend to naturally ﬂow towards the environment. In order to reduce temper- ature ﬂuctuations, such ﬂux has to be reduced to improve thermal comfort. Dispersion to the outside can be reduced by improving the building envelope, for example, by using mate- rials characterized by low thermal conductivity. is is the main strategy for the maintenance of the thermal conditions inside the building. In recent years, the increasing require- ments in terms of life quality and living comfort have mod- iﬁed the function of the building envelope, achieving more complex features. As an example, the increasing use of under- ﬂoor heating systems in combination with suitable building envelope thermal insulation ensures itself homogeneous Hindawi Publishing Corporation Advances in Materials Science and Engineering Volume 2016, Article ID 7254823, 6 pages http://dx.doi.org/10.1155/2016/7254823 
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Research ArticleCement-Based Renders Manufactured withPhase-Change Materials: Applications and Feasibility
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 The paper focuses on the evaluation of the rheological and mechanical performances of cement-based renders manufacturedwith phase-change materials (PCM) in form of microencapsulated paraffin for innovative and ecofriendly residential buildings.Specifically, cement-based renders were manufactured by incorporating different amount of paraffinmicrocapsules—ranging from5% to 20% by weight with respect to binder. Specific mass, entrained or entrapped air, and setting time were evaluated on freshmortars. Compressive strength was measured over time to evaluate the effect of the PCM addition on the hydration kineticsof cement. Drying shrinkage was also evaluated. Experimental results confirmed that the compressive strength decreases as theamount of PCM increases. Furthermore, the higher the PCM content, the higher the drying shrinkage. The results confirm thepossibility of manufacturing cement-based renders containing up to 20% by weight of PCMmicrocapsules with respect to binder.
 1. Introduction
 With the dawn of twenty-first century, the sustainable devel-opment in terms of economic, social, and environmentalfields is gaining more and more importance. Sustainability inthe construction industry [1] can be achieved through threedifferent main routes based on the abatement of atmosphericemissions [2–4] and reuse or recycling of natural resources[5–8] and the reduction of raw materials quarrying [9–13].Heating and cooling of buildings and domestic hot waterproduction require about 40% of energy consumption of thewhole European community. In theMediterranean area, Italyis the country with the highest energy consumption for resi-dential buildings since the majority of the existing buildingswere built in the second half of the last century, neglectingenergy saving strategies. As a result, a typical Italian house hasan average energy consumption of 140÷ 170 kWh/m2⋅year forheating purposes [14] and also the summer cooling playsan important role in terms of energy consumption. Further-more, the energy used for houses mainly comes from fossilfuels, whose consumption is increasing and it is becoming
 environmentally unsustainable. In a real estate market char-acterized by growing demand for high quality buildings, liv-ing comfort is becoming a key factor. Acoustic, temperature,humidity and, in general, living comfort togetherwith a betterair quality are necessary to improve the Indoor Environmen-tal Quality (IEQ).
 The heating energy produced during the winter and cool-ing energy produced during the summer tend to naturallyflow towards the environment. In order to reduce temper-ature fluctuations, such flux has to be reduced to improvethermal comfort. Dispersion to the outside can be reduced byimproving the building envelope, for example, by usingmate-rials characterized by low thermal conductivity. This is themain strategy for the maintenance of the thermal conditionsinside the building. In recent years, the increasing require-ments in terms of life quality and living comfort have mod-ified the function of the building envelope, achieving morecomplex features. As an example, the increasing use of under-floor heating systems in combination with suitable buildingenvelope thermal insulation ensures itself homogeneous
 Hindawi Publishing CorporationAdvances in Materials Science and EngineeringVolume 2016, Article ID 7254823, 6 pageshttp://dx.doi.org/10.1155/2016/7254823
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2 Advances in Materials Science and Engineering
 distribution of the heat in the house at low temperatures ofheating fluids.
 The achievement of building energy efficiency is also pos-sible thanks to the use of thermal energy storage techniques.The contribution of these technologies is reflected bothdirectly, through the extensive use of the thermal energysupplied by solar radiation, and indirectly, by improving theheating and cooling systems operating strategies.The thermalenergy storage (TES) systems provide efficiency not only inthose areas characterized by particularly cold climates, butalso in temperate zones. They permit to “store” a certainquantity of energy to be used in subsequent periods, afterthe accumulation phase. This translates into the ability of thebuilding enclosure to counteract the heat flux, contributingto the reduction of thermal fluctuations. The TES systemsstore energy during the accumulation period (charge) andthen release it later through the phase transition. The mostimportant characteristics of a storage system are essentiallythe duration, that is, the time during which the energy canbe stored efficiently, the accumulation density, that is, theamount of energy stored in the unit of volume (measured inkWh/m3), and the efficiency, given by the ratio between theenergy extracted during discharge and the energy stored dur-ing the charge. The thermal storage systems can be classifiedas SHTES (Sensible HeatThermal Energy Storage) if the heatis stored into material during temperature fluctuations andLHTES (Latent Heat Thermal Energy Storage) if the heat isstored in almost isothermal conditions, during phase tran-sition. The LHTES offers a series of advantages, as a reducedtemperature difference between the accumulation and releasecycles. These systems are based on the use of phase-changematerials (PCM), which are materials able to absorb andrelease energy during the phase transition. Among all thethermal energy storage methodologies, LHTES obtained byusing phase-change materials is the best energy storagesystem because it allows considerable improvements in termsof energy efficiency [15–19]. PCM for thermal regulation ofbuildings can be integrated into lime, gypsum, cement, orother raw materials through direct mixing or impregnation.Over the past forty years, many materials have been studiedto assess the performances of several types of PCM.The sub-stances were mainly hydrated salts, paraffinic waxes, fattyacids, organic and inorganic polymers, and eutectic com-pounds [20–22]. Paraffin is themost promising phase-changematerial due to high latent heat, low cost, low vapour pres-sure, good thermal and chemical stability, and nontoxicity.However, paraffin suffers subcooling and liquid loss duringthe solid-liquid phase transition. Such issues can limit theiruse in several applications. PCM can be subdivided into threemain groups, depending on the temperature at which thetransition occurs. There are low temperature thermal stor-age systems characterized by phase transition temperatureslower than 15∘C, intermediate temperature systems workingbetween 15–90∘C, and high temperature systems above 90∘C.PCM can also be classified according to the phase transition:gas-liquid, solid-gas, solid-liquid, and solid-solid. In thebuilding industry, PCMs with solid-liquid phase transitionare of great interest, since they allow to store considerable
 amounts of energy in the range of temperatures between 15and 40∘C. In the light of this consideration, paraffin is themost promising solid-liquid phase-change material availablenowadays. In addition, the average length of the hydrocarbonchainmay bemodified to adjust both the temperature and theheat of fusion.The commercial paraffinwaxes and other pureparaffin exhibit stable properties and good thermal reliabilityeven after thousand cycles [23, 24].
 Phase-changematerials are generally enclosed in capsulesto be embedded in structural elements and to avoid the dis-persion into the cement matrix. The shell of the capsuleshould resist physical actions resulting from collisions withaggregates, shear stresses during the mixing procedure, andchemical actions promoted by the alkaline environment of atraditional cement-based material. In addition, it should bethermally efficient and have a high specific surface area toincrease the thermal energy transfer efficiency. For this pur-pose, the microencapsulation technique meets all these req-uirements and the microencapsulated phase-change materi-als MEPCM have attracted considerable attention for morethan twenty years. The microencapsulation technology iswidely used in several industrial sectors, that is, textiles, adhe-sives, cosmetics, medicines, and other medical applications.The MEPCM are also used in solar energy installations andadvanced building materials.
 However, the use of microencapsulated PCM in variousapplications for heat control is limited due to increasing costs.In addition, the shell-like structure of the MEPCM reducesthe natural convection and increases the rate of heat transfer,further reducing the thermal storage per unit of volume. Toovercome this, the PCM can be macroencapsulated in highvolume containers—up to several litres—to be put insidespecial features in the structural elements.
 PCMs were taken into account for the thermal storage inbuildings since 1980.TheTES systems can be applied to build-ings to attain two different aims: the exploitation of the heatof the sun or the cold night air and the efficient conversionof artificially produced energy. There are different types ofpassive systems, which are characterized by achieved energygain. PCMs may be conveniently inserted in the perimeterwalls or in other components of the buildings to ensure aprogressive release of heat when the internal or external tem-perature reaches themelting point of thematerial. Nowadays,the most important phase-change material for these applica-tions exhibits a melting temperature between 22 and 25∘C,which is the interval of heating and cooling of zero-energybuildings. Among the many applications that involve theinclusion of PCM for building elements, we can cite theTrombe walls, laminate coatings, light walls for prefabricatedstructures, blinds and shutters, bricks, floor heating systems,ceiling panels, and others.The possibility of using thesemate-rials in such a high number of applications emphasizes theneed to develop high performance PCMs and define suitabledesign rules for practical applications. In addition, evaluationprocedures are needed to assess the benefits deriving from theapplication of such technologies.
 In recent years, many researches dealing with the appli-cation of PCMs in cementitious or gypsum-based plastershave been performed [25–32]. Authors confirmed the need
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 Table 1: Mix design.
 Type CEM I 42.5R Hydrated lime Water Aggregates PCMRM 240 g 80 g 275 g 1680 gPCM 5 240 g 80 g 375 g 1680 g 100 gPCM 5∗ 300 g 80 g 340 g 1620 g 100 gPCM 10 300 g 80 g 430 g 1620 g 200 gPCM 10∗ 360 g 80 g 400 g 1560 g 200 gPCM 20 360 g 80 g 580 g 1560 g 400 gPCM 20∗ 420 g 80 g 580 g 1500 g 400 g
 to increase the dosage of PCM up to 50% by mass toachieve benefits in terms of energy storage. The studies showthat the PCM addition results in an slight increase of thespecific heat and decrease in thermal conductivity of thematerials, but significant increase in the thermal inertia wasfound. Researches also highlight that the performances arenot linearly related to the PCM dosage. The heat storagecapacity increases with the amount of microcapsules and theincorporation of paraffin well increases the total heat storedby the mixture. The thermal energy stored by the plaster atthe maximum dosage of MEPCM is more than two and ahalf times compared to reference. Finally, it was observedthat the latent heat significantly increases with the amountof microcapsules and paraffin content. Plasters seem to be themore promising application of PCM for the building industry,although it is necessary to investigate more in depth theeffects of the addition of PCMon the rheological,mechanical,and physical properties of the material.
 2. Experimental
 Ten renders were manufactured (Table 1) by changingmicroencapsulated PCM content, binder/PCM ratios, andadmixtures. Renders were manufactured with cement CEMI 42.5 R, hydrated lime, natural siliceous aggregates with2.5mm maximum diameter, and air-entraining agent at adosage of 0.1% by solids mass. Mixtures were designed byconsidering the same amount of dry solids (cement, lime,and aggregates), equal to 2000 g. Methylcellulose was addedin order to improve the thixotropy and plasticity. Shrinkagereducing admixture based on ethylene glycols was also used[33]. Commercialmicroencapsulated PCMs (n-heptadecane)with characteristic diameter of 5 𝜇m, thickness of the shellof PMMA microcapsule equal to 0.1–0.2𝜇m, and meltingtemperature equal to 23∘Cwere used.ThemicroencapsulatedPCMs were added at percentages of 5%, 10%, and 20% bysolids mass. Several mixtures were manufactured: in the firstseries—named normal mortars—only the cement contentwas varied and such variation implies the reduction of aggre-gates content to achieve the same amount of dry solids. Thesecond series—identified by the asterisk—was manufacturedwith a higher binder content, a lower water/binder ratio, anda different content of aggregates in order to achieve compres-sive strength at least equal to the reference render without
 0
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 Figure 1: Water demand as a function of PCM content.
 microcapsules. The water dosage was adjusted in order toachieve a constant workability at the end of the mixing pro-cedure, equal to 150mm spreading. Rheological andmechan-ical tests were performed. The shrinkage was measured bothon prismatic specimens (40 × 40 × 160mm) according toUNI EN 12617-4 and by means of devices able to measure thereal-time deformation of the mixture in plastic and hardenedconditions by means of electronic calipers.
 3. Results and Discussion
 Theexperimental data confirmahigherwater demandby inc-reasing PCM dosage, up to 75% for the render with the maxi-mum dosage of microcapsules (Figure 1). The effect is mainlyascribable to the higher specific surface of the microparticlesand is directly connected to the need to increase the volumeof cement paste as the amount of microcapsules increases. Asa consequence of this, it is necessary to increase the amountof binder to attain the target workability at the same water/binder ratio, since the use of plasticizers or superplasticizerstechnologically would affect the thixotropy of the mixture.The increase of the PCMdosage causes a decrease in the com-pressive strength. Data collected at 28 days (Figure 2) showed

Page 4
                        

4 Advances in Materials Science and Engineering
 0%20%40%60%80%
 100%120%140%160%180%
 RM
 PCM
 5%
 PCM
 5%
 ∗
 PCM
 10
 %
 PCM
 10
 %∗
 PCM
 20
 %
 PCM
 20
 %∗
 Figure 2: Compressive strength of mortars (data normalized with respect to reference mortar RM).
 a marked decrease related to PCM addition. An increase ofthe binder content at the same w/c ratio permit itself to par-tially mitigate such behaviour, meaning that the cement pasteamount is a key factor affecting the ability to embed micro-capsules and limit clustering effect. A further reduction ofthe water/binder ratio coupled with an increase with the bin-der content permits to achieve higher compressive strengthvalues compared to reference RM, meaning that an improve-ment of the quality of cement paste permits to mitigate thenegative effect of microcapsules addition on the compressivestrength.At themaximumdosage ofmicrocapsules—equal to20% bymass—the content of cement was increased by 50% toachieve rheological andmechanical properties comparable tothe reference render RM. The shrinkage is also significantlyaffected by the addition of microcapsules. The higher theamount of PCMs, the higher the shrinkage. High shrinkagevalues are mainly due to the higher volume of cement paste,the lower dosage of aggregates, and the increasing amount ofPCM, which are characterized by low stiffness due to theirchemical nature. However, this effect can be mitigated by theaddition of SRA with a significant decrease in shrinkage justafter 7 days (Figure 3). Morphological characterization of thefracture surfaces of specimens was carried out after compres-sive strength tests.The images collected bymeans of scanningelectron microscope on specimens manufactured with thehigher amount of microcapsules showed the presence ofembedded, unbroken capsules, and damaged microcapsuleshells (Figure 4). The microcapsule distribution is quiteuniform and only the presence of few microcapsule clusterswas noticed. However, the rupture of several shells has to befurther investigated to determine the causes, most probablyrelated to the mechanical action of the high speed mixingdevice.
 4. Conclusions
 Thepaper is devoted to the study of themechanical and rheo-logical behaviours of cement-based renders manufacturedwith PCM to improve energy saving and living comfort of
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 Figure 3: Dry shrinkage of mortars normalized with respect toreference mortar RM.
 buildings. Specifically, it moves from the literature analysis ofthe most suitable application of PCM in the building indus-try to address their application in cement-based renders.Nowadays, several systems with PCM are investigated andit is therefore necessary to outline the areas of use of suchproducts in order to maximize and optimize their perfor-mances. The results confirm that the production of cement-based renders with PCMup to 20% bymass is technologicallyfeasible. The experimental data confirm a higher waterdemand by increasing PCMdosage.The effect ismainly ascri-bable to the higher specific surface of the microparticles. Theincrease of the PCM dosage causes a decrease in the com-pressive strength at 28 days. The effect can be only mitigatedby increasing the binder content and by decreasing the water/binder ratio. The increase of the amount of PCMs causes anincreases in the shrinkage, which can be reduced only by theaddition of SRA. A more in-depth assessment of the effect ofmicrocapsules damage is further needed.
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 (a) (b)
 Figure 4: Image at SEM of the mortar with 30% PCM by binder mass (a) and details of cement matrix with high dosage of microcapsules(b).
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