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This work deals with the study of bio-sourced organic Phase change materials (BO-PCM) to replace petroleum-based ones currently in use in an installation coupling a Heat Ventilation and Air-Conditioning (HVAC) system with a module of Thermal Energy Storage (TES). The most adapted ones are selected to reduce their cost and their environmental impact while ensuring a satisfactory operation and an excellent energy efficiency of the building in which they are integrated. The screening step leads to the identification of the BO-PCM criteria of interest, their non-comprehensive listing relying on an accelerated screening based on infrared thermography and the refinement of the results obtained with Differential Scanning Calorimetry (DSC). Two eutectic mixtures of fatty acids (88% capric acid and 12% palmitic acid) and another one (83% capric acid and 17% myristic acid) are identified as promising economic and eco-friendly alternatives. Presenting crystallization/meting temperatures in the 24.58-26.10 °C and 21.36-24.14 °C range respectively, these 2 BO-PCM could compete with petroleum-based ones as latent heat storage material in the HVAC-TES prototype due to their interesting thermophysical properties, their low-cost, their low hazard, their renewable origin and their energy density in the range of the three petroleum-based PCM currently in use in this prototype.

Introduction

Phase Change Materials (PCM) represent a rising research topic, with an exponential growth of the number of scientific publications since 2003 with more than 10000 articles published in 2014. The first works related to the study of PCM date back to 1949, but it is not until the end of the 70s that PCM begin to be used for TES in buildings and storage systems for solar energy. Since then, a large number of PCM have been studied [START_REF] Abhat | Low temperature latent heat thermal energy storage: heat storage materials[END_REF][START_REF] Zalba | Review on thermal energy storage with phase change: materials, heat transfer analysis and applications[END_REF][START_REF] Gibout | Challenges of the Usual Graphical Methods Used to Characterize Phase Change Materials by Differential Scanning Calorimetry[END_REF][START_REF] Sharma | Review on thermal energy storage with phase change materials and applications[END_REF][START_REF] Sarier | Organic phase change materials and their textile applications: An overview[END_REF][START_REF] Zalewski | Efficient Characterization of Macroscopic Composite Cement Mortars with Various Contents of Phase Change Material[END_REF][START_REF] Kenisarin | Themophysical properties of some organic phase change materials for latent heat storage. A review[END_REF][START_REF] Pielichowska | Phase change materials for thermal energy storage[END_REF][START_REF] Sharma | Developments in organic solidliquid phase change materials and their applications in thermal energy storage[END_REF][START_REF] Kenisarin | Salt hydrates as latent heat storage materials: Thermophysical properties and costs[END_REF][START_REF] Qureshi | Recent advances on thermal conductivity enhancement of phase change materials for energy storage system: A review[END_REF][START_REF] Rozanna | Fatty Acids as Phase Change Materials (PCMs) for Thermal Energy Storage: A Review[END_REF][START_REF] Zhang | Thermal energy storage: Recent developments and practical aspects[END_REF][START_REF] Zhang | Latent heat storage with tubular encapsulated phase change materials (PCMs)[END_REF]. PCM used for TES storage are an important class of materials which substantially contribute to the efficient use and conservation of waste heat and solar energy. Their use for latent heat storage allows providing a greater energy density with a smaller temperature difference between the energy charge and discharge than the sensible heat storage. The first studied PCM were salt hydrates because of their low-cost (<1€/kg), their high energy densities (60-180 kWh/m3) and their relatively high thermal conductivities (0.8 W/m/K). Additionally, with melting temperatures ranging from -30 °C to 120 °C, they allow covering a large range of applications. They nevertheless present several drawbacks such as large undercooling ranges, stability issues because of non-congruent melting and corrosivity.

Amongst the widely studied organic PCM, paraffins, fatty acids and their derivate (fatty alcohols, fatty esters, triglycerides), diols and polyethylene glycol (PEG) can be cited. Contrarily to salt hydrates, these PCM melt congruently which ensures their stability to thermal cycling. Moreover, they crystallize with negligible undercoolings (at the exception of PEG) and are not corrosive. They also allow covering a wide range of operating temperatures, including the salt hydrates ones. They are mostly neither toxic nor dangerous. However, in comparison with salt hydrates, their energy densities are lower (20-70 kWh/m3), so are their thermal conductivities (<0.25 W/m/K) and their price are slightly superior. In addition, paraffins, which dominate the current market for PCM, are petroleum-based. This work takes place in the frame of Interreg SUDOE SUDOKET project which aims for a sustainable urban development, with as a final objective to contribute in improving the energy efficiency of existing buildings. The trend in the study and development of new PCM [START_REF] Del Barrio | New phase change materials for latent heat storage[END_REF] follows the objectives hereafter: i) to replace paraffins, dominating the current market, by PCM with a renewable origin to reduce the environmental impact of systems while providing high energy efficiency ; ii) to significantly reduce the cost of investment in such energy storage technologies, either by using PCM with a very low cost and/or with a high energy density, or by drastically simplifying storage systems (for instance, by eliminating heat exchangers) ; iii) to increase the compactness of storage systems and sensibly improve the properties of PCM. To reach these goals, a screening step is mandatory. This step consists in reviewing a large quantity of materials in order to select the most adapted for the aimed application by relying on rigorous selection criteria.

Aimed application and associated selection criteria

HVAC-TES prototype based on petroleum-based PCM

An HVAC-TES prototype was developed in the frame of the MCPFlex project [16][17][START_REF] Ortega | Design and optimization of PCM-air heat exchangers[END_REF], coordinated by D. Bruneau (from Bordeaux Institute of Mechanics and Engineering [19]) and J. Lopez (Nobatek-INEF4). The objective of this project was the development of a PCM-based air cooling pilot/demonstrator using petroleum-based PCM from Rubitherm RT21, RT24 and RT26 [START_REF] Rubitherm | [END_REF]). This prototype allows for the cooling/heating of a meeting room and an office (capacity of 10 and 6 persons respectively) in the Nobatek-INEF4 building. The HVAC-TES prototype currently allows maintaining a comfortable temperature (comprised between 21 and 25 °C) in these 2 rooms (see Figure 1). b a

Figure 1. Nobatek-INEF4 building including the HVAC-TES prototype developed in the frame of the MCPFlex project and currently in use at Nobatek-INEF4 : a. Picture of the building ; b. Map of the building including the location of the HVAC-TES prototype (red) and the cooled rooms (darkened) [16].

The HVAC-TES prototype is composed of:

-a storage module integrating PCM to store heat or cold depending on the operating mode, -a double-flux heat exchanger to preheat or cool the air incoming the building with the energy of the existing air, -a distribution and recirculation system between the modules, the outside and the thermal areas linked to the building.

It can store the cold without the need for another energy consumption than the one needed for the air circulation. The storage module containing PCM, store the energy when it is available and discharge it when needed. Coupled with an HVAC unit, this module can be adapted to several dynamic modes of operation, in function of opportunities and the varying thermal needs [16,17]. For example, during summer, the PCM-based cooling system can store cold from the outside during the night and provide it back during the day which allows delaying the temperature increase inside the building. Contrarily to several other PCM-based systems integrated in building walls or structures, this system includes both a TES module and a HVAC one which participates in getting an optimal use of the system while improving the profitability of the product [16,17].

The PCM-based air cooling system (see Figure 2.a) currently in use at Nobatek-INEF4 is composed of a TES-module (see Figure 2.b) containing an array of cylindrical tubes filled with paraffin (either RT21, RT24 or RT26). If the temperature of one or both rooms exceeds 25°C during summer days, the PCM contained in the tubes melts (endothermal phenomenon, solid-liquid transition, energy charge period) hence allowing keeping the room temperature at a comfortable level while storing the excess heat from the other rooms. Then, when the temperature of the rooms drops below 21 °C during the night, the PCM crystallizes (exothermal phenomenon, liquid-solid transition, energy discharge period), which allows the restitution of the stored energy. That way, the room temperature is maintained between 21 and 25°C. The performances of such systems are obviously depending on the used PCM but also on the weather and the building configuration but they constitute a real potential alternative to traditional widespread HVAC systems in the building sector. This work aims at studying and selecting BO-PCM able to compete with the petroleum-based ones currently in use as storage materials in this HVAC-TES prototype in order to reduce its environmental impact while ensuring a high energy efficiency.

Selection criteria

PCM for passive TES applications in buildings must meet a certain amount of required criteria. These criteria can be associated with economic and safety considerations, and with the thermal, physical, kinetic and chemical properties of the PCM. The selected materials shall have:

-suitable transition temperatures for the aimed application, -latent heats as high as possible for these temperatures -high specific heats and thermal conductivities to maximize heat transfers and benefit from sensible heat, -high densities allowing for the design of compact storage systems, -liquid and solid densities close to each other to limit the volume expansion inside the installation, -a low vapor pressure to avoid evaporation which can impact the integrity of the system and reduce its efficiency, -sufficient crystallization kinetics to allow high energy discharges adapted to the building needs, -a low to no undercooling in order to discharge the thermal energy quickly and in the aimed temperature range, -durable thermal and chemical stabilities to be able to sustain a large number of transition cycles without alteration of its properties, -a low hazard (i. e non-toxic, non-corrosive, non-flammable, non-explosive), -a price as low as possible

As mentioned in the introduction, the materials used in the HVAC-TES prototype are Rubitherm paraffins RT21, RT24 and RT26 whose main thermos-physical properties are listed in Table 1 [20]. To settle with threshold values associated with the selection criteria of the BO-PCM, we must be able to list materials of comparable purities and origin. In that frame and to make a rigorous and reliable selection, we consider materials with a 98-99% purity that can be purchased from the main chemicals suppliers. Then, suppliers in bulk will be considered for much lower prices. The Rubitherm paraffins being alkane blends, they cannot be chosen as reference materials. We therefore chose the Octadecane as alkane of reference because it is adapted to our temperature range (see Table 1) [21].

For a 99% purity, its price is around 180 €/kg. As for its hazardousness, it represents according to the NFPA classification a sanitary risk of level 2 (Health: H), a risk of flammability of level 1 (Fire: F) and risk of reactivity null (Reactivity: R). Consequently, we are looking through this listing, the materials possessing similar or better characteristics:

-regarding the hazardousness, materials with a health risk higher than 2, a fire risk higher than 1 or a reactivity risk higher than 0 will be eliminated, -regarding the price, BO-PCM with a purity equal or higher than 98% and with a price inferior to 180 €/kg are kept. 

Preselection of a class of BO-PCM from literature

Selection of a BO-PCM class

We are considering organic PCM listed by Kenisarin [START_REF] Kenisarin | Themophysical properties of some organic phase change materials for latent heat storage. A review[END_REF] and Gunasekara et al [START_REF] Gunasekara | Phase equilibrium in the design of phase change materials for thermal energy storage: State-of-the-art[END_REF] as they both extensively review all classes of PCM and their properties. The selected PCM must meet three main prerequisites: i) they must not originate from petrol ; ii) they must be available in sufficient quantity at chemicals suppliers (the final objective being a large scale application) ; iii) their melting temperature must be comprised between 20 and 80°C. For this last requirement, if no pure PCM is suitable for our aimed temperature range (21°C-25°C), then the eutectic blends of the listed materials are considered. The melting temperature at the eutectic composition being lower than the lowest one of the two pure compounds, we eliminate those being inferior to the temperature range. Once those 3 criteria met, the remaining materials are listed in Table 2. Only based on hazardousness and price, the considered materials after this preselection are: capric acid, lauric acid, myristic acid, palmitic acid and 1-Hexadecanol. Amongst them, at the exception of the 1-Hexadecanol, all are classified as fatty acids. Consequently, our study focuses on this class of materials.

Bioavailability and assessment of the applicability of fatty acids PCM on a large scale

The considered materials for further investigations include saturated fatty acids from the capric acid to the palmitic acid. It is also interesting to mention that the price from the international trade for fatty acids is estimated at approximately 3€/kg [START_REF] Oleoline | Oleochemicals' Market Prices[END_REF] contrarily to the prices indicated in Table 2 which were taken from chemicals suppliers. This is very promising regarding their integration at a larger scale.

Fatty acids are aliphatic acids part of the carboxylic acids. They consist in long open carbon chains (saturated or not), beginning with a methyl group (CH3) and ending with a carboxyl one (COOH). They are present in most living resources (animal or vegetal) in the form of triglycerides (glycerol combined with three fatty acids) and even representing about 95% of lipid sources in food. We mainly find them in animal fats or vegetable oils or they are obtained by hydrolysis of triglycerides (see Table 3) [START_REF] Scrimgeour | Chemistry of Fatty Acids[END_REF]. [START_REF]Oilseeds: World Market and Trades[END_REF]. In addition to being common constituents of animal fats and vegetable oils, they are used in many everyday applications such as pharmaceutics, cosmetics, lubricants or biofuels. Fatty acids have been identified by Maximo et al. [START_REF] Maximo | Trends and demands in the solid-liquid equilibrium of lipidic mixtures[END_REF] to be of great interest. Indeed, as highlighted by the data from the USDA and the OECD-FAO [START_REF]Oilseeds: World Market and Trades[END_REF][START_REF]OECD/Food and Agriculture Organization of the United Nations[END_REF] (see Table 3), the world production of meats and vegetables oils has known a continuous growth over the years. As major compounds in animal and vegetal fats, we easily picture that the evolution of their availability will follow the same trend. Consequently, as widely available resources, Maximo et al. [START_REF] Maximo | Trends and demands in the solid-liquid equilibrium of lipidic mixtures[END_REF] underline the urge to study fatty acids and their derivate (fatty alcohols, fatty esters, triglycerides) and to characterize the thermophysical properties of the pure compounds and of their blends.

Table 3. Evolution of meat and vegetable oils production worldwide

During the preselection (see sub-section 2.2), the stearic acid was eliminated due to its elevated price. However, by the look of Table 3, the elimination can be argued because even though its price is high today, it remains a major constituent of animal and vegetal fats and its price may be susceptible to a decrease in the years to come. Consequently, it will not be part of the selected materials for the replacement of the paraffins in the HVAC-TES prototype but we choose to consider it. Therefore, if its price were to significantly drop, it could easily become a viable alternative.

Thermophysical properties of pure fatty acids

Considering the targeted application, fatty acids and their derivate appear to be a low-cost solution for TES. They are characterized by paraffin-like storage properties and can be obtained for melting temperatures ranging from -23 °C to 78 °C [START_REF] Kosny | Dynamic thermal performance analysis of fiber insulations coating bio-based phase change materials[END_REF][START_REF] Jeong | Improvement of the thermal properties of Biobased PCM using exfoliated graphite nanoplatelets[END_REF][START_REF] Biswas | Low-cost phase change materials as an energy storage medium in building envelopes: Experimental and numerical analyses[END_REF][START_REF] Jeong | Thermal performance evaluation of Bio-based shape stabilized PCM with boron nitride for energy saving[END_REF]. They present a competitive calorific potential in comparison with water and paraffins. The use of fatty acids as PCM for TES is studied since 1989 with Feldman et al. [START_REF] Feldman | Energy storage composite with an organic PCM[END_REF]. A patent, submitted in 2001 by Suppes [START_REF] Suppes | Fatty-acid thermal storage devices, cycle, and chemicals[END_REF], proposes a solution for the mass production of fatty acids and their derivate from natural resources. Since, their interest as PCM has known a growing interest because of their melting temperature, adapted for applications at low to medium temperatures, and because of their latent heats, comprised between 100 and 300 J/g. In addition, they also present interesting specific heats, they are safe of use (non-toxic, non-corrosive, non-flammable), present low evaporation rates and are not prone to undercooling. Although their applicability as PCM has already been studied, their integration to TES systems at a large scale is still to be investigated. Some of the thermal and physical properties of the preselected BO-PCM appear in literature and are respectively listed in Tables 4 and5. Fatty acids appear to present interesting properties for the targeted application. Indeed, amongst the previously mentioned selection criteria, we notice that fatty acids meet a lot of them. In fact, from the documented thermophysical properties, we can estimate the energy density of these materials between 33 kWh/m 3 and 63 kWh/m 3 . Moreover, their properties seem very stable by the negligible loss of performances recorded after 3000 charge-discharge cycles [START_REF] Kahwaji | Fatty acids and related phase change materials for reliable thermal energy storage at moderate temperatures[END_REF]. Their evaporation rates also appear to be rather low which will allow limiting the degradation of the installations. As for their hazardousness, they only show minor sanitary risks and have a low flammability risk. Additionally, their undercooling range is relatively restricted and remains rather low. However, the objective assessment of the properties of these PCM for their integration in the HVAC-TES prototype can only be achieved through the comparison with the petroleum-based ones already in use. By comparing Tables 2 and4, one can notice that the properties of the selected pure fatty acids are in the range of the ones of the paraffins currently integrated in the HVAC-TES prototype. The energy densities of the paraffins appear slightly higher but its likely due to the fact they are overestimated as the latent heat indicated by the supplier accounts for a part of sensible heat in the value. However, none of the melting temperatures of the pure fatty acids listed in Table 4 are fit for the targeted application (21-25 °C). A screening of their blends (binary systems of capric, lauric, myristic, palmitic, and stearic acids) is therefore performed in order to identify whether some of them show transition temperatures in the range of our application.

Screening

The purpose of this step is to identify one or more eutectic blends of fatty acids with transition temperatures in the suited range and with latent heats able to compete with the 3 paraffins used in the HVAC-TES prototype. The identification of these eutectic mixtures requires the establishment of the phase diagrams of each studied systems. The phase diagram is a primordial tool in the domain of material sciences. It is a graphical representation bringing insightful thermodynamic knowledge useful for the synthesis, the elaboration and the analysis multi-component systems, at equilibrium conditions. The phase diagram also brings information regarding the behavior and the macroscopic properties enabling an improved interpretation of experimental results. Finally, this tool is an essential input for the simulation and modeling of materials evolution and properties.

Materials and studied binary systems

The pure studied materials are the capric acid, lauric acid, myristic acid, palmitic acid and the stearic acid. General information are given in Table 6. A total of 10 binary systems of fatty acids are studied here: CA+LA, CA+MA, CA+PA, CA+SA, LA+MA, LA+PA, LA+SA, MA+PA, MA+SA and PA+SA. 

Methodology

The screening methodology used here for the selection of eutectic blends of fatty acids includes two steps.

Phase diagram estimation of each studied binary system

In this study, the phase diagrams of 10 binary systems of fatty acids are established. The standard calorimetric methods used for the establishment of phase diagrams are accurate but can be very time-consuming. These methods rely on the successive analysis of individual samples. Consequently, obtaining a phase diagram including the data of a sufficient amount of samples can easily take months. In this work, an alternative method based on infrared thermography, called IRT method, is used (more details are available in [START_REF] Mailhé | Phase diagrams of fatty acids as biosourced phase change materials for thermal energy storage[END_REF][START_REF] Mailhé | Improved infrared thermography method for fast estimation of complex phase diagrams[END_REF][START_REF] Mailhé | Fast and low-cost calorimetry method based on infrared thermography for Phase diagrams estimation[END_REF]). IRT method enables the fast estimation of phase diagrams (1-3h). The principle of this method (detailed in sub-section 3.4) allows simultaneously analyzing a large number of compositions and therefore constitutes a fast and efficient mean of obtaining approached phase diagrams whose accuracy can be locally improved by the use of more standard methods.

Transition enthalpies measurement of the selected systems and refinement of their eutectic composition

Once a phase diagram is established using IRT method, the eutectic compositions are identified. If the temperature of the eutectic point is within or close to the suitable temperature range, the system at this particular composition is selected. This composition is then studied using a DSC in order to precisely determine its transition temperatures and latent heats. The phase diagram is therefore refined at the selected points of interests.

Sample preparation

For each binary system of fatty acids, 101 different compositions ranging from 0% to 100% (by 1% increments) are prepared from pure fatty acids in powder form. In this work, all compositions are given in molar fraction. The mass of the pure fatty acids is weighted for each composition using a Mettler Toledo weighing scale with an accuracy of 0.03 mg.

Once all the compositions of the binary systems prepared, they are melted and a liquid droplet at each composition is deposited on an aluminium plate (110 mm x 75 mm x 1 mm) using a droplet depositing robot. The latter allows controlling the size, the volume (6-25 μL) and the position (9mm spacing) of each droplet with accuracy. The temperature of the plate is then lowered until all droplets are crystallized. In the frame of IRT method, the term sample refers to the ensemble {aluminium plate + droplets}. An example of a sample is shown in Figure 3. 

Phase diagram estimation using the IRT method

The experimental protocol is identical to the one described in [START_REF] Mailhé | Phase diagrams of fatty acids as biosourced phase change materials for thermal energy storage[END_REF][START_REF] Mailhé | Improved infrared thermography method for fast estimation of complex phase diagrams[END_REF] where the applicability of IRT method to fatty acids binary is demonstrated. The sample previously described is placed on a heating-cooling system. It is submitted to a heating ramp starting with an isothermal step at Tfmin -25°C, with Tfmin the melting temperature of the lowest pure fatty acid in the studied system. This step lasts up to the reach of a stable temperature ensuring the temperature homogeneity in the whole sample. It is then submitted to a heating ramp at a rate of 1°C/min, chosen low enough once again to ensure the temperature homogeneity between the droplets and the aluminium plate. This ramp ends with another isothermal step at Tfmax + 10°C, with Tfmax the melting temperature of the higher fatty acid in the studied system. The temperature of the sample is monitored and recorded with a thermocouple placed on the aluminium plate (see Figure 4). Along the heating experiment, an infrared camera records a movie of the sample. The used camera is the OPTRIS PI 450 allowing here frame acquisitions at a 382 x 288 resolution and a frequency of 10 Hz. It has been demonstrated that a phase transition in a droplet is associated to an abrupt variation of the infrared signal recorded by the camera. Therefore, by following the infrared signal in each droplet through the recorded movie, it is possible to identify phase transitions for each composition of a binary system and consequently to establish its approached phase diagram. The interpretation of the measurements however requires a part of signal and image treatment beforehand. The detail of these treatments as well as information regarding the experimental setup can be found in [START_REF] Mailhé | Phase diagrams of fatty acids as biosourced phase change materials for thermal energy storage[END_REF][START_REF] Mailhé | Improved infrared thermography method for fast estimation of complex phase diagrams[END_REF][START_REF] Mailhé | Fast and low-cost calorimetry method based on infrared thermography for Phase diagrams estimation[END_REF].

Refinement and validation

The determination of the transition temperatures and of the latent heats is performed using a DSC for the identified eutectic compositions. The used equipment is a DSC 131 provided by SETARAM. For each analysis, samples of around 10 mg are weighed using a Mettler Toledo scale with a 0.03 mg accuracy. The samples are placed in alumina crucibles. Beforehand, DSC has been calibrated with Gallium (Purity: 99.9999%), Indium (Purity: 99.995%), Tin (Purity: 99.999%) and Lead (Purity: 99.999%) in order to validate the measurement accuracy in the 29-330 °C range. Measurements are also made at a few selected to validate the results provided by IRT method. For these experiments, the same heating ramp of 1°C/min than for IRT method has been applied.

Results and selection of a short-list of promising BO-PCM

The method is applied for the estimation of the 10 binary systems of fatty acids: CA+LA, CA+MA, CA+PA, CA+SA, LA+MA, LA+PA, LA+SA, MA+PA, MA+SA and PA+SA. 

Presentation of the 10 estimated phase diagrams

. Phase diagram of the binary system PA+SA obtained using IRT method, DSC measurements and literature [START_REF] Costa | The solid-liquid phase of binary mixtures of consecutive, even saturated fatty acids[END_REF].

Selection of the binary systems of interest according to criteria mentioned in 2.1 and to refinement results

From the estimated phase diagrams visible in Figures 5 to 8, only 3 systems have an eutectic point whose transition temperature is within the suited range: CA+MA, CA+PA and CA+SA. Although it is adapted to our temperature range, we can already eliminate the CA+SA binary system unless a notable price decrease occurs, then it could be added to the short-list of selected BO-PCM.

For each studied binary system, the eutectic composition is identified and each sample is analyzed by DSC according to the protocol previously mentioned in sub-section 3.4. The results of these analyzes are visible in Table 8 and the DSC curves appear in Figure 9. The energy densities of the two selected binary systems at eutectic composition (CA+MA and CA+PA) are respectively approximately 33 kWh/m 3 and 36 kWh/m 3 . These values are promising as they are in the range of the 3 paraffins currently in use in the HVAC-TES prototype, as seen in Table 1. These eutectic compositions of fatty acids binary systems offer an interesting alternative due to their interesting thermophysical properties, their low-cost and their renewable origin.

Conclusion

The purpose of this work aimed at studying and selecting biosourced organic PCM (BO-PCM) to replace petroleum-based ones currently in use in a HVAC-TES prototype participating in improving heat management and energy efficiency in its building of integration. In that frame, a screening of BO-PCM has been performed considering fatty acids, fatty alcohols, fatty esters, diols and amides. The review based on price/availability, hazard and renewable origin led to the preselection of the fatty acids class of PCM and more precisely: capric acid, lauric acid, myristic acid, palmitic acid and stearic acid. A following assessment of their characteristics and thermophysical properties, showed promise regarding their integration in the large scale HVAC-TES prototype, however, none of them presented transition temperatures in the temperature range of interest for our application (21-25 °C). We then proceeded to the study of the fatty acids binary systems in search of eutectic blends suited for the targeted range. An accelerated screening method based on infrared thermography (IRT) has been employed to quickly establish binary systems of interest and their respective eutectic compositions. The outcome of these experiments was the identification of two suitable eutectic mixtures (one with a molar composition of 88% capric acid and 12% palmitic acid and another one with a composition of 83% capric acid and 17% myristic acid) as promising economic and eco-friendly alternatives for the currently used petroleum-based PCM in the HVAC-TES prototype. The IRT results were refined using DSC measurements and for both showed transition temperatures in our range of applications (presenting crystallization/meting temperatures in the 24.58-26.10 °C and 21.36-24.14 °C range respectively) and energy densities comparable to the paraffins in use in the prototype. In addition, they are characterized by interesting complementary thermophysical properties, they are low-cost, not hazardous and of renewable origin. Therefore, they could compete with the petroleumbased PCM integrated in the HVAC-TES prototype while reducing its environmental impact and still ensuring an adequate operation and energy efficiency of the system. Further works aim at integrating these BO-PCM in the HVAC-TES prototype in order to quantitatively assess their efficiency and applicability as large scale storage materials instead of the petroleum based ones.
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 2 Prototype developed in the frame of the MCPFlex project and currently in use at Nobatek-INEF4: a. HAVC-TES prototype overview ; b. TES-module containing an array of cylindrical tubes filled with paraffin in solid phase[16,17].
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 3 Figure 3. Picture of a typical sample composed of 96 droplets corresponding to 96 different compositions deposited (every 9 mm using a droplet depositing robot) on an aluminium plate (110 mm x 75 mm x 1 mm).
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 4 Figure 4. Heating protocol of the sample (plate + 96 droplets of different molar compositions) for IRT method (Tfmax = Higher melting temperature of the two fatty acids for the studied system ; Tfmin = Lower melting temperature of the two fatty acids for the studied system ; β= heating rate)
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 5567 Figures 5 to 8 illustrate the phase diagrams obtained for the 10 studied binary systems.

Table 1 .

 1 Main

		RT21 RT24 RT26 Octadecane
	Latent heat (J/g)	155*	160*	180*	241
	Density	S:880	S:880	S:880	S: TBD
	(kg/m 3 )	L:770	L:770	L:750	L:775
	Specific heat (J/g/K)	2	2	2	2.22
	Thermal				
	conductivity	0.2	0.2	0.2	0.145
	(W/m/K)				
	Melt./Solid.				
	temperature	18-23 21-25 25-26	28
	(°C)				
	Energy				
	density	35.52 36.67 40.75	52
	(kWh/m 3 )				
	Hazard** (NFPA)		H2/F1/R0		H2/F1/R0

thermophysical properties of the paraffins from Rubitherm (RT-line) in use in the prototype and of the reference alkane (L=Liquid, S=Solid)

[START_REF] Rubitherm | [END_REF]21]

.

* combination of latent and sensible heat ** H: Health, F: Fire, R: Reactivity

Table 2 .

 2 Melting temperature, price and hazardousness of the considered PCM. Products eliminated from this preselection and the elimination criterion are highlighted in red[START_REF] Kenisarin | Themophysical properties of some organic phase change materials for latent heat storage. A review[END_REF][START_REF] Gunasekara | Phase equilibrium in the design of phase change materials for thermal energy storage: State-of-the-art[END_REF].

	PCM	CAS number	Formula	Melting temperature (°C)	Price (€/kg) Purity (%)	Hazard*
			Fatty acids		
	Capric acid	334-48-5	C10H20O2	31.4	75.1 (99)	H2/F1/R0
	Lauric acid	143-07-7	C12H24O2	43.8	36.4 (99)	H2/F1/R0
	Myristic acid	544-63-8	C14H28O2	54.1	33.3 (99)	H1/F1/R0
	Palmitic acid	57-10-3	C16H32O2	62.4	38.8 (98)	H1/F1/R0
	Stearic acid	57-11-4	C18H36O2	69	>1000 (98)	H1/F1/R0
	Arachidic acid	506-30-9	C20H40O2	75	> 5000 (98)	H0/F1/R0
			Fatty acids methyl esters		
	Methyl palmitate	112-39-0	C17H34O2	29	>5000 (99)	H0/F1/R0
	Methyl stearate	112-61-8	C19H38O2	37.8	>2500 (99)	H2/F1/R0
	Methyl eicosanoate	1120-28-1	C21H42O2	46.3	> 10k (98)	H0/F1/R0
			Fatty alcohols		
	1-Dodecanol	112-53-8	C12H26O	24.1	~60 (98)	H3/F1/R0
	1-Tetradecanol	112-72-1	C14H30O	37.8	>250 (99)	H0/F1/R0
	1-Hexadecanol	36653-82-4	C16H34O	49.1	~100 (99)	H1/F1/R0
	1-Octadecanol	112-92-5	C18H38O	57.8	~650 (99)	H0/F1/R0
	1-Eicosanol	629-96-9	C20H42O	64.5	> 2000 (98)	H0/F1/R0
	1-Docosanol	661-19-8	C22H46O	70.4	~600 (98)	H0/F1/R0
			Diols		
	1,6-Hexanediol	629-11-8	C6H14O2	38-42 (SDS)	>5000 (99)	H0/F1/R0
	1,10-Decanediol	112-47-0	C10H22O2	72-75 (SDS)	~340 (99)	H0/F1/R0
			Others		
	Acetamide	60-35-5	CH3.CO.NH2	81	~100 (99)	H2**/F1/R0
	Ethyl Stearate	111-61-5	C20H40O2	33.7	> 1500 (97)	H2/F1/R0
	*H: Health, F: Fire, R: Reactivity				
	**species listed as carcinogenic				

Table 4 .

 4 Thermal properties of the pure considered PCM (L=liquid, S=Solid).

	PCM	Melting	Latent heat of	Specific	Thermal	Undercooling	Long term
		temperature	fusion (J/g)	heat	conductivity	(°C)	stability (after
		(°C)	[2,7,8, 34-36]	(J/g/K)	(W/m/K)	[34,36]	3000 cycles)
		[2,7,8, 34-36]		[35,36]			[35]
	Capric	29.62-33.15	139.77-168.77 L: 2.088-2.1	L: 0.149-0.17	0.39-5.28	∆Tm=±1.5 °C
	acid			S: 1.9-2.097	[2,7, 35,36]		∆Hm=±10%
					S: 0.21 [35]		
	Lauric	41-45.29	172.65-217.29	L: 2.1-2.3	L: 0.147-0.19	0.06-3.81	∆Tm=±1.5 °C
	acid			S: 1.7-1.8	[2,7, 35-37]		∆Hm=±10%
					S: 0.15-0.37		
					[35,37]		
	Myristic	49-5	178.14-210.70 L: 2.159-2.4	L: 0.15-0.21	0.06-5.27	∆Tm=±1.5 °C
	acid			S: 1.7-2.180	[7, 35-37]		∆Hm=±10%
					S: 0.17-0.39		
					[35,37]		
	Palmitic	58.9-64	185.4-233.24 L: 2.267-2.8	L: 0.159-0.22	0.57-6.82	∆Tm=±1.5 °C
	acid			S: 1.9-2.059	[2,7, 35,36]		∆Hm=±10%
					S: 0.3 [35]		
	Stearic	53.8-70.75	174.6-258.98	L: 2.2-2.5	L: 0.17-0.21	0.46-5.78	∆Tm=±1.5 °C
	acid			S: 1.6-1.8	[2,7, 35-37]		∆Hm=±10%
					S: 0.159-0.35		
					[35,37]		

Table 5 .

 5 Physical properties of the pure considered PCM(L=liquid, S=Solid) 

	PCM	Density
		(kg/m 3 )
		[2, 35,36]

Table 6 .

 6 Supplier and purities of considered pure fatty acids.

	BO-PCM	Acronym Supplier	Purity
	Capric acid	CA	Sigma-Aldrich 98%
	Lauric acid	LA	Sigma-Aldrich 98%
	Myristic acid MA	Sigma-Aldrich 99%
	Palmitic acid PA	Sigma-Aldrich 99%
	Stearic acid	SA	Sigma-Aldrich 98.5%

Table 7 .

 7 Thermal properties of interest of the two selected binary systems of fatty acids at eutectic composition measured using DSC and/or IRT methods. Example of thermogram for the CA+MA binary system at eutectic composition, tested by DSC for one heating-cooling cycle (the same operating conditions are used for the heating and cooling : same isothermal steps in terms of time and temperature, 1°C/min, see sub-section 3.4).

		CA+MA	CA+PA
	Eutectic composition (mol%)	83-17	88-12
	Melting temperature	24.14 (DSC)	26.10 (DSC)
	(°C)	24.24 (IRT)	27.7 (IRT)
	Latent heat of fusion (J/g)	-137.3	-148.14
	Crystallization temperature (°C)	21.36	24.58
	Latent heat of solidification (J/g)	136.16	144.26
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