EXPERIMENTAL HIGH-THROUGHPUT INFRARED THERMOGRAPHIC SCREENING OF FATTY ACID-FATTY ALCOHOL BINARY PHASE DIAGRAMS FOR TAILORED SOLAR PV/T OPERATING CONDITIONS
Summary
Organic eutectic phase change materials (PCMs) formulated by combining two or more organic compounds retain the favourable thermal stability, chemical compatibility, and high latent heat of their parent materials. Binary systems based on fatty acids and fatty alcohols can exhibit melting temperatures significantly lower than those of the individual components, making them attractive candidates for low-to medium-temperature thermal energy storage. In this study, two fatty acid-fatty alcohol binary systems (Palmitic acid/1-Hexaadecanol and Palmitic acid/1-Octadecanol) were experimentally screened to determine their phase behaviour and construct binary phase diagrams. A dynamic calorimetric methodology based on non-contact infrared thermography (IRT) was employed to simultaneously monitor phase transitions of multiple compositions within approximately one hour, substantially reducing experimental time and cost compared with conventional differential scanning calorimetry (DSC). Across all experimentally tested compositions, melting temperatures ranged from 55 to 68 °C, providing a broad, tuneable operating window suitable for customised solar photovoltaic/thermal (PV/T) system conditions. After considering application-based requirements, we further characterised three promising compositions from each binary mixture by DSC to accurately quantify phase transition temperatures, latent heat values, and useful heat capacity. Overall, infrared thermography demonstrates strong potential as a high-throughput experimental tool for rapid construction of binary phase diagrams and accelerated optimisation of eutectic PCMs for solar PV/T Operating Conditions.
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Introduction
The growing demand for methodical thermal management in solar photovoltaic-thermal (PV/T) systems has intensified interest in phase change materials (PCMs) that can regulate temperature fluctuations while recovering useful heat. Fatty acids and fatty alcohols represent an attractive class of bio-based PCMs offering chemical stability, low toxicity, biodegradability, and tuneable melting points[1]. When combined as binary mixtures, these compounds form eutectics with melting temperatures ranging between, or below, the melting point of both pure components, substantially broadening the design space for tailored solar applications. However, the performance of these mixtures depends strongly on composition, and identifying eutectic candidates with suitable melting points and latent heat remains a key challenge for PV/T integration[2, 3].
Conventional thermal characterisation of PCM candidates is typically performed using Differential Scanning Calorimetry (DSC), which provides accurate quantitative data on melting onset, peak temperature, and enthalpy of fusion. Although DSC remains the benchmark technique for thermal property determination, it is inherently low-throughput and time-intensive, making it less efficient as a preliminary screening tool for a large range of possible mixture ratios in binary compositions [4]. For binary systems, a faster and more spatially informative approach is needed to rapidly identify promising eutectic compositions before detailed calorimetric validation. Infrared Thermography (IRT) offers such a complementary route, enabling non-contact, simultaneous monitoring of temperature evolution across multiple samples under identical thermal conditions. This dynamic calorimetric method can estimate complex solid-liquid phase diagrams in only a few hours by monitoring the melting of arrays of micro‑droplets under controlled heating [5]. This method was proposed by Del Barrio et al.[6] where they demonstrated that phase diagrams of PCMs mixtures can be estimated in record time (1 to 3 hours), with results validated against DSC and theoretical predictions. Subsequent work has shown that thermographic approaches can even support estimation of melting enthalpy, further strengthening the case for IRT as a front-end screening tool[7]. Across binary systems of sugar alcohols, fatty acids, IRT data has successfully retrieved liquidus and eutectic transition lines that align with DSC measurements, typically within a 1 °C average temperature deviation[6]. Beyond temperature detection, IRT has been used to estimate melting enthalpies for six fatty acid eutectics, achieving an average relative deviation of 7% from DSC data through advanced pixel-by-pixel analysis[7]. Furthermore, in complex ternary systems, IRT analysed 171 compositions in less than 12 hours to identify a ternary eutectic point at approximately 32 °C, a finding precisely corroborated by DSC and more reliable than traditional thermodynamic modelling[8]. Although IRT data exhibits higher dispersion than DSC, this is mitigated by the method's ability to easily produce over 100 data points per system, offering a more complete and rapid depiction of the phase behaviour[6].
For eutectic PCM selection, the combined strategy of IRT and DSC analysis is particularly powerful as IRT rapidly ranks candidate compositions by apparent transition behaviour and thermal uniformity, while DSC confirms the selected eutectics with accurate melting point and latent heat data. This accelerated identification technique makes it attractive for early-stage selection of PCM formulations intended for PV/T operating conditions, where the target melting range of PCMs varies with local climate and system requirements.
In this study, an experimental high-throughput infrared thermographic screening approach is used to map the binary phase behaviour of two fatty acid-fatty alcohol mixtures under controlled heating conditions relevant to solar PV/T applications. The primary objective is to identify eutectic compositions with tailored melting temperatures and favourable thermal response for different operating conditions. To ensure reliability and quantitative accuracy, the IRT-derived screening results are compared against DSC measurements for selected compositions, allowing rapid narrowing of the compositional matrix while retaining the precision required for phase diagram construction and latent heat assessment. By integrating both techniques, the study aims to establish an efficient experimental workflow for designing bio-based eutectics with optimised thermal transition characteristics for PV/T systems operating under a wider range of application- and environment-specific conditions.
Materials and Methods
2.1. Materials
The materials used in this study are Palmitic acid, 1-Octadecanol and 1-Hexadecanol supplied by Sigma- Aldrich. The comparative property analysis of the utilised materials is listed in Tab. 1.
Tab. 1: Properties of materials 
	Material
	CAS Number
	Molecular weight(g/mol)
	Melting Point (°C)
	Purity

	Palmitic Acid (PA)
	57-10-3
	256.42
	62-66 
	≥98%

	1-Octadecanol (OD)
	112-92-5
	270.50
	59-60
	95%

	1-Hexadecanol (HD)
	36653-82-4
	242.44
	48-50
	99.0%


2.2. Binary Eutectic Preparation
Two binary mixtures (Palmitic Acid+1-Octadecanol and Palmitic Acid + 1-Hexadecanol) were prepared. A total of 21 samples were produced for each binary system by beginning with the pure material, followed by stepwise reductions of 5 wt.% of that material and replacement with its paired component. The wt.% of the paired component increased progressively until it reached its pure form. After weighing the required amount on a KERN 770-15 digital scale (accuracy ±0.20 mg), each sample was melted, cooled, and remelted to ensure homogeneity of the components. The eutectic synthesis process and samples are shown in Fig.1.
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Fig. 1: Eutectic preparation, a) sample weighing, b) melting, c) prepared mixtures.

2.3 Sample preparation and infrared thermography experiment
The samples were placed as droplets on an aluminium plate measuring 1C1 x 7.5 cm, with each droplet kept at a similar size and spaced far enough apart so that the heat transfer behaviour of one droplet remained independent of the others. After the samples were fully crystallised, the plate was subjected to a controlled heating ramp while the surface temperature distribution was monitored using an infrared camera (FLIR X6580SC). Phase transitions were detected by interpreting emissivity-related contrast variations through a singular value decomposition (SVD) based image processing method [9]. The extracted temperatures marking the onset and completion of melting for each composition were then used to construct solid-liquid phase diagrams and determine melting points for each composition.
Results and discussions  
3.1 Phase diagram analysis
Fig. 2a  shows the solid-liquid phase behaviour of a binary mixture of palmitic acid with 1‑Octadecanol, plotted as transition temperature versus molar fraction of 1‑Octadecanol. The scattered black crosses correspond to the various phase‑transition temperatures detected by infrared thermography for each mixture composition, while the red curve labelled “SLE” represents the solid–liquid equilibrium liquidus line, that is, the highest transition temperature attributed to melting for that composition. As the molar fraction of 1‑Octadecanol increases from 0 to about 0.8, the liquidus temperature decreases gradually from the melting point of pure palmitic acid toward lower values around 50 °C, indicating a broad compositional region where eutectic‑like melting occurs near the desired PV/T operating range. For mixtures richer in 1‑Octadecanol (molar fraction above roughly 0.8), the liquidus temperature rises again and approaches the melting behaviour of pure 1‑Octadecanol, with experimental points clustering near 45-50 °C at a molar fraction of 1.0. 
A similar trend is seen in Fig. 2b as the 1-hexadecanol content increases in the PA-OD composite, the main transition temperature drops from about 63-64 °C for pure palmitic acid to a minimum around 47-48 °C near intermediate compositions, then remains nearly constant towards pure hexadecanol, indicating a eutectic-like melting point depression and a relatively flat plateau in the hexadecanol-rich region. As hexadecanol is added, this dominant transition temperature decreases steadily, showing the expected melting point characteristic of eutectic forming binary mixtures, reaching a minimum plateau of roughly 47-48 °C in the hexadecanol fraction range of 0.5-0.8. Beyond this point, the curve stays nearly flat toward pure 1-hexadecanol, suggesting the eutectic composition and its associated transition temperature dominate over a broad compositional window rather than a single sharp minimum, which is common when solid-solid or polymorphic transitions overlap with the true eutectic melting event.
Overall, the agreement between the SLE curve and the upper envelope of the IRT data confirms that the binary system follows the expected melting curve trend and that suitable eutectic compositions can be selected for further confirmation of melting point and latent heat via DSC, with the melting temperature within the targeted PV/T operating windows.
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Fig. 2: Phase diagram of a) Palmitic acid/1-Octadecanol binary eutectic, b) Palmitic acid/1-Hexadecanol binary eutectic
3.2 DSC Analysis
Fig. 3 compares the phase transition behaviour of PA-OD(a-c) and PA-HD(d-f). Three compositions were chosen from each binary mixture for DSC analysis above 50 °C, consisting of near-eutectic and non-eutectic compositions, to investigate the effect of composition on melting temperature range, latent heat, and temperature-regulation response. For the PA-HD binary, molar fractions of 0.2, 0.5, and 0.8 for HD, and for PA-OD, 0.4, 0.7, and 0.9 for HD, were chosen for further investigation.  Eutectic compositions generally exhibit a sharper, lower-temperature transition which favours rapid and well-defined PV temperature control, whereas non-eutectic mixtures can show multiple transitions associated with eutectic and excess-component melting, providing a wider-range thermal buffering[2, 10]. Among the investigated mixtures, the composition shown as PA-HD in Fig. 3e exhibited the most eutectic-like thermal response, characterised by a single, dominant, narrow melting/crystallisation curve. This profile is preferable for high-power PV/T thermal regulation as the latent heat is concentrated near a defined operating temperature. In contrast, the multi-peak patterns in panels a, c, d, and f for PA-OD and PA-HD mixtures exhibited an off-eutectic, staged phase transition, in which the low-temperature event represents eutectic melting, while the higher-temperature event indicates an excess component that persists until the liquidus temperature is reached. This may provide a broader temperature range in thermal buffering but will be less precise in PV temperature control[11, 12].
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Fig. 3: DSC analysis of a) PA-OD 0.4M, b) PA-OD 0.7M c) PA-OD 0.9M d) PA-HD 0.2M e) PA-OD 0.5M f) PA-OD 0.8M
3.3 PV/T Comparison Metrics 
The best DSC-driven storage metric for comparing materials over a specified temperature window for PV/T applications is total usable thermal capacity, as it provides insight into actual energy storage capacity. Tab. 3 quantifies the sensible, latent, and total usable thermal capacity of the six formulations using eq. 1 within the selected PV/T operating window of 35-60 °C, and this range lies within the typical temperature experienced by PV/T modules during operation for flat plate collectors[13, 14]. The values were obtained by integrating outside the selected melting regions and adding the baseline-corrected enthalpy of all melting peaks within the operating window. The sample masses were closely comparable, ranging from 6.24 to 6.36 mg; thus, the mass-normalised capacities can be compared directly. The total usable capacity is therefore:

                                   (eq. 1)[14]
Tab. 3 Total usable heat capacity calculation
	Panel in Fig
	Binary
	Composition
	Selected peaks
	Primary melting peak (°C)
	Sensible heat (J/g)
	Usable latent heat (J/g)
	Total usable capacity (J/g)

	a
	PA-OD
	0.4M OD
	2
	48.52
	91.61
	113.68
	205.30

	b
	PA-OD
	0.7M OD
	1
	48.99
	53.08
	145.63
	198.71

	c
	PA-OD
	0.9M OD
	3
	56.22
	126.97
	111.47
	238.44

	d
	PA-HD
	0.2M HD
	2
	59.34
	11.32
	174.64
	185.97

	e
	PA-HD
	0.2M HD
	1
	48.65
	43.40
	212.06
	255.46

	f
	PA-HD
	0.2M HD
	2
	46.71
	53.80
	158.29
	212.09



Fig. 4 presents the endothermic cycles and corresponding apparent heat capacity profiles of the PA-OD (a-c) and PA-HD (d-f) binary mixtures. For all cases, the second heating cycle from the DSC raw data was selected because the first heating/cooling cycle reduces prior thermal history and establishes a controlled thermal state. The upper plot in each panel shows mass normalised heat flow, where downward peaks represent endothermic melting events and the lower plot presents the corresponding Cp response calculated from the heat capacity signal. The green shaded region denotes the selected PV/T operating window of 35-60 °C, while the red shaded regions define the melting intervals integrated as latent heat. These intervals are excluded from the sensible heat calculation to prevent the latent heat contained in the sharp apparent Cp peaks from being counted twice. The PA-OD mixtures show progressively complex melting behaviour, as the corresponding apparent Cp profiles in Fig. 4a and 4b confirm that the latent heat is concentrated mainly in the major melting events, while the smaller transitions contribute comparatively little to the total storage capacity. Panel c has the second largest total usable capacity of 238.44 J/g. However, its performance is distributed differently as 126.97 J/g arises from sensible storage and 111.47 J/g from three individual melting transitions. This agrees with the broad and multi-step DSC behaviour in panel c, where the major transition occurs near 56.22 °C and several smaller transitions occur at lower temperatures. Therefore, panel c behaves as a broad range, non-eutectic PCM, providing a longer thermal buffer. Panel e has the largest usable thermal capacity, 255.46 J/g, mainly because it contains a single dominant melting transition at 48.65 °C with 212.06 J/g of usable latent heat. This confirms the typical eutectic-like behaviour observed in the DSC curve, indicating that thermal energy is concentrated in one narrow and well-defined transition. Panel d has the lowest calculated total usable capacity (185.97 J/g), despite a high latent contribution (174.64 J/g). Its primary transition is located at 59.34 °C, close to the upper PV/T limit of 60 °C. Hence, a substantial proportion of the transition occurs near the edge of the operating range and may not be fully activated during moderate PV/T operation. In this case, the very low sensible contribution also reflects that most of the 35-60 °C interval is assigned to latent transition zones rather than stable solid or liquid baseline regions. Panel f provides 212.09 J/g of usable thermal capacity, with 158.29 J/g arising from latent heat distributed across two melting events. Its primary melting peak occurs at 46.71 °C, within the desired PV/T window, but the secondary transition broadens the thermal response. This supports its classification as a non-eutectic or near-eutectic multistage PCM rather than a single transition eutectic PCM.
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Fig. 4: Endothermic cycle conjugated with apparent heat capacity of a) PA-OD 0.4M, b) PA-OD 0.7M c) PA-OD 0.9M d) PA-HD 0.2M e) PA-OD 0.5M f) PA-OD 0.8M
3.4 Discussion and Future Recommendations 
The DSC results demonstrate that the thermal storage behaviour of the fatty acid-fatty alcohol mixtures is strongly composition dependent. Within the defined PV/T operating interval of 35-60 °C, all formulations showed at least one relevant endothermic transition. However, the energy storage mechanism varied substantially between mixtures. The PA-HD formulation represented by panel e showed the most eutectic-like behaviour, with a single dominant melting event centred at 48.65 °C, a usable latent heat of 212.06 J/g, and the highest total usable thermal capacity of 255.46 J/g. Its narrow transition within the selected PV/T range indicates that most of its storage capacity can be activated near a defined absorber temperature, making it the strongest candidate for temperature regulation. Panel c may be suitable as a broader or longer duration thermal buffer, as its sensible heat and multiple transitions spread heat storage over a wider temperature interval. However, its major melting event near 56 °C means that some of its capacity becomes useful only under relatively high PV/T temperatures. This may be beneficial in high-irradiance conditions but less effective for frequent temperature control around 45-50 °C. For a PV/T system operating mainly between 35 and 60 °C, panel e is the preferred candidate for a high power, temperature-specific thermal buffer. Its dominant transition near 49 °C can absorb excess heat as the PV/T absorber approaches that temperature, thereby moderating further temperature rise.
However, the DSC peak height should not alone be interpreted as thermal power as practical heat transfer rate will depend on thermal conductivity, contact resistance, PCM layer thickness, encapsulation, and collector geometry. DSC establishes thermal capacity, but it does not establish how quickly the PCM can exchange heat with a PV/T absorber, so the immediate future approach regarding these mixtures will be testing the thermal conductivity[14]. To validate the system level performance, the leading candidate needs to be tested under controlled solar irradiation and realistic thermal cycling to compare between the PV back-sheet temperature, PCM melt fraction, stored/released heat, electrical efficiency, and thermal output against a PV panel without any PCM[15]. This will determine whether the thermal advantage predicted by DSC translates into meaningful PV/T performance. A promising future design may combine a near-eutectic PCM such as panel e, for rapid temperature stabilisation with a broader multi-transition PCM such as panel c, for extended storage over higher temperatures. This could provide both a defined temperature control function and a wider thermal buffering capacity.
Conclusion

It can be concluded that experimental high‑throughput infrared thermographic screening enables a rapid construction of fatty acid-fatty alcohol binary phase diagrams and efficient identification of eutectic PCMs tailored to solar PV/T operating conditions. By combining this fast preliminary phase boundary detection with targeted DSC validation, the approach provides a powerful workflow for narrowing down composition spaces, while shortening development time and focusing detailed testing on the most promising bio‑based PCMs for solar energy applications.
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