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Abstract

:

Featured Application


Passive thermal management of residential greenhouses.




Abstract


Edible oils could provide more accessible alternatives to other phase change materials (PCMs) for consumers who wish to build a thermal energy storage (TES) system with sustainable materials. Edible oils have good shelf life, can be acquired easily from local stores and can be less expensive than other PCMs. In this work, we explore whether margarine, vegetable shortening, and coconut oil are feasible PCMs, by investigations of their thermal properties and thermal stability. We found that margarine and vegetable shortening are not useful for TES due to their low latent heat of fusion, ΔfusH, and poor thermal stability. In contrast, coconut oil remained thermally stable after 200 melt-freeze cycles, and has a large ΔfusH of 105 ± 11 J g−1, a low degree of supercooling and a transition temperature, Tmpt = 24.5 ± 1.5 °C, that makes it very useful for TES in buildings. We also determined coconut oil’s heat capacity and thermal conductivity as functions of temperature and used the measured properties to evaluate the feasibility of coconut oil for thermal buffering and passive heating of a residential-scale greenhouse.
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1. Introduction


Phase change materials (PCMs) provide high thermal energy storage density over a small temperature range, in comparison with sensible heat storage materials, such as water [1,2,3]. Among the different classes of PCMs [2], organic non-paraffin PCMs including fatty acids, esters, and alcohols, have many features that make them desirable for integration in latent-heat thermal energy storage (TES) systems operating near the ambient temperature range, i.e., 10–40 °C. These PCMs are particularly desirable for off-grid and renewable energy applications because the materials can be sustainable, non-toxic to the environment and abundant in nature [4,5,6,7,8,9]. They also can be integrated easily into building materials and residential structures to mitigate excessive temperature fluctuations, storing heat as they change phases, e.g., from solid to liquid [10,11,12,13]. The stored heat can be recovered later to warm the space when the temperature decreases below the solidification transition. Long-chain saturated fatty acids are naturally occurring PCMs, mainly extracted from renewable plant and animal sources such as tallow, coconut, palm kernel, and soybean oils [14,15,16]. A life-cycle assessment study of dodecanoic acid (aka lauric acid, [CH3(CH2)10COOH]) has shown [17] that the embodied energy associated with its production from palm kernel oil can be recouped in a matter of months.



Although fatty acid PCMs are non-toxic, food-grade chemicals, their availability is somewhat limited as acquisition of large quantities of fatty acids is through chemical suppliers, which could frustrate individual consumers wishing to build a TES system. Organic PCMs are available commercially in various encapsulated forms from many suppliers [18,19,20], but they are considerably more expensive than raw materials. Furthermore, a key limitation for pure, long-chain, saturated fatty acids as PCMs is that their transition temperatures are outside the 20–28 °C range that is typically required to mitigate temperature fluctuations in buildings. Eutectic mixtures composed of two or more fatty acids can achieve a transition in this temperature range, but add additional complications for an individual consumer [13,21,22].



Since many edible fats and oils from which fatty acids are derived can be purchased easily in large quantities from stores and wholesalers, they could potentially be used as practical PCMs for some TES applications. Or can they? Potential PCMs include margarines and shortening, which have good shelf life, but contain additives that have an unknown influence on their properties. Edible coconut oil is another possibility, due to its high content of saturated fat, up to 92% [14,15,23,24,25,26]. Coconut oil products labeled as virgin coconut oil and refined coconut oil are commonly found in the marketplace, where the difference is in the oil extraction method from the flesh of the coconut fruit [24,25]. Both have relatively good shelf life: 2 years for refined coconut oil and 5 years or more for virgin coconut oil (virgin coconut oil contains more anti-oxidants than refined coconut oil and some manufacturers state that it has an indefinite shelf life), which can even be much longer if coconut oil is stored in well-sealed opaque containers to reduce photodegradation and oxidation [27,28].



There are no reports assessing margarine and shortening as potential PCMs in terms of their thermal properties and their thermal stabilities, and only a few studies reporting the thermal properties of coconut oil and its application as a PCM for TES [25,26,29,30,31,32,33,34,35]. The latter showed that coconut oil could be useful for TES in buildings, given that its transition temperature is between 22 and 27 °C [25,26,30,31,32,33]. In particular, coconut oil can buffer the temperature of a room in tropical climates [32] and can prevent overheating of passenger vehicles [30]. Coconut oil also has been mixed with paraffin [36] and fatty acid [37] PCMs to prepare form-stable composite PCMs for TES in buildings. However, the coconut oil PCM studies reported a wide range of values for the latent heat of fusion, ΔfusH, and for the specific heat capacity. For instance, the specific heat capacities and ΔfusH measured by the T-history method [29] had large uncertainties, with a reported value of ΔfusH of 249 J g−1, significantly higher than ΔfusH of 103 J g−1 determined by differential scanning calorimetry (DSC) [33,34]. Furthermore, important properties such as the accurate thermal conductivity of both the solid and liquid phases, the degree of supercooling and information on the thermal stability after several melt-freeze cycles have not been reported for coconut oil. Such information is necessary to evaluate the economic viability and to model the effectiveness of coconut oil as a PCM, as well as to optimize the quantity needed and placement within the space.



In the present work, we accurately determined the thermal properties and thermal stability of coconut oil and blended oils products, namely margarine and shortening, to explore whether these edible oil products could be useful PCMs for residential applications. As an illustration, we investigated if these easily accessible and relatively inexpensive products can be integrated by a consumer as TES materials in a residential greenhouse or a garden shed to buffer temperature changes. We determined the thermal properties (latent heat of fusion, ΔfusH, and the melting temperature, Tmpt) and the thermal stabilities after many melt-freeze cycles of two brands of margarine (with different amounts of oil blends in their composition), vegetable shortening, and of both virgin and refined coconut oil. On the basis of the thermal results and cost, we selected refined coconut oil for further thermal characterization: we measured the heat capacity and thermal conductivity as functions of temperature, and degree of supercooling from heating and cooling curves of bulk samples. The measured thermal properties were then used to evaluate coconut oil as a potential PCM for passive heating and cooling of a typical residential greenhouse. We compared coconut oil to water and fatty acid PCMs, in terms of quantity of materials and cost, and also compared coconut oil’s cost with the cost of electric heat for the greenhouse during cold nights.




2. Materials and Methods


2.1. Materials


Five consumer-available edible fats and oils were tested as possible PCMs in this study. The fats and oils include two margarine products (two different brand names), one vegetable shortening and two types of coconut oil (100% virgin coconut oil and refined coconut oil). These products are available worldwide and can be purchased from retailers or food supply wholesalers (see Figure S1 in Supplementary Materials). Table 1 lists the products tested, their main compositions as listed on their labels and the average retail price in the North American market. All products were used “as is” without further treatment. The product referred to as 100% virgin coconut oil had been extracted from fresh coconuts through a process known as “wet milling” with minimal processing and no chemical or heat treatment during the production process. The refined coconut oil product had been produced through a “dry milling” process where the oil was extracted from baked coconuts and then bleached to remove microbes [24,38,39].



Refined coconut oil, which is normally marked as “coconut oil” on the product label, has a shorter shelf life than virgin coconut oil due to the presence of anti-oxidants in virgin coconut oil. Refined coconut oil is less expensive than virgin coconut oil (see Table 1), likely due to the higher yields of oil from the dry milling process. The two margarine products tested were composed mainly of vegetable-derived oils, with a small difference in the amount of non-hydrogenated oil blend in their compositions: 68% for Parkay® margarine versus 60% for Imperial® margarine (Figure S1 in Supplementary Materials). Both margarine products contain milk products and water (12% water for Parkay®, unspecified amount for Imperial®) among other additives. The vegetable shortening (Crisco® brand) tested in this work was composed of vegetable-derived oils and oil blends (including hydrogenated palm oil) with no water or milk products (Figure S1 in Supplementary Materials).




2.2. Experimental Methods


The melting temperatures, Tmpt, and latent heats of fusion, ΔfusH, of the edible oils were determined with a TA Instruments Q200 differential scanning calorimeter (DSC, TA Instruments, New Castle, DE, USA). Analysis of DSC data was performed using Universal Analysis 2000 computer software (version 4.5A, TA Instruments–Waters LLC 1998-2007, New Castle, DE, USA). The DSC was calibrated prior to each set of experiments by measuring ΔfusH and Tmpt of a high-purity indium standard (ΔfusH = 28.71 J g−1 and Tmpt = 156.6 °C [40]). For each DSC measurement, a sample of mass between 10 and 15 mg was hermetically sealed in a standard DSC aluminum pan and measured in a He gas atmosphere, at a gas flow rate of 25 mL min−1. The latent heat of fusion was determined from measurements performed at heating rates of 10 K/min and the melting temperature was determined from measurements at rates of 2 K/min, as recommended for high accuracy [41]. Typical uncertainties for this DSC system are ± 10 % for ΔfusH and ± 1.5 °C for Tmpt and at least 3 samples from each PCM were measured, and their values of ΔfusH and Tmpt were within these uncertainties.



The melting temperature of a material from a DSC experiment corresponds to the onset of the melting peak, Tonset [41]. However, due to the large number of components in the edible oils which broaden melting, the onset of melting was not well defined. For all samples here, the peak temperature will be reported as Tmpt, as is conventional for a blend PCM [42]. Moreover, it is important to note that the melting and crystallization behavior of fats and oils can be complex, with a strong dependence on the heating rate and maximum heating temperature [26]. However, our DSC measurements and analysis focused on the determination of ΔfusH and Tmpt from experimental conditions as close as possible to real-life solar thermal applications.



The stabilities of ΔfusH and Tmpt of virgin coconut oil (V-CNO) and refined coconut oil (R-CNO) after repeated melt-freeze cycles were determined from cycling experiments conducted on bulk samples. About 3 g of each type of coconut oil was placed in a screw-cap glass vial and heated in an oven to 50 °C until melted and then cooled to 0 °C in an ice-water bath until solidified. No attempt was made to exclude air from contact with the samples. In total, 200 melt-freeze cycles were carried out for each type of coconut oil, where one cycle consisted of a heating step from 0 to 50 °C (completely liquid) followed immediately by a cooling step from 50 to 0 °C (completely solid). Samples were kept at 0 °C for about 10 minutes before the next heating step started. During the thermal cycling, aliquots were taken for DSC determination of Tmpt and ΔfusH as a function of number of melt-freeze cycles.



We also used the DSC to measure the heat capacity at constant pressure as a function of temperature, Cp(T), of R-CNO. The solid (Cp,s) and liquid (Cp,l) phases heat capacities were determined following the procedures for Cp(T) measurement by DSC outlined in ASTM Standard E1269-11 [43] and the method of ref. [13]. The estimated uncertainty in Cp(T) measured with this DSC method is ± 10 % [13].



In addition to the DSC measurements, the solidification temperature and the degree of supercooling also were determined for R-CNO from temperature-versus-time cooling curves collected for a bulk (15 mL) sample. A simple bench-top experiment was designed to investigate the behavior of a bulk R-CNO in a situation that mimics its potential application as a PCM for TES. The experimental setup consisted of a temperature probe (thermistor) connected to a custom data logger used to record the temperature of the sample of R-CNO inside a test tube (see Figure S2 in Supplementary Materials). Another thermometer placed outside the test tube measured the temperature of the room close to the sample. The sample was first heated, by blowing hot air on the test tube, from room temperature (ca. 22 °C), at which R-CNO was in its equilibrium solid state, to temperatures between 40 and 50 °C. The sample was constantly stirred as it melted during heating. When the sample reached the maximum temperature and was completely melted, heating was stopped and the sample was allowed to cool (with stirring until no longer possible due to the solidified sample), and its temperature was recorded as a function of time using the probe. Cooling curves were recorded from two different sample cooling methods: in the first method, the sample was left to cool with no intervention, while for the second method cold air with a temperature close to 10 °C was blown on the test tube.



We also determined the thermal conductivity (κ) of R-CNO using the thermal transport option (TTO) of a Quantum Design Physical Property Measurement System (PPMS, Quantum Design Inc., San Diego, CA, USA) and a custom-designed fluid cell, similar to the cells described elsewhere [13,44]. The PPMs results gave the thermal conductance, K, of a ~50 µL sample of R-CNO, and the thermal conductivity, κ, was calculated from K and the known dimensions of the sample [13,44]. The thermal conductivities in both the solid phase, κs, and the liquid phase, κl, were measured in the temperature range −10 to 45 °C, i.e., through the solid-liquid phase transition of R-CNO. We estimate the uncertainties in the measured values of the thermal conductivities to be within 15% at room temperature [13,44].





3. Results and Discussion


3.1. Thermal Properties of Margarine and Shortening


The DSC thermograms of margarine samples M1 and M2 measured at a heating (and cooling) rate of 10 K/min are shown in Figure 1. The melting behavior of both margarine samples changed after the first cycle: there was a clear shift in the position and in the amplitude of the main endothermic (melting) peaks and additional endothermic and exothermic peaks appeared in the subsequent melting cycles (Figure 1a,b). There were no significant changes in the solidification curves of different cycles of the two samples, with one major exothermic peak remaining nearly the same for each cooling cycle. However, the cooling exotherms show that margarine supercooled by about 10 K, as determined from the estimated melting and solidification onset temperatures of the first cycle. For margarine samples, we note that it was not possible to accurately determine the melting and solidification temperatures from the DSC measurements performed at the rate of 2 K/min due to the emergence of multiple peaks around and within the main endothermic peak (see Figure S3 in Supplementary Materials). Therefore, we approximated the melting and solidification temperatures from the DSC thermograms measured at 10 K/min. For sample M1 (Parkay® margarine), the peak temperature of melting was 35.5 ± 1.5 °C and the latent heat of fusion was ΔfusH = 8 ± 1 J g−1, as determined from the heating curve from cycle 1. Upon cooling, sample M1 solidified with a peak temperature of 12.5 ± 1.5 °C. Sample M2 had a peak melting temperature at 33.0 ± 1.5 °C and a latent heat of fusion of ΔfusH = 7 ± 1 J g−1 (determined from first cycle). For both margarine samples, the small latent heats of solidification determined from the exothermic peaks (~4 J g−1 for M1 and ~2 J g−1 for M2) indicate that margarine is only partially solidified upon cooling. The appearance of extra peaks, especially after the first melt, likely results from the thermal response of the different oils in the blend and other additives that are present in margarine (see Table 1). This change in the thermal behavior and, most importantly, the small values of ΔfusH for both margarine samples, indicate that margarine is not useful as a PCM for TES applications.



The DSC thermograms of the vegetable shortening (VS) sample are shown in Figure 2. The melting temperature determined from the peak (Figure S4 in Supplementary Materials, measured at 2 K/min) is Tmpt = 44.7 ± 1.5 °C. Compared with margarine, the vegetable shortening was more stable after the first melt. Figure 2 shows that there is no major shift in the endothermic peak and no additional endothermic peaks appeared in the second heating cycle. The only change is a small exothermic peak that appears just before the melting starts around 25 °C. The appearance of the exothermic peak upon heating can be explained by a sudden crystallization which is likely dependent on the thermal history of the sample: when the same sample was measured again after being left for one day at room temperature, the exothermic peak was absent from the first heating cycle. The absence of additional endothermic peaks is not surprising since, unlike margarine, shortening is mostly composed of a blend of oils without much water or milk products, or other additives found in margarine. However, similar to margarine, VS has only a small latent heat of fusion, ΔfusH = 12 ± 1 J g−1, as determined from the average of four melt-freeze cycles measured at 10 K/min (Figure 2). Although VS has better thermal stability than margarine, its small ΔfusH indicates that it is not useful for thermal energy storage.




3.2. Thermal Properties of Coconut Oil


The melting/solidification properties of refined (R-CNO) and virgin (V-CNO) coconut oil samples that had undergone up to 200 melt-freeze cycles were determined by DSC. The DSC thermograms after 1, 5, 100, and 200 thermal cycles (Figure 3a,b) showed no significant change in the thermal behavior of either type of coconut oil after the initial melt (Cycle 1) and up to 200 melt-freeze cycles. Note that, when a given sample or an aliquot of a cycled bulk sample of R-CNO and V-CNO was cycled in the DSC (i.e., multiple heating-cooling curves measurements), the thermal behavior of that sample always changed slightly after the first DSC melt (see Figure 3c). The first melting curve for each sample showed a broad endotherm, composed of a major peak and a shoulder peak, extending from −7 to 32 °C for R-CNO and from 5 to 32 °C for V-CNO (black curves in Figure 3a,b, respectively), as also observed by others in DSC studies [25,26]. In the subsequent DSC melting curves of the same sample or aliquot, the two peaks merge into one endothermic peak. Similar results were obtained for samples measured at a slower rate of 2 K/min (Figure S5a,b in Supplementary Materials). Figure 3a,b show that for both types of coconut oil, the endothermic peaks of Cycle 100 and Cycle 200 overlap, but they are slightly narrower than the endothermic peak of Cycle 5. There were no significant shifts in the peak temperature or in the onset temperature after 200 thermal cycles. For the exothermic peaks (cooling curves), the shapes of the peaks were noticeably different for all three cycles shown in Figure 3. However, there were no significant shifts in the onset, offset and peak solidification temperatures after 200 cycles. The differences between the endothermic peaks for different cycles gave rise to a small decrease in ΔfusH and a small shift in Tmpt for both types of coconut oil. However, over the 200 melt-freeze cycles, these changes remained within the uncertainties of the measurements: for R-CNO, ΔfusH determined from the first cycle was 127 ± 13 J g−1 and the average ΔfusH (determined from 20 heating curves of the same sample) was 105 ± 11 J g−1. After 200 cycles, ΔfusH of R-CNO was 94 ± 9 J g−1. For V-CNO, ΔfusH determined from the first cycle was 110 ± 11 J g−1 and the average (from 20 heating curves) was 106 ± 11 J g−1. After 200 cycles, ΔfusH of V-CNO was 93 ± 9 J g−1. The values agree well with most literature values of ΔfusH determined by DSC in other studies (Table 2). (The exception is the report from reference [25], for which no DSC calibration information was provided. The value from reference [29] also is an outlier but is from T-history measurements which do not give accurate values of ΔfusH.) The melting temperatures determined from the DSC measurements at 2 K/min (Figure S5a,b in Supplementary Materials, Cycle 2, peak temperatures) are Tmpt = 24.4 ± 1.5 °C for R-CNO and Tmpt = 24.0 ± 1.5 °C for V-CNO. After 200 melt-freeze cycles, Tmpt was 24.0 ± 1.5 °C for R-CNO and 23.9 ± 1.5 °C for V-CNO. The peak melting temperatures were slightly different for the first cycle but remain virtually the same for the subsequent cycles. The values of ΔfusH and Tmpt and their variations as a function of cycle number are shown in Figure 4. (Note that, for the sake of comparison, Tmpt values in Figure 4 were determined from the cycling thermograms at 10 K/min.) There was no significant difference between the average value of Tmpt determined from 20 heating curves at 10 K/min and the values determined at 2 K/min, and all values are within the uncertainty of Tmpt (± 1.5 °C) and in good agreement with the peak melting temperatures reported for coconut oil in the literature [25,26,31,32,33,36]. Table 2 lists the values of ΔfusH and Tmpt of coconut oil determined in the present work and values reported in the literature.



The DSC results for R-CNO and V-CNO show that coconut oil is potentially suitable as a PCM for thermal energy storage given its large latent heat of fusion (≥100 J g−1) and its thermal stability after 200 melt-freeze cycles, contrasting with the results for margarine and shortening. The coconut oil results are not surprising given that, unlike margarine and vegetable shortening, coconut oil is not a blend of oils with other additives. Coconut oil consists mostly of fatty acids, dominated by 47%–51% dodecanoic acid (aka lauric acid, [CH3(CH2)10COOH]) [14,15,23], which are all very good PCMs [44,45]. It is important to note that, of the pure saturated unbranched fatty acids, there are none with melting temperatures between 17 and 28 °C, and often eutectic mixtures of two or more fatty acids are prepared in order to obtain a PCM with Tmpt within this range [13,21,22,44,45]. This temperature range is particularly useful for thermal energy storage applications in buildings [3,12,46,47,48]. Conveniently, the melting point of coconut oil (24.5 °C) falls within this temperature range.



The DSC results showed that there are only slight differences between the thermal properties of refined and virgin coconut oil: although there was an observable difference for their solidification behavior, their melting was almost the same, even after 200 thermal cycles (Figure 5). Therefore, in this work, we focus on further characterization of refined coconut oil because its retail cost is about half that of virgin coconut oil (Table 1), although the difference in price is less for bulk quantities and as commodities. Moreover, compared to V-CNO which has a strong coconut odor, especially when heated above its melting point, molten R-CNO has only a very subtle coconut odor.



The cooling curves of Figure 3a and Figure S5 in Supplementary Materials show that R-CNO supercools in the DSC, with a significant difference between the peak melting and the peak solidification temperatures, up to 19 K for the sample measured at a rate of 10 K/min (Figure 3a). This difference became less (~10 K) when the sample was cooled at a slower rate (i.e., 0.5 K/min, Figure S5c,d in Supplementary Materials) or when comparing the onset of the melting with the onset of the solidification temperatures. Nevertheless, the supercooling measured by DSC is significant and could be detrimental for R-CNO as a TES material given that the enthalpy stored upon melting at 24.5 °C would not be fully recovered at these cooling rates with this sample size unless R-CNO was cooled to below 10 °C.



However, supercooling can be influenced by sample size, so to further investigate the supercooling of R-CNO, we measured the heating and cooling curve of a large sample (15 mL) of R-CNO as described in Section 2.2. Prior to these measurements, we melted (by hot air) and solidified (by cold water bath) the sample of R-CNO a total of 10 times.



For the heating curve measurement, the sample was heated from 18 to 28 °C and the range of the solid-liquid transition was determined by visual inspection (appearance of liquid in the test tube) and from changes in the slope of the temperature-versus-time curve (Figure S6 in Supplementary Materials). For the cooling curve measurement, the solid sample was heated from its equilibrium temperature (room temperature, ~ 21.5 °C) to 40 °C by hot air and then left to cool by ambient air (Figure 6). The temperature-versus-time curve measured on heating (Figure S6 in Supplementary Materials) showed that the melting temperature range of the 15 mL R-CNO sample was 21–27 °C. The sample started to melt as its temperature reached ~21 °C, as recorded by the probe placed at the middle of the sample (the ambient temperature measured close to the sample was 28 °C). When the temperature of R-CNO reached 24.7 °C, all the sample had melted and appeared as viscous, opaque liquid. At T = 27.2 °C, the melted R-CNO sample became a transparent liquid. This melting point range agrees well with the DSC results (Figure S5a–c in Supplementary Materials), indicating that melting is not so prone to sample size influence.



The cooling curve of the R-CNO sample (Figure 6) showed that the temperature decreased to ~22.5 °C then increased to 23.4 °C. This increase in temperature started as the liquid sample became more opaque and viscous, indicating the start of the solidification, with corresponding exothermicity and increase in temperature. When the temperature of the sample decreased again to 22.5 °C, the sample was completely transformed to a soft, white solid (Figure S7 in Supplementary Materials).



In contrast to the DSC results for a ~10 mg sample size, the cooling curve shows that the bulk sample of R-CNO exhibited little supercooling, around 0.9 K as measured from the exothermic peak of the inset of Figure 6. A similar value for supercooling was obtained when the same sample was cooled by blowing cold (10 °C) air on the test tube containing the sample. The solidification of coconut oil is strongly dependent on the cooling rate, as evident from the DSC results at 0.5, 2, and 10 K/min (Figure S5d in Supplementary Materials), with slower cooling giving less supercooling. Most importantly, the bench-top experiment results with 15 mL samples showed that the melting and solidification temperature ranges of coconut oil overlap and that, even when the room temperature was not below 21 °C, liquid coconut oil left to cool down at room temperature solidified after a matter of hours, fully releasing its stored enthalpy of fusion.



In addition to the melting temperature and latent heat of fusion, accurate data concerning the heat capacity and thermal conductivity of a PCM are important, especially when performing feasibility studies and numerical simulations for a PCM-based thermal energy storage system. The heat capacity as a function of temperature of R-CNO was measured by DSC between 0 and 50 °C, for both the solid, Cp,s(T), and liquid, Cp,l(T), phases (Figure 7a). For the solid coconut oil, Cp,s varies between 1.6 and 1.7 J K−1 g−1 and in the liquid phase, Cp,l is almost temperature-independent at 2.2 J K−1 g−1. The values of the heat capacities for the solid and liquid phases are similar to results for fatty acid PCMs determined with the same technique [44]. We also measured the thermal conductivity of R-CNO as a function of temperature, κ(T), in the temperature range −10 to 50 °C. As shown in Figure 7b, the thermal conductivities of both the solid and liquid phases are low, 0.19 ± 0.03 W K−1 m−1 for solid R-CNO and slightly less, 0.17 ± 0.03 W K−1 m−1, for the liquid phase. As for other organic PCMs, the thermal conductivity of coconut oil is low and does not have a strong temperature dependence within the range measured here.




3.3. Thermal Energy Storage with Coconut Oil in a Residential Greenhouse


The thermal properties and thermal behavior after several melt-freeze cycles of the five measured edible oils (Table 3) showed that coconut oil is the most suitable among the materials considered as an off-the-shelf PCM for a consumer-designed thermal energy storage system. One potential application of coconut oil as PCM is utilization inside a residential greenhouse or inside a garden shed, to buffer temperature changes. Melting of the PCM can store excess heat inside these structures during hot summer days, to be released at night, when the temperature drops and the PCM solidifies. The phase transition temperature of R-CNO makes it an ideal PCM for such applications in many parts of the world, such as the Canadian summer climate, where a diurnal temperature swing between 10 °C at night and 30 °C during the day can be typical.



We explored the feasibility of using R-CNO as thermal energy storage medium in a greenhouse by estimating the quantity of PCM needed to cool a typical residential greenhouse and by comparing R-CNO to using other PCMs, and also to tanks of water as a sensible heat storage medium. Residential greenhouses of various sizes can be purchased as ready-to-assemble kits from several companies [20,49,50]. Moreover, commercial PCM products designed for greenhouses also are available [20]. Here, we consider a typical residential greenhouse with dimensions of 12 ft. × 10 ft. and with a height of 10 ft. (approximated to: 3.65 m × 3 m × 3 m, see Figure S8 in Supplementary Materials). Since we are interested in a comparative estimation, that is between latent heat TES versus sensible heat storage with water, our calculations for the amount of PCM needed follow a simple static heat transfer model [51]. We do not account for heat losses, heat generated from plants and soil, humidity level of the air inside the greenhouse, variations in solar radiation and other factors that influence the heat load. More complex models and numerical simulations considering all of these factors and their influence on heat storage in greenhouses and residential buildings containing PCMs are available in the literature [52,53,54,55,56]. Note that the CNO PCM is only feasible and cost effective if it remains stable for several years, but the shelf life could be extended by adding stabilizing agents and/or by use in sealed metal tubes. Encapsulation in sealed metal tubes would help with heat transfer and also prevent photodegradation and oxidation of the PCM, and keep parasites away from the CNO [27,28].



In our simple calculations, we consider that the temperature outside the greenhouse changes from 30 °C during the day to 10 °C during the night. Assuming that it is desirable to maintain the temperature inside the greenhouse at 20 °C, the difference in temperature between the outside and inside is ΔT = 10 K, both during the day and during the night. We also consider that the heat load, QHL, inside the greenhouse during the day is similar to the heat load needed at night to maintain the inside temperature at 20 °C. The total heat load, QHL, calculated from the heat transfer equation in this simplified model is given by [51]:


QHL= Ac u D ΔT,



(1)




where Ac is the total surface area of the greenhouse cover, u is the heat transfer coefficient, and D is the total duration of heating. For a greenhouse with a twin-wall polycarbonate panels [50], we take u ≈ 3.3 W m−2 K−1 [51]. We also consider that the duration of heating is D = 10 h. The total surface area of the polycarbonate cover calculated from the dimensions of the greenhouse under consideration (Figure S8 in Supplementary Materials) is Ac ≅ 60 m2. Therefore, for ΔT = 10 K, the calculated total heat load is QHL = 71.3 MJ. The total heat stored in 1 kg of R-CNO on melting, QR-CNO, is the sum of the sensible heat and latent heat of fusion ΔfusH = 105 kJ/kg (Table 3). If the temperature inside the green house increases during the day from T1 = 20 °C to T2 = 30 °C, QR-CNO is calculated from:


QR−CNO= ∫T1TmptmCp,sdT+mΔfusH+∫TmptT2mCp,ldT ,



(2)




where Tmpt = 24.5 °C, the heat capacity of solid R-CNO is Cp,s = 1.7 kJ K−1 kg−1 and that of the liquid is Cp,l = 2.2 kJ K−1 kg−1, as determined above. (The actual temperature rise should be less, due to the mitigation of the PCM, but note that the dominant term in Equation (2) is due to the enthalpy of fusion.) Therefore, for 1 kg of R-CNO QR-CNO ≅ 125 kJ. Within the same temperature range, 20 to 30 °C, 1 kg of water stores sensible heat only (no phase transition in this range) with a value of Qwater ≅ 42 kJ [57]. Given the calculated value of QR-CNO, the total mass of R-CNO required to store thermal energy equivalent to QHL (71.3 MJ) is 570 kg which is equivalent to a volume of 630 L (considering the density of coconut oil is 0.90 kg/L [58]). For water, the total mass required is 1700 kg (~ 1700 L), almost three times that for R-CNO. Considering the size of the greenhouse, it is not difficult to store the 630 L of R-CNO: if this volume is filled in pipes of 10 cm diameter extending along the length of the greenhouse (3.65 m), in total ca. 25 pipes are needed and all could be stacked on one wall. For this design, it is possible to estimate the total heat transfer from the PCM contained in such pipes to check if all the PCM mass discharges (solidifies) during the night. Considering a heat transfer coefficient u ≈ 5.9 W m−2 K−1 (for low air convection) and given the total surface area of the 25 pipes (3.65 m length, 0.1 m diameter, A ≅ 29 m2), the heat transferred through the PCM pipes for ΔT = 10 K and during 10 h is QHT ≅ 62 MJ (Equation (1)). This heat transfer value indicates that ca. 90% of the PCM solidifies during the night. The PCM containers and their location in the greenhouse could be designed to optimize the heat transfer and the storage and recovery of thermal energy, but this is not within the scope of the present study. Overall, our calculations show that the incorporation of coconut oil in a residential greenhouse to mitigate excessive heat during the day and warm the air during cold nights is feasible. A large volume, ~ 600 L, of R-CNO would be needed for a typical (12 ft. × 10 ft. × 10 ft.) greenhouse, but this volume is approximately three times less than a volume of water that would store the same amount of thermal energy, making CNO much more convenient in terms of space.



In terms of cost, we compare using 630 L of R-CNO as a passive heating and cooling system with two alternatives: using fatty acid PCM from a chemical supplier, and operating an electrical heater to heat the greenhouse during cold nights. (We neglect cooling costs for the latter as we assume that cooling can be done through ventilation from openings in the greenhouse.) The retail cost of refined coconut oil is ~ US$ 6/L (Table 1) but bulk quantities of R-CNO and V-CNO can be had at US$ 2.3/L and US$ 5.8/L, respectively [59] (the commodity cost of coconut oil is even lower, ca. US$ 0.8/L [60]). The total cost for 630 L (at US$ 2.3/L) is ~ US$ 1,500.



An unbranched, saturated fatty acid PCM with Tmpt close to that of R-CNO, 24.5 °C, does not exist [21,22] but a binary eutectic mixture composed of 78 mass% decanoic acid (aka capric acid, [CH3(CH2)8COOH]) and 22 mass% tetradecanoic acid (aka myristic acid, [CH3(CH2)12COOH]) has a peak melting temperature around 24 °C and a ΔfusH of 153 kJ kg−1 [13,22]. A total volume of 533 L of this mixture is needed to store 71.3 MJ. If purchased in kg quantities from a chemical supply company (e.g., Sigma-Aldrich), the total cost of this eutectic mixture PCM is ~ US$ 8,400 (the cost of chemicals needed to prepare 1 kg of the eutectic mixture is US$ 18, the eutectic mixture density is 0.874 kg/L [13]), which is almost six times the cost of coconut oil PCM.



To compare with electric energy cost, we assume that heat is used during the night to provide 71.3 MJ, which is equivalent to 20 kWh per day. At a cost rate of US$ 0.1/kWh, the electric energy cost is US$ 60/month. Therefore, it would take 25 months of operation to recoup the cost of coconut oil, in place of electrical heating, which could correspond to a few years duration, given that the greenhouse thermal buffering would likely only be used for a fraction of the year. Note that if coconut oil can be purchased at the commodity price of US$ 0.8/L, then the total recoup time, compared with electrical heating, would be much shorter.



Although water is the most cost-effective option for thermal energy storage in such a greenhouse, coconut oil PCM provides a more compact thermal energy storage solution and can have a significant advantage if space is limited, opening new possibilities for greenhouse use where they otherwise might be impractical. Moreover, as a bio-based PCM, coconut oil provides a much larger thermal energy storage capacity than, for example, the animal fat-based bio-PCM (ΔfusH = 28.94 J g−1 ) reported recently [61].





4. Conclusions


In this work, we investigated the possibility of using edible oils as PCMs for thermal energy storage in residential applications. We measured the thermal properties of margarine and shortening, both composed mostly of a blend of vegetable oils, and the thermal properties of refined and virgin coconut oil.



The results showed that, despite their long shelf lives, margarine and shortening are not useful as PCMs due to their small latent heats of fusion, ΔfusH, and lack of thermal stability as deduced from the changes in their thermal behaviors after the first melt-freeze cycle.



On the other hand, coconut oil has a relatively large ΔfusH, 105 ± 11 J g−1, and is thermally stable over at least 200 melt-freeze cycle. The melting temperature of coconut oil determined from the peak melting temperature is Tmpt = 24.5 ± 1.5 °C, which is ideal for thermal buffering of buildings. There was no significant difference between the melting properties of refined (R-CNO) and virgin (V-CNO) coconut oil. Further measurements were performed on R-CNO to determine its heat capacity in the solid phase (Cp,s = 1.6 ± 0.2 J K−1 g−1) and in the liquid phase (Cp,l = 2.2 ± 0.2 J K−1 g−1), along with its thermal conductivity in both the solid (κs = 0.19 ± 0.03 W K−1 m−1 ) and liquid (κl = 0.17 ± 0.03 W K−1 m−1 ) phases.



The DSC thermograms showed that a few-mg sample of coconut oil supercools by up to ~20 K when the melt is cooled at 10 K/min and supercooling decreases as the cooling rate decreases. Following this observation, a bench-top setup was used to measure the temperature versus time curve of a 15 mL previously heated and melted R-CNO sample as it was left to cool at room temperature. The temperature-versus-time curve showed that R-CNO supercools by 0.9 K and solidifies in about 2 h after the cooling starts at a room temperature of 21.5 °C. These experiments and the DSC results demonstrated that during slow cooling, bulk coconut oil can solidify at a temperature above 20 °C.



The measured thermal properties of R-CNO were used to calculate the amount of coconut oil needed to store heat and maintain the temperature inside a residential greenhouse at 20 °C. Using a simple heat load model, we found that a volume of 630 L of R-CNO is needed to store 71.3 MJ of thermal energy. This is only ~1/3 the volume of water required to store the same amount of energy as sensible heat. While coconut oil offers a more compact thermal energy storage solution, which is an important consideration for small spaces like a greenhouse, the current retail price of coconut oil does not make it useful based on cost alone, when compared to water. However, coconut oil PCM is less expensive compared with other energy-dense phase-change materials such as fatty acids and commercially available greenhouse PCM products. Compared to electrical energy cost for a heater heating the greenhouse, coconut oil is more cost effective if it maintains its thermal and chemical stability for more than 2 years.
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Figure 1. Differential scanning calorimeter (DSC) thermograms of (a) margarine sample M1 (Parkay®) and (b) margarine sample M2 (Imperial®). The first and third cycles are shown. 
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Figure 2. DSC thermograms showing heating and cooling curves of vegetable shortening sample measured at 10 K/min for two melt-freeze cycles. 
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Figure 3. DSC thermograms of (a) refined coconut oil (R-CNO) and (b) virgin coconut oil (V-CNO) measured at 10 K/min for Cycle 1 (first melt of a fresh sample) and after 5, 100, and 200 melt-freeze cycles. For both R-CNO and V-CNO, the widths of the endothermic (melting) and the shapes of the exothermic (solidification) peaks changed slightly after cycling but values of ΔfusH and Tmpt derived from the endothermic peaks of all cycles remain within the uncertainty of the measurements. (c) Regardless of the number of thermal cycles, the first melt DSC curve for each coconut oil sample featured a main peak and a shoulder peak that merged into a single peak in the subsequent melting curves (see also Figure S5 of Supplementary Materials). 
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Figure 4. Latent heats of fusion, ΔfusH, (in blue) and melting temperatures, Tmpt, (in red) of (a) refined coconut oil (R-CNO) and (b) virgin coconut oil (V-CNO) as functions of thermal cycle. Although a small change was observed after the first cycle, all values were within the uncertainties of the measurements over the 200 melt-freeze cycles. The solid lines correspond to the average values of ΔfusH and Tmpt (calculated from the first 20 heating curves of a fresh sample) and the dashed lines show the range of their uncertainties: ± 10% for ΔfusH and ± 1.5 °C for Tmpt. 
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Figure 5. DSC thermograms of R-CNO and V-CNO after 5 and 200 melt-freeze cycles show similar changes in melting (endothermic) peaks in response to thermal cycling and similar melting behavior for a given cycle but different solidification (exothermic) behavior for the two types of coconut oil. 
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Figure 6. Temperature versus time curve from 21.5 °C to 40 °C collected while heating a 15 mL sample of R-CNO by hot air and then letting the sample cool at room temperature. The cooling started at time t = 0.13 h. The inset shows a close-up of the solidification region, with a measured supercooling of 0.9 °C. 
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Figure 7. (a) Heat capacity at constant pressure as a function of temperature, Cp(T), of R-CNO measured by DSC. Data points in the region of the solid-liquid transition approach infinity and are omitted. (b) Thermal conductivity, κ, of R-CNO as a function of temperature measured by a Physical Property Measurement System (PPMS). The arrows indicate the DSC peak melting temperature, Tmpt, of R-CNO. 
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Table 1. Edible fats and oils tested in this study. The abbreviation is the sample name used in the text. The cost is the approximate average retail cost of the brands tested in this study and the composition is from the ingredients specified on the product label.
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	Product
	Abbreviation
	Cost (US $/kg)
	Main Composition





	Parkay® Margarine
	M1
	2
	Non-hydrogenated oil blend (68%), modified milk ingredients (18%) and water (12%)



	Imperial® Margarine
	M2
	2
	Non-hydrogenated oil blend (60%), milk ingredients and water (unspecified amounts)



	Crisco® Vegetable Shortening
	VS
	4
	Fully and partially hydrogenated soybean and palm oils, mono and diglycerides



	Refined Coconut Oil (Suraj® brand)
	R-CNO
	6
	Coconut oil



	Virgin Coconut Oil (Our Finest® brand)
	V-CNO
	11
	100% virgin coconut oil
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Table 2. Values of the latent heat of fusion, ΔfusH, and melting temperature, Tmpt, of coconut oil determined in this work and as reported in the literature.






Table 2. Values of the latent heat of fusion, ΔfusH, and melting temperature, Tmpt, of coconut oil determined in this work and as reported in the literature.





	Reference
	Measurement Method
	ΔfusH/(J g−1)
	Tmpt /°C





	This work–refined coconut oil (R-CNO)
	DSC
	105 ± 11
	24.5 ± 1.5



	This work–virgin coconut oil (V-CNO)
	DSC
	106 ± 11
	23.9 ± 1.5



	[25]
	DSC
	72.01 ± 0.21
	24.73 ± 0.12



	[26]
	DSC
	120.6 ± 2.0
	21.05



	[29]
	T-history
	249
	not reported



	[33]
	DSC
	97 - 102
	26.2–26.7



	[34]
	DSC
	103 ± 1
	24 ± 1



	[35]
	DSC
	115.3
	23.9



	[36]
	DSC
	110.4
	26.78
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Table 3. Summary of the thermal properties results obtained for the edible oils investigated in this study.






Table 3. Summary of the thermal properties results obtained for the edible oils investigated in this study.





	Sample
	ΔfusH /J g−1
	Tmpta /°C
	Comment





	M1
	8 ± 1
	35.5 ± 1.5
	Small ΔfusH value. Thermally unstable after the first melt. Supercools by about 20 K in the DSC.



	M2
	7 ± 1
	33.0 ± 1.5 °C
	Small ΔfusH value. Thermally unstable after the first melt. Supercools by about 20 K in the DSC.



	VS
	12 ± 1
	44.8 ± 1.5
	Small ΔfusH value. Better thermal stability than margarine. Supercools by about 15 K in the DSC.



	R-CNO
	105 ± 11
	24.5 ± 1.5
	Large ΔfusH. Thermally stable after 200 melt-freeze cycle. Supercooling decreases as the cooling rate decreases, and can be negligible for a bulk sample. Cp,s = 1.6 ± 0.2 J K−1 mol−1; Cp,l = 2.2 ± 0.2 J K−1 mol−1; κs = 0.19 ± 0.2 W m−1 K−1; κl = 0.17 ± 0.2 W m−1 K−1.



	V-CNO
	106 ± 11
	23.9 ± 1.5
	Large ΔfusH. Thermally stable after 200 melt-freeze cycle. Supercooling decreases as the cooling rate decreases. Thermal properties similar to those of R-NCO.







a Based on peak temperature from DSC results.
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