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Introduction

Heating and cooling in residential buildings and industries hold a 50% share in the total energy consumption of Europe, out of which 75% of the energy is still generated from fossil fuels, while only 19% comes from renewable energy sources [START_REF]An Eu strategy on heating and cooling[END_REF]. To increase the share of renewable energy in the near future, the French energy commission [START_REF]Programmation Pluriannuelle de l'Energie[END_REF] has identified 4 th generation district heating networks [START_REF] Lund | 4th Generation district heatings (4GDH)[END_REF] as a plausible option. They are expected to allow better integration of green production technologies, such as biomass, waste heat, solar thermal, heat pumps, and geothermal systems. A key hardware component for next generation, smart urban heating networks is heat storage, which allows a shift between production and consumption as necessary. It also holds the following virtues [START_REF] Guelpa | Thermal energy storage in district heating and cooling systems: A review[END_REF]: smoother consumption peaks that are otherwise managed using fossil fuels, better integration of solar thermal energy and waste heat valorization from datacenters or waste incinerators, arbitration between heat and electricity for cogeneration plants and eventual increase in profitability, operation of biomass plants closer to their nominal capacity, and reduction in load on the network and potential piping size.

With regard to heat storage technologies, various sensible thermal energy storage options (e.g. pit, tank, borehole, aquifer, etc.) have already been implemented in some district heating networks (DHN) [START_REF] Cabeza | Advances in Thermal Energy Storage Systems Methods and Applications[END_REF]. Generally, these storage facilities are large and located close to the thermal power plant (centralized systems). However, another possibility for DHN is to use smaller facilities located inside the substations (decentralized systems), in order to increase the reactivity and flexibility to the network, while also helping it deal with network congestions. Nevertheless, district heating substations offer smaller available spaces, and have potentially low differences between flows and return temperatures. In such cases, PCM storage systems are more suitable, since they provide a higher energetic density than sensible heat storage systems. PCM storage is also regarded as a more attractive option owing to a high storage density and the existence of a nearly constant temperature heat source. This paper discusses the design and initial experimental results of a 180 kWh PCM storage demonstrator, in operation since March 2019, at the Flaubert substation in the eco-neighborhood of Grenoble, France. This PCM storage system will ultimately be integrated with a 200m 2 solar thermal field with innovative solar panels, and a smart management tool, to form a bigger low-temperature district heating network (47°C -72°C). The Flaubert substation is connected to the main heating network of Grenoble (90 -180°C), which is the second biggest heating network in France, supplying energy to 100,000 equivalent dwellings. This innovative substation is part of an effort by Grenoble's local heating company to increase the global share of renewables in the energy mix, with an objective to reach 100% renewable energy by 2033 as opposed to today's 72%. Under this framework, the PCM storage unit located at the Flaubert substation is expected to fulfil two main objectives:

o Store the excess local solar energy during summer peak hours, i.e. in the middle of the day.

The stored energy will then be released during peak consumption hours, i.e. in the morning, the next day. o Smooth out the peak load of the network during winter mornings. Renewable energy, from sources such as biomass and waste incineration, will be stored during low demand periods, i.e. the nights. The energy stored will then be released during consumption peaks in the morning to limit the use of fossil fuels. The main benefits expected, here, are to save money, by limiting the use of expensive fuels, and to decrease CO2 emissions, by substituting fossil energy with renewable energy. Theses expected benefits will specifically be studied in a second part of the project, through a dedicated year-long monitoring period.

The storage technology in this study was chosen by considering cost, compactness factor (defined as the volume of PCM divided by the volume of vessel, technological maturity (particularly in relation to the expected lifetime of 10 years for the Flaubert substation), and heat transfer rate (for a charge/discharge thermal power of 40kW to accommodate the expected morning peak consumption). Direct contact heat exchangers, as studied in [START_REF] Martin | Direct Contact PCM water cold storage[END_REF] and [START_REF]Experimental study on the direct/indirect contact energy storage container in mobilized thermal energy system (M-TES)[END_REF], were not considered here because of low levels of maturity, low compactness factor owing to half the volume being occupied by the cooling fluid, and very slow melting at the beginning of a charge cycle as the cooling fluid does not flow easily through solid PCMs. Similarly, active heat exchangers, as studied in [START_REF] Zipf | High temperature latent heat storage with a screw heat echanger : design of prototype[END_REF], were not considered in this study because of their significantly low technological maturity, accompanied by a challenging implementation of the mobile screw to avoid leakages when using a pressurized cooling fluid. On the other hand, macro-encapsulation, as presented in [START_REF] Regin | Heat transfer characteristics of thermal energy storage system using PCM ca psules: a review[END_REF] and [START_REF] Selunke | A review on effect of phase change material encapsulation on the thermal performance of a system[END_REF], was not selected because it results in a low compactness factor, due to the volume of the capsule shell, and the porosity of the packed bed. For spherical capsules, the packing density does not exceed 50% [START_REF] Bédécarats | Phase change energy storage using spherical capsule: performance of a test plant[END_REF], leading to a compactness factor around 30%. The compactness factor can be significantly higher, around 60%, for plates and rods, with packing densities that can reach 90% [START_REF]Macro-encapsulation of inorganic phase change material (PCM) in metal capsules[END_REF]. However, this results in a lower heat transfer rate and thus, requires the addition of heat transfer enhancement structures, such as metallic fins and foams that, in turn, drastically increase the cost and complexity of manufacturing. Moreover, the long-term durability of capsules, subject to temperature and pressure cycling, is yet to be demonstrated for a 10 year lifetime. Finally, a tube and shell system, with embedded fins, was selected for this study, as it offers an optimum combination of high technological maturity, low cost, high heat transfer rate, and a compactness factor around 80%. Tube and shell systems have been studied extensively, in over 70% of the scientific papers related to PCM storage [START_REF] Agyenim | A review of materials, heat transfer and phase change problem formulation for latent heat thermal energy storage systems (LHTESS)[END_REF]. These studies cover a majority of the parameters considered relevant for the design of a thermal demonstrator. Some of these include: the performances of different thermal conductivity enhancement structures [START_REF] Qureshi | Recent advances on thermal conductivity enhancement of phase change material for energy storage system: a review[END_REF] [15] such as metallic radial fins, foams and expanded graphite, the advantage of using a high number of tubes instead of only one with the same section [START_REF] Tay | Experimental investigation of tubes in a phase change thermal energy storage system[END_REF] [START_REF] Jong | Latent Heat Storage. Thermal Storage of Solar Energy[END_REF], the effect of tube orientation [START_REF] Weaver | Melting of frozen, porous media contained in a horizontal or a vertical, cylindrical capsule[END_REF], the improvement of heat transfer by increasing the fin diameter and the number of fins [START_REF]Experimental and numerical investigation of thermal energy storage with a finned tube[END_REF], and the role of the flow regime inside the tubes [START_REF] Martinelli | Experimental study of an externally finned tube with internal heat transfer enhancement for phase change thermal energy storage[END_REF]. Considering these studies and taking into account the cost advantage of using commercial finned tubes, the Flaubert storage unit was designed using standard petrochemical steel tubes, with radial aluminum fins (mean thickness = 0.5mm; fin density = 10 fins/inch), and inserts within the tubes to reduce the hydraulic diameter and increase the heat transfer rate, as explained in [START_REF] Martinelli | Experimental study of an externally finned tube with internal heat transfer enhancement for phase change thermal energy storage[END_REF], all put together in a vertical multi-tube arrangement.

The choice of PCM for the Flaubert storage unit was made considering the following criteria necessary for urban heating applications:

o Melting temperature should be consistent with the Flaubert substation temperature, i.e. it should lie between 47°C and 72°C o Volumetric storage density (in kWh/m 3 ) should be significantly higher than water storage density in the same temperature range. In the range of 47°C -72°C, the water's heat storage density is equal to 32 kWh/m 3 o It should be non-flammable, non-oxidizing, non-explosive, and non-toxic o It should be stable enough to last a 10-year lifetime o It should be non-corrosive to steel and aluminum; the materials used to make the tubes and shell o It should have a low cost; a limit of 10€/kg was considered here Keeping these specifications in view, a bibliographic study was done, considering open literature [13][22][23] [START_REF] Abhat | Low temperature latent heat thermal energy storage: heat storage materials[END_REF][25] [START_REF] Sharma | Review on thermal energy storage with phase change materials and application[END_REF] and commercial products. Among the PCMs usually considered in literature for the required temperature range, some families were immediately ruled out. These include: paraffin, paraffin wax, sugar alcohols, and hydrate salts. Paraffin has high flammability and cost, while paraffin wax has very low volumetric storage density (generally lower than 40kWh/m 3 ). Sugar alcohols have high undercooling rates and low crystallization speeds, which require additional processes (mechanical agitation or bubbling) to force crystallization to occur [START_REF] Duquesne | Nucleation triggering of highly undercooled xylitol using air lift reactor for seasonal thermal energy storage[END_REF], implying that the technological maturity of these materials is insufficient for the current project. Similarly, hydrate salts depict incongruent melting, undercooling, and corrosion. Even though the undercooling behavior of hydrate salts can be suppressed using additives, and incongruent melting can be managed using macro-encapsulation to limit the thickness of PCM, they are incompatible with tube and shell storage systems, owing to functional and financial constraints. Fatty acids [START_REF] Yuan | Fatty acids as phase change materials: a review[END_REF] such as palmitic acid (Tmelt = 52°C) or stearic acid (Tmelt =66°C) were also considerable options for the Flaubert storage system. Stearic acid [29][30][31] has a stability of over 1200 cycles [START_REF] Sari | Thermal energy storage system using stearic acid as a phase change material[END_REF], does not undergo undercooling, has low cost, and has a latent heat of 240J/g with a liquid density of 850kg/m 3 resulting in a volume storage density of 56kWh/m 3 . Ultimately, a commercial PCM, composed mainly of a fatty alcohol, was selected. The RT-70HC, produced by Rubitherm Technologies GmbH, Germany, has a melting temperature of 70°C, a volumetric storage density 68kWh/m 3 (in the temperature range of 47°C -72°C). It is chemically inert, non-flammable, non-explosive, non-oxidizing, non-toxic, and also stable through phase change cycles.

The first part of this paper briefly describes the design of the Flaubert PCM storage facility, focusing mainly on PCM characterization, thermal design, system description, and instrumentation. The specificities of the design, arising from substation constraints, are also highlighted, in particular concerning fluid velocity, flow regimes, and thermal resistance balance. The second part of the paper is dedicated to operating measurements for charge and discharge cycles at different powers and temperatures. The third part discusses the storage density of both, the PCM and the whole system. Therefore, the major goal of this paper is to present the design and preliminary experimental results of a full-scale PCM storage system, adapted to the requirements of a heating network substation, focusing on storage performances of the PCM. The interaction between the heat storage system and the network have not been studied in this paper.

PCM characterization

The PCM selected for the Flaubert storage unit was the mixture RT-70HC, produced by the German company Rubitherm, and composed mainly of a fatty alcohol mixed with a small percentage of paraffin.

In order to characterize the material, the fusion and solidification enthalpies were measured using a SETARAM μSC WETSYS S60 calorimeter. A heating rate of 0.02K/min and a sample mass of 256mg were used, and the measurement results are presented in Figure 1. The fusion enthalpy was found to be 272J/g between 70°C and 72°C, which is consistent with the data provided by the manufacturer. The solidification measurement presented two distinct peaks, the first in the range of 68.9°C -70.4°C with an enthalpy of 170J/g, and the second in the range of 64.6°C -65.7°C with an enthalpy of 96J/g. The sum of these two enthalpies leads to a total solidification enthalpy of 266J/g that is close to the melting enthalpy of 272J/g. The presence of two distinct solidification peaks was unanticipated, as RT-70HC is highly unlikely to present undercooling behavior. However, the mixing of the fatty alcohol with a small quantity of paraffin could explain this behavior. This kind of partial undercooling could also have been due to the very low sample mass (256mg) and may disappear for larger volumes of PCM. 

Overall design

The overall plan and data of the storage are presented in Figure 2.

The design was primarily driven by the objective of using standard elements, for cost optimization, such as standard top (b) and bottom (c) dished heads (also called top and bottom collectors), and standard flanges (d) (e) and plates (d2) (e1). The hydraulic connections (f) (g) were located at the centres of top and bottom heads to achieve flow symmetry. Flow repartition plates (i) were added at the inlets of top and bottom collectors to improve flow repartition between the tubes. These plates help avoid an overflow in the central tubes by deflecting the flow rate towards peripheral tubes. The shell was composed of finned tubes arranged in a triangular array, supported by plates at the bottom part of the top flange (d2) and the top part of the bottom flange (e1). The ferrule (1300mm in diameter) integrated 6 trapdoors (j) at the top, for PCM filling. Overall data are presented in Table 1 andTable 2. Some relevant data can be underlined:

o The mass of metal was 4 times higher than the mass of PCM. This metal mass participates in heat storage, as will be discussed in section 5. o The height of the finned tube was 2 meters, which is 58% of the total height of the storage.

This finned tube height defined, in particular, the number of tubes and the velocity inside them, along with the flow regime. This particular point will be discussed further in the next section. o Liquid PCM occupied 83% of the piping network volume (2.2m 3 over 2.65m 3 ) but only 55% of the component excluding insulation, and 41% of the component including insulation. These figures signify the weight of "non-active" parts of the storage (collectors, insulation, plates, etc.) on the overall compactness of the system. 

(a) (b) (c) (d) (d1) (d2) (e) (e1) (e2) (c) (b) (f) (f) (g) (g) (h) (i) (j)
Overall diameter (including insulation) 1500 mm For illustration, pictures of the storage under operation are presented in Figure 3, with a focus on the filling phase depicted on the right-hand side of the figure. 

Finned tube

Standard petrochemical tubes, with radial helical aluminium fins, were considered as the best compromise between thermal performance and cost. The tube with the highest fin diameter, presented on the left-hand side of Figure 4, was selected in order to minimise the number of tubes in the storage.

The thermal performance of this tube has been characterized previously [START_REF] Martinelli | Stockage d'énergie thermique par changement de phase -Application aux réseaux de chaleur[END_REF], providing relevant data for the design of the Flaubert storage unit. The limit in fin diameter while considering standard tubes (57.4mm) had a strong influence on the number of tubes, the tube diameter (200mm), the velocity, and the flow regime, which is discussed below. 

Flow regime and hydraulic inserts

The number of tubes in the system was naturally fixed. Keeping in view the height of the tube network (2m), the volume of PCM needed to store the expected energy (180kWh), and the external diameter of the tubes' fins, the time of discharge has to be compatible with the duration of consumption peaks in the morning (3 hours). This constraint first defined the nominal flow rate in the storage and then, knowing the number of tubes, finally defined the velocity inside the tubes (which was low at ~1cm/s). The velocity was used for an initial calculation of the Reynolds and Grashof numbers, presented in the second column of Table 3. The flow regime [START_REF] Metais | Forced, mixed, and free convection regimes[END_REF], plotted in Figure 5 (blue circle), was found to lie in the transition zone between both, forced and free convection, and laminar and turbulent flow. Such a transition zone needs to be avoided, as identified in a previous study [START_REF] Martinelli | Experimental study of an externally finned tube with internal heat transfer enhancement for phase change thermal energy storage[END_REF], owing to its instable and complicated nature in relation to predicting the flow regime of a PCM storage that is consubstantially transitory (temperature of water and PCM varied with time and location in the storage during the whole charge and discharge cycles).

To counter this, a flow area restriction was added, which helped modify the flow regime to achieve forced convection, by decreasing the hydraulic diameter, and thus the Grashof number. For cost minimization, a cylindrical flow restrictor, presented in the centre of Figure 4, was chosen that lead to an annular flow inside the tube. As a result, the Reynolds number decreased to 229 and the Rayleigh*Dh/L number decreased to 120 (third column of Table 3), leading to forced laminar convection flow (red point in Figure 5). 

Thermal resistances

The flow regime and the tube-fin characteristics lead to an unusual repartition of the thermal resistance for a PCM storage.

Here, the Nusselt number, for laminar forced convection in an annular space, was calculated using Martin's correlation [START_REF] Martin | Lecture on heat transfer II[END_REF], recommended by [START_REF] Hewitt | Heat Echanger Design Handbook Part 2 : Fluid Mechanics and Heat Transfer[END_REF]:

3.66 1.2 .
where, Di is the hydraulic insert diameter, and D0 is the tube diameter. This Nusselt Number gave a heat transfer coefficient: ℎ . , that was used to calculate a linear convective thermal resistance:

1 ℎ. 0.04 K.m/W where, is the heating perimeter.

The linear conductive thermal resistances through the tube (steel) and the PCM plus aluminium fins media (equivalent conductivity = 20 W/m/K, calculated using CFD simulation) were calculated as:

o !"##$ $ % & ' & ( ) *+.
= 0.0008 K.m/W. Where, r2 and r1 are the external and internal radii of the pipe, respectively. = 0.0065 K.m/W. Where, r2 and r1 are the external radii of the fins and pipe, respectively. The convective thermal resistance was 6 times higher than the conduction through the fins plus PCM media, and 50 times higher than the conduction through the tubes.

Conclusion on the thermal design

Finally, the specific constraints of height, discharge power, and fin diameter of this project led to a constrained thermal design, with laminar flow in an annular space generated using hydraulic inserts. Moreover, unlike the general assumption considered for PCM storages, the main thermal resistance, in this case, was not located on the PCM side but rather on the convective side between the water and tube. This makes the experimental results, obtained with this particular storage, of high interest.

Instrumentation & Control

This part presents the instrumentation of the storage, including the nomenclature of the thermocouples. The formulae used to calculate power and energy are also presented.

Mass flow rate: A bidirectional flowmeter measured the volumetric flow rate (m 3 /h) in the storage during charging and discharging modes. In such meters, the flow rate is positive in either the charge or the discharge mode. In the curves, presented later in this paper, this parameter is indicated as "flow rate" or "Q". Furthermore, in some formulae it is transformed and presented as mass flow rate, denoted by ṁ.

Top and bottom temperature: Two platinum temperature sensors, also called thermocouples (PT100ɸ = 3mm -Response time < 1s), measured the top and bottom temperatures of the storage. Top temperature corresponds with the inlet temperature in charging mode (Tinlet) and the outlet temperature in discharging mode (Toutlet). Similarly, bottom temperature corresponds with the inlet temperature in discharging mode (Tinlet) and the outlet temperature in charging mode (Toutlet). These thermocouples were located in the connecting pipe, presented in Figure 2 (f) (g). These temperatures are also denoted as Ttop and Tbottom.

Power and energy calculations: From the mass flow rate and the inlet/outlet temperature, the thermal power of the storage was calculated using the formula: 2 34 . 56 78"#& . %9 " : -9 < "" = ). This power was positive in either the charging mode or the discharging mode. The stored energy was calculated based on the integral of the thermal power: > !" &8?# > @A 34 . 56 78"#& . %9 " : -9 < "" = ). BC This energy was also positive in either the charging mode or the discharging mode. In charging mode, it corresponded with the energy stored and in discharging mode, it corresponded with the energy removed. The value En-1 was set to 0 at the beginning of each new test. Therefore, the calculated energy corresponds with the evolution of energy from the beginning of the test to the end.

Thermocouples: Three tubes (labelled Tube1, Tube2, and Tube3 in Figure 6) were connected to the thermocouples (Type T -ɸ = 1mm -Class 1 -Response time < 0.1s) located at five different elevations (labelled H0, H3, H5, H7, and H10 in Figure 7). These thermocouples measured, for each elevation, the temperatures in the PCM (2 points in the fins region and 2 points in the free PCM region), and in the water inside the tube. The nomenclature associated with these thermocouples is as follows:

o TTnHzEAU = the temperature of water for the tube "n" at elevation "z". o TTnHzFIN1 = the temperature in the fins region, close to the tube, for the tube "n" at elevation "z". o TTnHzFIN2 = the temperature in the fins region, far from the tube, for the tube "n" at elevation "z". o TTnHzPCM1 = the temperature in the free PCM region, at an equal distance between 2 tubes, for the tube "n" at elevation "z". o TTnHzPCM2 = the temperature in the free PCM region, at equal distance from 3 tubes, for the tube "n" at elevation "z". Additionally, some thermocouples were located in the free PCM in the near-shell region (same five elevations as for tube measurements, i.e. H0, H3, H5, H7, and H10) at two angular positions (R8 and R43), as presented in Figure 6. The nomenclature associated with these PCM "near shell region" thermocouples is as follows: o TVINTHzR8 = the temperature of the free PCM in the near shell region at elevation "z" for angular position R8. o TVINTHzR43 = the temperature of the free PCM in the near shell region at elevation "z" for angular position R43.

Experimental results

The experimental tests presented in this paper were carried out when only the first building of the Flaubert eco-neighborhood was occupied by inhabitants. So, these tests can be considered as tests in a real network configuration. Nevertheless, as the substation is designed for the whole Flaubert district and is currently being operated with a single building, some of the equipment, e.g. valves, was oversized and used at very low opening rates. This made the PID measurements quite sensitive and frequently led to oscillations or overshoots of temperature. As will be shown later, these weaknesses impacted neither the operation nor the performance of the storage, but could have still led to boundary conditions slightly different from the ones expected.

In particular, tests for discharges were more complicated to carry out due to the lower consumption of the single building. During discharges, power needs to be dissipated by the building (via heating and domestic hot water), and this first set of experiments was conducted at a time (March -April, 2019) when only a single building was occupied, and that too with low heating consumption owing to the relatively warm weather. The tests were done early in the morning during peak consumption hours however, the consumption was still not enough to reach high power dissipation. For this reason, the inlet temperature of the storage (that directly comes from the return temperature of the building and strongly depends on its consumption) was quite high (between 55°C and 65°C; higher than the 47°C considered in the design phase) and varied through the discharge cycle. Moreover, the initial temperature of a charge test depends on the cold line temperature during the discharge that was done just before. This temperature varied from one test to another but usually existed between 55°C and 65°C. This initial temperature had a slight impact on the energy stored.

The objectives of the following tests were first, to validate the design of the storage with the target power of 40kW and target energy of 180kWh and then, to study some specific characteristics of this storage. These included: the flow repartition between tubes (efficiency of the shattering plates), the location of the thermal resistances, the behaviour of the PCM in the near-shell region (solidification/melting), the temperature reached during discharge, and the different powers reachable.

Thermal power

Scenarios

The main goal of the Flaubert PCM storage was to achieve charges and discharges at constant power. This constant power was obtained using a PID regulation of the flow rate, where the flow rate increased when the effective power "P" was too low and decreased when the power was too high. The main difference between charges and discharges was the flow direction; during charges water flowed from the top to the bottom of the tubes, and during discharges it flowed from the bottom to the top. The discharge cycles were operated only a few minutes after the previous charge cycle, to limit heat losses, leading to a homogeneous initial temperature close to the charging temperature (80°C or 85°C depending on tests).

Reference discharge: 40kW

The inlet and outlet temperatures of the storage, the flow rate, and the power are presented in Figure 8.

The inlet temperature varied considerably between 55°C and 60°C, due to the building's return temperature, as explained in the introduction. Nevertheless, the outlet temperature was stable, with a first plateau lasting more than one hour at 85°C. This usually occurs when the PCM solidifies at the bottom of the storage and the water is heated-up at the top using the sensible heat of the PCM (where the PCM is still at 85°C). Then, the outlet temperature decreased to reach a second plateau, around 70°C, between time = 2h and time = 4h. At this point, the PCM at the top of the storage started solidifying. Following this, the outlet temperature decreased to, eventually, reach the inlet temperature. An important result obtained here was the capacity of the storage to give back a temperature similar to the charging temperature (85°C) for over an hour, and a temperature higher or close to the melting temperature (70°C) for the main part of the discharge. Another interesting characteristic of the design, observed here, was the smoothing of inlet instabilities of temperature and flow rate during discharges (this behaviour was also observed during charges). In order to maintain a constant power of 40kW, the flow rate in the storage progressively increased when the outlet temperature decreased. The power was stable at 40kW during the first 3 hours, then fluctuated around 30kW for an hour, and finally decreased when the flow rate reached its maximum value. This fourth hour at 30kW, instead of 40kW, was a result of an increase in the inlet temperature due to the significantly low consumption of the building. Then, after 4 hours, the power increased again for a few minutes, due to a decrease in the inlet temperature owing to a short increase in the building's heat consumption. The final drop in power is attributed to the end of PCM solidification. On the whole, this test confirmed that the storage reaches it design power, of 40kW, during discharge.

Reference charge: 40kW-85°C

The results, presented in Figure 9, show that the inlet temperature was not fully stable, and required more than one hour to increase from 75°C to 85°C, followed by a long period of oscillations (~1 hour) at +/-2°C to reach 85°C. During the charge, the outlet temperature slightly increased from 60°C to 70°C, through progressive melting of the PCM in the storage. The evolution of ΔT between the inlet and the outlet (mainly due to inlet oscillations) was balanced by the regulation of flow rate, resulting in a constant power, around 42kW, for nearly 3.75 hours. Then, the outlet temperature increased rapidly until all the PCM in the storage had melted. This led to an increase in flow rate that, eventually, reached the maximum flow of the charging pump (around 5.7m 3 /h). However, this flow rate was not high enough to maintain a power of 40kW, leading to a rapid decrease in the power, which reached 0kW shortly after crossing the 5 hour mark. Nonetheless, the first test did show that the storage reached its design power, of 40kW, during charge as well. 

Power: global results for charges

A wide range of powers was tested during this phase, and a part of the results is presented in Figure 10, for charge tests between 20kW and 100kW. Stable and constant powers were obtained for all the tests that were carried out. Additionally, it can be observed that the inlet temperature had no influence on the power; the powers measured during the 40kW test with inlet temperatures of 80°C and 85°C were identical. o The melting of the PCM was observed when the difference of temperature between water and PCM increased (corresponds to the moment when the water temperature exceeds 70°C), and the melting temperature was almost constant and close to 70°C. o The radial temperature gradient, at a given elevation, existed primarily between water and FIN1. This showed that the main thermal resistance in the system came from the low rate of heat exchange between the water and tube, regardless of the hydraulic inserts added to improve it. This measurement was in accordance with the calculations presented in section 3.4. o At the end of the melting phase, a higher temperature gradient was observed between fins and free PCM (between thermocouples connected at FIN1 and PCM2). At this point, melting was still in progress in the free PCM region, indicating that the PCM had a low conductivity when it was outside the fins.

Another specific behavior observed here was the inverse relation between elevation and melting time, i.e. the lower the elevation was, the longer the melting process lasted. Also, at lower elevations, this melting process initiated at a later time. The melting that occurred later at the bottom of the module illustrates the efficiency of the heat transfer process, which heated up water in a short length at the top, causing the PCM to melt from the top of the storage to the bottom and with very limited radial change in temperature. The quicker melting at the top of the module was due to a higher difference in temperature between water and PCM, as compared to the bottom. At elevation H7, the complete melting process took place with a temperature gradient greater than 3°C, between the water and PCM in the fin region. Whereas, at elevation H3, this temperature difference was lower than 1°C for the first hour of melting (i.e. between time = 1h to time = 2h). Similar behaviors were observed during charges and discharges. The solidification of the PCM occurred progressively from the bottom to the top of the storage, as can be seen in Figure 14, for a 40kW discharge test. Here, the higher the elevation was within the module, the later the solidification plateau appeared. Also, the plateau lasted longer at higher elevations. Moreover, temperature at elevation H7 remained relatively constant at 85°C for more than 45 minutes, and achieved a temperature lower than 70°C (solidification temperature) only after 1.75 hours due to efficient heat transfer at lower elevations. It was also observed that the water temperature dropped step-by-step, while elevation increased, till it was low enough for solidification to occur (70°C). This behavior also explained the piston effect, seen from the bottom to the top of the storage, of the solidification front. A radial temperature difference is also visible in Figure 15, when the PCM existed in the free PCM region (curves PCM1 and PCM2). This effect ceased as the PCM solidified, which occurred slightly later here than in the fin region (curves FIN1 and FIN2). However, this effect was negligible in relation to the piston effect from the bottom to the top.

A singular behaviour appeared after solidification, with the formation of a second plateau around 66°C, observed at all elevations and in fins and free PCM regions. A first hypothesis concerning this second plateau is that it was a result of PCM relocation during solidification shrinkage, with a free level of PCM in the storage that decreased progressively and transported PCM from the top to the bottom. A second hypothesis is that it was due to a two-step solidification of the RT-70HC PCM -a behaviour that is attributed to its composition, as was depicted in Figure 1. It can also be observed in Figure 8 that the second plateau had no influence on the overall behaviour, particularly the outlet temperature, of the storage. In addition to this, it was also observed that, similarly to melting, the main thermal resistance was located between the water and fins. At all elevations, there was a higher temperature difference between the water and FIN1 than between FIN1 and PCM2. 

Difference between tubes 1, 2 & 3

As presented in Figure 2, deflection plates were added at the inlet/outlet of the storage to ensure a homogeneous flow repartition between the tubes. In this subsection, the flow repartition is verified, with the help of temperature measurements for a 40kW charge test. The evolution of water temperatures, for the three tubes, T1, T2, and T3, presented values very close to each other at both, the inlet (H10) and outlet (H0) of the storage, as seen in Figure 16. Only a slight difference was observed in the inlet temperatures (H0), which disappeared, completely, as well at the tube outlets. Therefore, at the component scale, the deflection plates were considered efficient. However, when considering the free PCM temperatures, it was observed that the difference between the three tubes was stronger. This is depicted in Figure 17 where, at elevation H5, water temperatures were still very close but in the free PCM region, a difference appeared with the melting plateau ending half an hour later for tube 2 than for tubes 1 and 3. Moreover, temperatures in tubes 1 and 3 were different after the melting plateau, with a second short plateau forming for tube 3 that did not occur for tube 1. This difference in PCM temperatures brought to light a difference in mass flow rate between the tubes, but it remained small and only affected the PCM temperature, with no influence on the water temperature.

In conclusion, the flow distribution was not perfectly homogeneous, with flow rate in tube 1 slightly higher than flow rate in tube 3 that was slightly higher than flow rate in tube 2. However, this imperfect flow distribution did not affect the global behavior of the storage. For the 40kW charge test, the temperatures in the near-shell region at elevations H0 to H10 are presented in Figure 18.

The initial conditions of the 40kW charge test (inherited from the immediately preceding discharge) were not homogeneous; the near-shell region temperature at elevations H3, H5, and H7 was 70°C, indicating that the PCM had not fully solidified. At elevation H10, which lay above the PCM free surface (when the PCM is in solid phase, and surrounded by air at time = 0), the temperature was 57°C. At elevation H0, which was very close to the bottom flange (likely to be a location with high heat losses due to the bottom dished head), the temperature was 62°C. These temperatures indicated a special behavior at elevation H0 and H10, which was observed throughout the whole transient, whereas elevations H3, H5, and H7 presented similar trends, but shifted in time, following the progress of the melting front from the top to the bottom. After 6 hours, PCM in the near-shell region fully melted, for all elevations. This result was desirable, as it showed that all the PCM in the storage can be melted in a reasonable amount of time. The results obtained in the 40kW discharge test (Figure 19) confirmed the behaviours observed in the 40kW charge test. Elevations H3, H5, and H7 presented similar trends, shifted in time, following the progress of the solidification front from the bottom to the top. As for charges, elevations H0 and H10 presented a special behaviour, with a fast solidification in H0 due to heat losses (because of the bottom flange), and no solidification plateau in H10 that was located above the PCM free surface. An important observation here was that after 5 hours the PCM had not fully solidified in the near-shell region. This was true for elevations H3, H5, and H7, as opposed to the 40kW charge transient, where the PCM had almost fully melted by this time. A reason for this may have been the fact that melting was more efficient than solidification outside the fin zone, due to natural convection. A consequence of this was that, at the end of the transient phase, all the PCM had not solidified in the storage, which may explain why the energy released was often lower than the energy stored (see section 4.5). 

Energy

A summary of the energies measured for the charge and discharge tests carried out during this testing phase are presented in Table 4 and Table 5, respectively.

Considering charges, the first six tests with a temperature of 85°C (2.3 m 3 /h, 5.8 m 3 /h, 20kW, 40kW, 75kW and 45kW) presented a repetitive final energy between 171kWh and 185kWh. The amount of energy stored was slightly influenced by the near-shell region that, sometimes, had not fully solidified at the beginning of a test. In fact, the two tests with the highest energies (182kWh and 185kWh) were the ones where the near-shell region had fully solidified at the beginning of the test. The initial mean temperature of the PCM, measured around tubes 1, 2, and 3, varied between 59°C and 63°C. For the next four tests, with a temperature of 80°C (2.3 m 3 /h, 40kW, 45kW, 60kW), the calculated energies were also repeatable between 163kWh and 172kWh. The maximum measured value (172kWh) corresponded with the lower initial temperature (56°C), and to a test where the near-shell region had fully solidified at the beginning of the test.

A crucial test conducted here, was the "50kW-85°C" test that was performed after a long stand-by test, when the temperature in the storage had decreased, due to heat losses, to a homogeneous value of 43°C. This test can be considered as representative of a charge following a discharge with the cold temperature expected during summer, i.e. 42°C, when the whole Flaubert district will be operational. The energy measured during this test was 230kWh, which could be considered as the energy that will be reached when all the buildings of the Flaubert eco-neighbourhood will be connected to the heating system. The difference of energy (45kWh) between this test and the tests with an initial temperature of 59°C, was specifically verified, and was found to be consistent with the sensible heat of the whole storage (which constitutes 7 tons of metal, 1.7 tons of PCM, and 500kg of water).

Considering discharge tests (Table 5), the PCM in the near-shell region never fully solidified at the end of a test (temperature did not exceed 70°C). However, the energy released was close to the energy stored. Discharges with initial temperatures of 85°C, resulted in energies released in the range of 171kWh to 180kWh, which are nearly 10kWh lower than the energy stored during charges at the same temperature (always around 180kWh). Similarly, the two tests with an initial temperature of 80°C, led to the release of 151kWh of energy (with relatively high cold temperatures of 61°C and 62°C, respectively). This value was also around 10kWh lower than the energy stored during charges at the same temperature. This 10kWh difference may be attributed to the PCM in the near-shell region, which melted fully after 5 hours of charge but did not solidify fully after 5 hours of discharge. Another reason may be the heat losses, during the charging/discharging process, that were added to the thermal power during charge (part of the power given by the fluid to the PCM was lost as heat) but subtracted from it during discharge (part of the power given by the PCM did not go to the fluid but was rather lost as heat). This was a consequence of the way energy was calculated by integrating the power on the water side. Three values of storage density, presented in Table 6, were considered in this approach. First, the storage density of the single PCM between the cold and the hot temperatures was calculated. Then, the density of the storage, in terms of volume (4m 3 ) excluding insulation, was calculated. This storage density is probably the most representative of the performance of the system, because the effect of insulation on the storage density strongly depends on the size of the storage and is unfavourable for small systems. So, it is considered more useful to determine the storage density without insulation in order to study the system's performance. Nevertheless, the storage density including insulation was also calculated using the total volume of the storage (5.4m 3 ).

The storage densities sparsely depend on the temperature difference (ΔT) between charge and discharge; a 110% increase in the temperature difference (between 60-80°C and 43-85°C) led to an increase of 39% in the storage density without insulation. The storage density of the storage without insulation was in the range of 63-76% of the PCM storage density, and was closer to the PCM density when ΔT increased (75% for ΔT = 42°C). This behaviour was due to the higher ratio of energies from the water and the metal. Furthermore, the storage density of the component including insulation was in the range 47-57% of the PCM storage density.

Considering the energy repartition in the module, it was observed that the energy was mainly stored in the PCM (~75%), even though its mass (1683 kg) was significantly lower than the surrounding steel's (6300 kg). 

Conclusions

This paper presents the design and the preliminary operation measurements of a PCM storage demonstrator that has been built, filled with PCM, and installed in the substation of the new Flaubert eco-neighbourhood in Grenoble's urban heating network. This storage has been under operation since March, 2019.The PCM selected for this project is the commercial RT-70HC (Rubitherm GmbH) and the storage technology is based on tube and shell heat exchangers with standard petrochemical tubes. This paper presents the results of the performance tests carried out on the Flaubert PCM heat storage during the start-up phase. These measurements include the verification of the design point (40kW in charge and discharge during 3 hours) and off-design test conditions. It must be underlined that for this first phase of testing, the scope of discharge power was limited because of the low consumption of the single building connected to the substation, and the warm weather in Grenoble during March-April, 2019. This low consumption also explains the higher inlet temperatures, observed during discharge tests (55°C to 65°C), compared to the value set for the design phase (47°C). Regardless of these limitations in discharge power and inlet temperature, a complete set of performance tests was carried out, which covered charges at different powers and inlet temperatures, and discharges at different powers.

The main result of this initial testing campaign was the very favorable behavior of the storage during both, the charging and discharging processes. Moreover, around 70 tests of charges/discharges have been carried out successfully, since February, 2019, without any negative feedback.

Considering charge tests, the following conclusions were drawn:

o The regulation of the flow rate, to balance the outlet temperature increase, was efficient, and permitted the maintenance of a constant power during the melting of PCM. Charges at 20kW, 40kW, 55kW, 75kW, and 80kW were successfully tested. o Charges at inlet temperatures of 80°C and 85°C led to similar performances. o The energy stored during charges varied from 172kWh to 180 kWh. o The PCM in the near-shell region can be melted in a reasonable amount of time.

Considering discharge tests, the following conclusions were drawn:

o The energy released between an initial temperature of 85°C and a final temperature of 56°C was 180 kWh. o The storage reached the design power of 40kW, during discharge, within three hours. o Six different tests at 25kW have shown that the repeatability of the discharge process, and the insensitivity to the instabilities of mass flow rate and hot temperature were due to the PID regulation. o The storage gave back the charging temperature of 85°C during more than one hour. This temperature was higher than or close to 70°C for the main part of a discharge test. o The near-shell region did not fully solidified even after 5 hours of discharge. o The thermal resistance of the system existed mainly in the convective heat exchange region between water and tubes, rather than in the PCM region.

Finally, these results were used to calculate the storage density of the Flaubert module in the temperature range of 56°C -85°C, considering an energy of 180kWh (taken from the measurements).

The corresponding storage density of the storage without considering insulation was 45kWh/m 3 (69.7kWh/m 3 for the single PCM). A special test permitted the measurement of energy between 43°C and 85°C (230kWh), giving a storage density of 57.5kWh/m 3 without insulation.

In the next steps of the project, additional tests are planned at higher power and lower inlet temperature for discharges. These conditions should be reached following the connection of a second building to the network. Afterwards, the storage will be connected to a solar thermal field, and a smart management control system. This will help demonstrate, at the scale of an urban district, the possibility of increasing the share of renewable energy, by storing solar energy during low demand periods and recovering it during consumption peaks, thus limiting the use of fossil fuels.
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 1 Figure 1 : Equivalent heat capacity of RT-70HC measured at CEA
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Figure 2 :

 2 Figure 2: Overall schematic of the storage (without insulation)

Figure 3 :

 3 Figure 3: On the left: Picture of the storage under operation in the Flaubert substation; On the right: zoom in on the filling of the storage through the filling trap

10 Figure 4 :

 104 Steel tube with circular helical aluminium fins (in the centre: cylindrical hydraulic insert with its centring legs connected to the top flange)

Figure 5 [

 5 Figure 5 [33]: Flow regime inside a cylindrical vertical pipe. Blue point = flow regime without flow restriction (Re = 385 -Ray*Dh/L = 10.7*10 4 ), Red point = flow regime with flow restriction (Re = 230 -Ray*Dh/L = 120)
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 67 Figure 6: Positions of thermocouples in the storage
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 8 Figure 8: Discharge 40kW -Power, flow rate, inlet and outlet temperatures.
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 9 Figure 9: Power, flow rate and inlet/outlet temperatures for the 40kW charge
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 10 Figure 10: Power for the charge tests
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 11 Figure 11: 25kW discharge tests: Inlet temperature and flow rates
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 13 Figure 13: Temperatures -Tube1 -Elevation H7 and H3 (Charge -40kW)
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 1415 Figure 14: Discharge 40kW -FIN1 temperatures for tube 1 at elevations H0 to H10

Figure 16 :Figure 17 :

 1617 Figure 16: Water temperatures -Tubes 1, 2 & 3 -Elevation H0 & H10 (Charge -40kW)
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 18 Figure 18: PCM temperature in the near-shell region -Elevations H0 to H10 (Charge -40kW)
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 19 Figure 19: Discharge 40kW -PCM temperature in the near shell region

  

  

Table 1 :

 1 Overall data for the storage

	Mass (without PCM)	7 tons
	Mass of PCM	1.68 tons
	Flanges diameter	1400mm
	Ferrule outside diameter	1300 mm
	Finned tubes height	2000 mm
	Overall height (including insulation)	3423 mm

Table 2 :

 2 Volume of the storage

	Volume

Table 3 :

 3 Flow regimes for the tubes

Tube without flow restriction Tube with flow area restriction

  

	Mass flow rate [kg/s]	1.175	1.175
	Mean velocity [m/s]	0.01	0.02
	Reynolds number	385	229
	Rayleigh * Dh / L number	10775	120

Table 4 :

 4 Energies for the charge tests

		Test	Energy	Initial temperature (Tube 1, 2 & 3 -PCM)	Initial temperature (near shell region)
	2,3m	3 /h -85°C	185 kWh	59°C	60-67°C
	5,8m	3 /h -85°C	182 kWh	59°C	58-67°C
	20 kW -85°C	174 kWh	61°C	70°C (not fully solidified)
	40 kW -85°C	171 kWh	56°C	70°C (not fully solidified)
	75 kW -85°C	180 kWh	63°C	70°C (not fully solidified)
	45kW -85°C	180 kWh	62°C	70°C (not fully solidified)
	50kW -85°C	230 kWh	43°C	43°C
	2.3m	3 /h -80°C	165 kWh	62°C	70°C (not fully solidified)
	40 kW -80°C	165 kWh	60°C	58-66 °C
	45 kW -80°C	163 kWh	61°C	70°C (not fully solidified)
	55 kW -80°C	172 kWh	56°C	55-63°C

Table 5 :

 5 Energies for the discharge testsFrom the charging and discharging tests carried out during this first test campaign, energies and temperature ranges were selected to calculate different storage densities. The selected values are as

	Test	Energy	Initial	Final Temperature	Final Temperature
			temperature	(Tubes)	(near shell region)
	25 kW (1)	151 kWh	80°C	61°C	70°C (not fully
					solidified)
	25 kW (2)	151kWh	80°C	62°C	70°C (not fully
					solidified)
	25 kW (3)	148 kWh	82°C	63°C	70°C (not fully
					solidified)
	25 kW (4)	180kWh	85°C	56°C	70°C (not fully
					solidified)
	30 kW	171 kWh	85°C	60°C	70°C (not fully
					solidified)
	40 kW	170 kWh	85°C	58°C	70°C (not fully
					solidified)
	50 kW	144 kWh	~72°C (not	55°C	70°C (not fully
			fully melted)		solidified)
	5. Storage density			

Table 6 :

 6 Storage densities for the Flaubert module 60-80°C

		56-85°C	43-85°C
	ΔT = 20°C	ΔT = 29°C	ΔT = 42°C