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18 Abstract:
19
20 The latent heat of phase change allows to increase the energy density compared to sensible storage. In the building
21 sector, it is possible to replace hot water tanks that are bulky due to their cylindrical shape, by smaller storage
22 volume and parallelepiped geometry. The idea of the new concept is thus to propose a hybrid and modular storage
23 component with a cavity containing the phase change material (PCM) delimited by two flat heat exchangers
24 connected by slotted fins. The first step was to precisely characterize the behavior of the two selected PCMs during
25 melting and solidification, without and with supercooling (respectively RT58 and PEG6000). The next step
26 concerns the modeling of the storage cavity and then the optimization of the new full-size concept for solar
;; domestic hot water systems. A prototype was experimentally tested for the two PCMs under real operating
29 conditions with a reduced sequence of six days allowing the annual performance to be calculated.
30 The experimental results confirm the known limit of PCM concerning its low thermal conductivity, which can
gé penalize the power extracted from the storage during continuous withdrawals. The spacing of the fins thus plays a
33 major role in heat transfer. The evaluation of the annual performances carried out on the prototype shows that the
34 solar fraction is quite satisfactory, between 40 and 90% depending on the climate in France. The distribution of
35 average temperatures observed within the PCM is directly correlated with the melting ranges. The RT58 is thus
36 penalized compared to the PEG6000 because the start of the melting takes place at a much lower level (30°C
37 against 52°C), which can lead to more frequent use of back-up. Regarding heat storage, the much lower density of
38 the RT58 explains the difference in energy stored in the prototype (+34% for the PEG6000 between 20 and 80°C)
39 knowing that the latent heat and the specific heat are of the same order of magnitude in both cases. Finally, the
40 higher thermal conductivity of PEG6000 favors the heat rate exchanged during the storage charging and
Zl é discharging phases.
43 Keywords: PCM — Latent heat storage — Experimental characterization — Inverse method — Solar domestic hot
44 water system
45
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52 Cerr Effective heat capacity, J.kg=t. K1
53 Cp Sensible heat capacity, J.kg='. K~!
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55 f Liquide fraction
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Greek letters
B Heating/Cooling rate, K.min™!
AT Temperature variation,°C
¢ Heat flux, W
A Thermal conductivity, W.m™*. K1
p Density, kg.m™3
Acronyms
DHW Domestic hot water
PCM Phase change material
SF Solar fraction

1. Introduction

It is now established that limiting climate change and its consequences requires reducing greenhouse gas
emissions. The objective of carbon neutrality in 2050 will make it possible to limit the rise in temperature, provided
that a major effort is made to reduce energy consumption. With the war in Ukraine, rising energy costs and supply
difficulties led to the urgent development of energy conservation plans covering the energy consumption of
buildings and transports in many European countries. As the building sector is the main consumer of energy, it is
important to launch a large-scale renovation of buildings, to improve the efficiency of energy systems and to use
solar energy which is an intermittent source. Solutions must also be identified regarding adaptation to climate
change, for example by ensuring thermal comfort during heat waves. In this context, thermal storage is a central
element that makes it possible to limit temperature peaks in buildings thanks to the inertia of the walls, or to take
benefit from solar energy. As a result, it can also be used to shift the load demand from peak hours to off-peak
hours of the day. It is no secret that latent storage offers a higher energy storage capacity than sensible energy
storage for the same volume.

The subject addressed in this article relates more specifically to thermal storage with phase change materials
(PCM) for the production of solar hot water. The objective is to replace hot water tanks, which are bulky due to
their cylindrical geometry, with more compact latent storage and a parallelepipedal geometry. Reducing clutter is
essential in existing buildings to add new solar storage during renovations, and in new buildings because the real
estate cost leads to the rationalization of surfaces. The current industrial storage products for solar hot water
systems with PCMs only are very limited. One of the reasons is the complexity due to the presence of two heat
exchangers coupled to the PCM storage. The load exchanger is connected to the thermal solar collectors. Charging
takes place when the temperature difference between the solar collector and the storage becomes greater than a
previously defined threshold. The discharge exchanger is connected to the domestic hot water (DHW) system and
operates at each tapping. We have only identified the company SUNAMP which offers storage batteries allowing
this mode of operation in simultaneous charging and discharging, with storage capacities between 3.5kWh and
12kWh.

Regarding scientific studies, we rule out hybrid water-PCM solutions that are developed to increase storage
capacity or promote stratification [1] [2] [3]. The framework of our study concerns storage solutions with PCM
only and two heat exchangers allowing simultaneous charge-discharge. Two main categories can be defined. These
are on the one hand integral collector storage with PCM positioned outside, particularly on the roof [4] [5][6], and
on the other hand storage units with cylindrical [7] or parallelepipedal [8] geometry, positioned inside the building.

It appears from this bibliographic work that storage cavities with PCM solar thermal systems are very little studied,
which may also explain the lack of industrial offers. It is necessary to propose innovative concepts operating in
simultaneous charging and discharging, with possible direct transfer between the two heat exchangers (solar loop
and DHW). The development of new hybrid storage and transfer concepts also comes up against often imprecise
PCM behavior laws (with and without supercooling) [9]. Under these conditions, the energy performance
estimated numerically may lack reliability. Thus, this is detrimental to the development of solar storage with PCM
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because the demonstration of its interest is difficult compared to the solar hot water tank which works very well
in terms of energy performance, even if its size is larger.

This article thus presents the development of a new concept of storage with PCM for solar thermal systems for the
production of DHW. The work is based both on PCM characterization methods based on flux measurements [10],
[11],[12], [9] [13] and annual system performance evaluation methods based on reduced test sequences [14].

The selection of PCM candidates for heat storage must consider the melting temperature (close to the setpoint, i.e.
approximately 55°C), as well as the ability to store (latent heat, specific heat and density) and transfer heat (thermal
conductivity). Other aspects must also be considered such as the degree of supercooling and the possible risks
(sanitary, segregation, corrosion, etc.). From these selection criteria, we finally selected a polymer (PEG6000) and
a paraffin (RT58). In the first part, the article presents the analysis of the thermodynamic behavior of these two
PCMs and their ability to store heat for the targeted DHW application. The characterization of the PCM is carried
out on a fluxmeter bench by energy balance and inverse methods. This approach gives access to all the thermo-
physical characteristics and the PCM behavior laws (enthalpy, liquid fraction and equivalent specific heat) as a
function of temperature. The comparison of the two PCMs for heat storage is proposed in a second part in charge
and discharge for a cavity comprising fins in order to increase heat transfer. The analysis of the differences
observed on the energy stored and the powers exchanged in charging and discharging is based on the characteristics
of the PCMs previously identified. The third and final part begins with the presentation of the hybrid PCM storage
and exchange component, designed to allow simultaneous charging (solar) and discharging (DHW), as well as
direct transfer between the two heat exchangers (solar and DHW) thanks to the fins. The evaluation of the annual
performance of the new storage concept on a semi-virtual test bench from a reduced sequence of six days is finally
proposed for the two PCMs. The final choice of the best PCM for the considered application is finally proposed,
as well as ways to improve the performance of the prototype.

2. Ability of the two PCM candidates to store heat

2.1. Preliminary question: is PCM storage relevant?

A preliminary question before selecting a PCM storage is to clearly identify its interest compared to conventional
storage. In the case of solar DHW systems, water constitutes a solution that is difficult to compete for financial
reasons (cost of water vs. PCM) and ability to store heat (high specific heat for water). The relevance of the PCM
is mainly motivated by the compactness which is an interesting criterion with regard to the cost of real estate (€/m?)
both in new construction and renovation. During an energy renovation, adding solar storage can also be difficult
for reasons of available space. Compactness is in this case an important criterion for the very feasibility of the
project. A big advantage of PCM is its ability to store heat for small temperature differences. In the case of solar
storage, temperature differences are limited because the temperature range in the storage will tend to be higher in
summer (typically 40-80°C) than in winter (20-50°C). Other applications require a limited temperature operating
range, such as the batteries of electric vehicles. In this case, the PCMs make it possible to passively manage the
temperature of the components thanks to an adapted melting temperature.

Other characteristics of PCMs can be useful. For example, the rise in temperature before the start of melting makes
it possible to reduce the use of back-up in a solar DHW system because the desired setpoint temperature can be
obtained more quickly (sensible heat energy is lower than latent heat). It is also possible to take advantage of
supercooling to reduce heat losses over long periods [15] [16]. Concerning the health issue, legionella risk is ruled
out because the water drawn is not stored and water storage may not be accepted in certain countries if it presents
significant health risks.

A number of disadvantages of PCMs should be carefully considered. Their low thermal conductivity is a point of
vigilance if the heat rates are high. In the case of solar storage, the heat extracted from the collectors is transmitted
gradually during the day to the storage. The low conductivity of PCM is not penalizing in this case. On the other
hand, the production of domestic hot water requires high discharge powers (20 to 25kW for an individual house
boiler in instantaneous heating). It is important in this case to promote heat transfer by adjusting the equivalent
thermal conductivity. There are many possibilities for intensifying transfers [17] [18] [19] [20]: fin spacing,
nanoparticles, metal foam, etc. The expansion of PCM during melting, and vice versa during solidification, also
does not play in favor of the power extracted due to the presence of additional contact resistances during discharge.
A final point to consider for a DHW storage system is the impact of the number of charge-discharge cycles. The
choice of the PCM must of course integrate the stability of the thermo-physical characteristics over time.
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The two main factors limiting the use of PCMs are certainly the cost and their low thermal conductivity.
Nevertheless, the cost of the PCM is not necessarily preponderant with regard to the cost of the complete
installation. This is what we observed in the case of a solar hot water production system with PCM [21]. The cost
of PCM is about 25% of the cost of storage. If we consider the cost of real estate and the reduction in occupied
space, the financial gap is necessarily reduced between the hot water tank and the PCM storage.

We have found that the MCP behavior laws usually used are not particularly reliable [9] for both melting and
solidification, and that characteristics such as supercooling are generally poorly modeled, particularly during
partial melting-solidification cycles. It is important to accurately characterize the behavior of PCMs to show their
interest compared to a hot water tank. The comparison of the two PCMs proposed in this article is thus based on
finer characterization methods than those usually considered in the literature [9] [13] [22]. This is an important
step in trying to "democratize" PCMs in the building sector, particularly with the current trend of moving towards
bio-based PCMs with behaviors that can be more complex than paraffins for example.

2.2. Selection of the two PCM candidates
In this study, which concerns a solar DHW system, the specifications relating to the choice of PCMs are quite
simple. Latent heat, sensible heat and density should be maximized, while minimizing cost. Given the intended
application, the melting temperature must be close to 55°C and the numerous charge-discharge cycles must not
alter the thermo-physical properties with, for example, the appearance of segregation phenomena. We have thus
selected two PCMs whose characteristics provided by the manufacturers are presented in Table 1.

Latent heat Phase change Specific heat | Density Thermal conductivity
PCM (kJ.kg) temperature (°C) | (kJ.kg'.K) | (kg.m?) (W.m.K)
RT58 (Paraffin) 160 53-59 2 0.88 0.2
PEG6000 (Polymer) 192 55-62 2.3 1.2 0.3

Table 1: Data provided by the manufacturers for the two PCMs studied

This information is not sufficient to assess the energy efficiency of the two PCMs in the intended application. A
characterization work was thus carried out in order, on the one hand, to verify the data provided by the
manufacturers, and on the other hand to define the precise behavior laws of the two PCMs selected as a function
of the temperature. A simple bibliographical analysis shows that the behavior laws available in the literature are
not compatible with these two PCMs:

- A mixture of two components or crystalline structures leading to more complex characteristic curves as a
function of temperature for the enthalpy /(7), the liquid fraction f{7) and the equivalent specific heat Ceff(7).
We have clearly observed the limits of the models available in the literature in the case of RT-58 [9]. The new
proposed laws have been validated experimentally in the case of temperature ramps and steps (both heating
and cooling modes).

- Supercooling is rarely modeled accurately. We have thus defined a heat diffusion law during the recalescence
phase, as well as the complete solidification curves which depend on the cooling rate. Regarding the partial
charge and discharge cycles, a reference cooling curve and the melting curve make it possible to determine
the intermediate states thanks to the “curve scale” method [23] [24]. Tests on a fluxmeter bench in melting
and complete or partial solidification, for different heating and cooling ramps were carried out with the
PEG6000. The dynamic model and the experimental results obtained were presented in [ 13].

The following part presents the comparison of the behavior laws of the two selected PCMs. These results will be
useful to analyze later on the one hand their ability to store heat in a cavity, and on the other hand their level of
performance in a real storage system for the production of solar hot water.

2.3. Characterization of the two PCMs

2.3.1. Characterization by inverse method on fluxmeter bench
The first step consists in characterizing the behavior of PCM during melting and solidification (RT58 without
supercooling and PEG6000 with supercooling). Some parameters are identified by energy balance (specific heat
and latent heat) and others by the inverse method (thermal conductivity). This last method is also used to determine
the enthalpy #, the liquid fraction fand the equivalent specific heat Ceff as a function of temperature. The behavior
laws presented in [9] and [13] for the two PCMs do not include certain invalid assumptions that are often
considered in the literature: linearity of f(7), discontinuity or symmetry of Ceff(7) and single component.
Analytical equations related to 4(7), f{T) and Ceff{T) characteristics have been proposed for complete and partial
melting/solidification cycles (without and with supercooling). In the presence of supercooling, the temperature of
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the onset of crystallization and the complete solidification curves are identified as a function of the cooling rate £.
This same parameter is used to determine the duration and the variation of the heat release during the recalescence
phase. The partial cycles are defined from a reference cooling curve and that of complete melting. The intermediate
states between these two limits are obtained with the “curve scale” method [23] [24].

A fluxmeter experimental bench was built to characterize the selected PCMs. It makes it possible to apply thermal
boundary conditions like ramps, using baths at constant temperature, on a parallelepipedal briquette of 21*14*1.8
cm?® in acrylic (PolyMethyl MethAcrylate) containing the PCM. A volume of 0.3 liters of PCM (200g to 300g) is
characterized, a much larger quantity than for usual DSC measurements (a few mg). The instrumentation of the
test bench includes tangential gradient flow sensors which are located on each side of the sample, between the
outer wall of the briquette and the flat exchanger. The flow sensors, manufactured by the CAPTEC company, have
the same area as the faces of the briquette, a thickness of 0.2mm and a sensitivity of 117uV.W.m2 Once calibrated,
the uncertainty of the measurement is around 3%. A type T thermocouple is also located into the PCM halfway up
the briquette. This direct measurement of the PCM temperature is very useful because it allows on the one hand to
better observe certain phenomena such as the recalescence phase, and on the other hand to validate the models
more precisely by considering both the flow measurements at surface boundaries and temperature within the PCM.

2.3.2. Example of complete melting and solidification cycle

An example of the response of the two PCMs is shown in Figure 1 during melting and solidification ramps lasting
4 hours. The surface temperature is set and the heat flow are measured, as well as the temperature within the PCM.
The two PCMs show very different behaviors regarding their melting range (30-62°C for RT58 and 52-64°C for
PEG6000) and supercooling which is particularly present in the case of PEG6000 (a dozen degrees). The
recalescence phase is observed over a period of approximately 1500 seconds with the increase in the temperature
of the PEG6000 during cooling. Figure 1 shows that the stored energy and the maximum heat flows exchanged
are higher in the case of the PEG6000. These results are consistent with the data proposed by the two
manufacturers, if we compare the values related to storage (specific heat, latent heat and density) and heat transfer
(thermal conductivity). We will see later with a more precise characterization that it is mainly the difference in
density that explains the differences in the stored energy.

4h ramp
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Figure 1: Evolution of heat flows and temperatures (set on the briquette boundary surface and measured in the PCM) during
a complete melting and solidification cycle (duration 4 hours; PEG6000 and RT58)

2.3.3. Main parameters identified with fluxmeter bench
The characteristics obtained (table 2) show that the main difference concerning energy storage is the density (factor
1.4 in favor of PEG6000) because the specific and latent heats are of the same order of magnitude (the values for
the latent heat were very different with the data provided by the manufacturers). The fluxes exchanged are higher
in the case of PEG6000 (figure 1) because the thermal conductivity is greater (factor 1.7 in the solid state). In
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melting, the phase change range is much smaller for PEG6000 than for RT58. This means that the
temperature towards the storage set-point temperature (approximately 55°C) is faster for the PEG6000.

rise in

Characteristics Units RT58 PEG6000
Density p kg.m3 880 1200
Thermal conductivity As W.m ! K! 0.206 0.35
AL W.m! K! 0.237 0.41

Specific heat Cps Jkg! K! 2112 1914

CpL Jkg! K! 2100 2100
Latent heat L kJkg! 1724 172.5
Melting range °C 30>62 52>64
Solidification range °C 60>30 °C >43°C
Supercooling AT °C Faible =]115a125°C
Recalescence duration At s 1000-3000

Table 2: Main characteristics obtained by energy balances and inverse methods for the two PCMs studied

Figure 2 illustrates the results of table 2 concerning the energy density stored during melting, with a simplified
(linear) representation of each state (solid, solid-liquid mixture and liquid). Compared to water, PEG6000 stores
for the same volume 2.22 times more energy during a charge between 40 and 70°C (factor 1.56 between 20 and
70°C). In the case of the RTS8, the factors are 1.59 and 1.17 respectively. Between the PEG6000 and the RTS8,
the factors are respectively 1.40 and 1.34 for the temperature ranges 40-70°C and 20-70°C. PEG6000 has a higher
mass density than RT58 (factor 1.36); which largely explains the differences in energy density stored between
these two PCMs. It is easy to observe that the interest of the PCM compared to water depends on the temperature
difference during the charge, and that the PEG6000 is clearly more efficient. If we consider a summer period, the
temperature will be higher (typically 40-70°C) and the PEG6000 will be able to store much more energy than
water in this case (factor 2.22) . In winter, the available solar energy is low and the temperature in the solar storage
is lower (range around 20-40°C). For the same quantity of solar energy transmitted to storage, the temperature rise
will be greater for PEG6000 (solid state up to 52°C), compared to water (high specific heat) and RT58 (melting
starting at 30°C).

100
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20
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20 30 40 50 60 70 80

Temperature [°C]

——Water_20°C
- - -PEG6000_40°C——RT58_20°C

- - -Water_40°C ——PEG6000_20°C

- = -RT58_40°C

Figure 2: Simplified representation of the volumetric energies stored during charge, according to the characteristics
identified with the fluxmeter bench (table 2)

2.3.4. Comparison of behavior laws
The parameters identified in Table 2 are not sufficient to correctly model storage with PCM. The dynamics of the
phase change (fusion and solidification) must be specified as a function of the temperature. The behavior laws
must also show in the case of RT58 a solid-solid transition followed by a solid-liquid transition [25], as well as
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supercooling for PEG6000. This is possible by identifying either the enthalpy /(7) shown in Figure 3, or the liquid
fraction f{T) or the equivalent specific heat Ceff{T). Only one of these three quantities is sufficient to obtain the
other two by applying the following relationship:

_ af(r) _  di(T)
The /(T) curves identified with the fluxmeter bench for the two PCMs are quite different, as shown in Figure 3 in
the case of an 18-hour ramp [22]. The behavior is similar for RT58 between melting and solidification (very slight
supercooling). On the other hand, a significant difference is observed for PEG6000 due to supercooling
(approximately 12°C) that depends on the cooling rate. The hysteresis in the case of PEG6000 leads to a more
complex behavior during partial melting and solidification cycles. The shape of the 4(7) curve leads to the presence
of two peaks for Ceff(T) which are very marked for PEG6000 (peaks at 57 and 62°C) and less marked for RT58

(peaks at 45 and 60°C). These results can be observed in [9].
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Figure 3: Comparison of behavior laws (enthalpy) during melting and solidification for the two PCMs (ramp duration : 18h)

An important common point between these two PCMs is the similar order of magnitude of the latent heat L [J/kg]
(Table 2). Manufacturer data is underestimated for RT58 and overestimated for PEG6000. If we compare the
enthalpy of the two PCMs between 20 and 70°C, the PEG6000 (290.7kJ/kg) stores during melting 1.05 times more
energy than the RTS8 (277.6kJ/kg), and 1.16 between 40 and 70°C (254.6/219.8kJ/kg). Between 20 and 70°C, the
mass energy stored is therefore of the same order of magnitude. The slightly higher factor between 40 and 70°C is
explained by the melting range which starts earlier in the case of the RT58; meaning reduced latent heat exploited.

3. Study of the charge and discharge of a storage cavity with fins

After comparison of the two PCM characteristics identified on a fluxmeter bench, and of the ability to store energy
initially thanks to the evolution of the volumetric energy (figure 2) during melting calculated from table 2, then
from the enthalpy % [J/kg] as a function of temperature (figure 3), a cavity filled with PCM is studied considering
temperature steps for charge and discharge (20>70 >20°C). The results obtained are analyzed with regard to the
characterizations carried out beforehand.

3.1. Description of the device
The cavity containing the PCM is parallelepipedal with dimensions of 25¢cm*25cm*4cm (Figure 4). A total of 34
aluminum fins 0.5mm thick connect the two sides of the cavity. The spacing of the fins is thus 7.5 mm and their
length equal to the thickness of the cavity, i.e. 4 cm. The fins allow above all to increase the effective thermal
conductivity of the PCM. A set of seven thermocouples gives the evolution of the average temperature of the PCM
contained in the cavity (RT58, and then the PEG6000).
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Figure 4: The studied cavity containing the PCM (PEG6000 and RT58)

The characterization of the studied cavity is carried out by heat flux measurement, with a test bench similar to that
used for the characterization of PCMs. Two heat exchangers set temperature (ramp or step) on the two aluminum
faces of the cavity. Heat flow sensors, located between the outer wall of the cavity and the heat exchanger, are
used to measure the heat fluxes exchanged between the storage cavity and the exchangers. Several thermocouples
are placed in each cavity to monitor the evolution of the temperature in the different cells and at different heights.
For each cavity, a thermocouple is located at the lower quarter of the cavity, five thermocouples at mid-height,
and one thermocouple at the upper quarter. Flow and temperature measurements are measured every 10 seconds.

3.2. Comparison of energies exchanged during charge and discharge
The experimental results show a stored energy [kJ] in the cavity volume 1.38 times greater for PEG6000 between
20 and 70°C mainly due to the density ratio (1.36). This result is consistent with the evaluations made from the
simplified linear representation in figure 2 (factor 1.34 between 20 and 70°C).

As expected, the temperature rise observed in figure 5 is faster for PEG6000 than RT58 due to the latter's wider
melting range starting at 30°C (figure 1). The fluxes exchanged are higher for the PEG6000 than the RTS8 given
the differences in thermal conductivity (factor 1.7 between the PEG6000 and the RT58) and the quantities of
energy exchanged. Higher thermal conductivity intensifies exchanges and reduces phase change times. The
average fluxes exchanged in fusion ®@rys and solidification ®@soL can be evaluated from the energies stored and the
durations of fusion-solidification:

Drys_pec = 1.65 * Drus_rT et ®soL_rec = 1.84 * dsoL_RrT

A first flux peak for the two PCMs is observed during charge and discharge, linked to the rapid destocking effects
of the fins and a thin layer of PCM. Given the higher conductivity of PEG6000, the duration of this first flux peak
is a little longer. The second peak lasts longer for the two PCMs because it is related to fusion, a slower
phenomenon. The maximum value of the second flux peak is larger in the case of PEG6000 due to the narrower
melting range. During discharge, the PEG benefits from the heat flux released by the PCM during the recalescence
phase. An average value of this flux linked to the recalescence phase can be evaluated. Indeed, the enthalpy curve
during solidification was identified by considering three steps: cooling until the beginning of nucleation at a
temperature below that of the liquidus, phase of recalescence and continuation of solidification. The proportion of
latent heat dissipated during the recalescence is easily evaluated at the end of the first step. It is about 15% of the
latent heat in the case of PEG6000, i.e. about 27500 J/kg dissipated over a period of about 1500 seconds. This
corresponds to 52W dissipated on average (15% * 172500J/kg * 0.25> * 0.04 * 1200kg/m3 / 1500s) which
represents 20% of the maximum flux (250W). The variation of heat flow shows that phase changes are generally
slower in melting than in solidification.
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Figure 5: Evolution of heat flux and temperatures during charge-discharge with temperature steps (20-70°C and 70-20°C)
Jfor PEG6000 and RT58

4. Evaluation of the annual performance of a solar SDW system

4.1. Presentation of the prototype

The new concept was developed for a solar domestic hot water system in a single-family house. It integrates the
PCM storage and two heat exchangers allowing solar charging and hot water drawing. Direct exchange is possible
during simultaneous charging and discharging (figure 6). The basic component is the cavity providing storage
(PCM) and heat transfer (fins). The coupling of this cavity with two flat heat exchangers located on each face
constitutes a module. These heat exchangers ensure the charge (solar loop) and the discharge (DHW) of the PCM
storage. They meet specifications related to the powers to be transferred, cost, mechanical strength, health risks,
corrosion and weight. In addition to allowing direct transfers between the two heat exchangers during simultaneous
charge-discharge, the main role of the cavity fins is to increase the effective thermal conductivity of the PCM.
Thus, the spacing of the fins is the factor allowing to adjust the effective conductivity, and therefore the discharge
power. The storage is modular since the storage capacity can be adapted by combining different modules which
share the solar and DHW exchangers.

A 2D model of the new full-size concept for a solar hot water production application made it possible to propose
a set of optimal configurations considering energy performance and cost [21]. The compromise solution adopted
served as the basis for defining the prototype which was built by coupling four modules. Each of the four modules
has a volume of 70*70*5cm? and they are placed in a sealed tank. In total, two heat exchangers are used for solar
charging, and three for discharging (DHW). The prototype was tested on a semi-virtual test bench in order to
compare it with a classic hot water tank modeled with the TRNSY'S software. The experimental evaluation of
annual performances is possible thanks to the use of a real six-day sequence obtained with the TYPSS algorithm
[14]. The six-day sequence makes it possible to reproduce with precision the annual performances of the classic
system simulated with TRNSYS. The weather conditions of Nice (southeast of France: Mediterranean climate),
Lyon (mid France) and Strasbourg (East of France: Continental climate) were considered.
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Figure 6: View of the interior of the prototype with the four cavities, the fins and the 5 plate heat exchangers

The prototype was sized considering half solar storage (i.e. 100 liters of PCM equivalent to 150 liters of water)
knowing that the volume of a solar tank is approximately 300 liters of water. The power required during discharge
for a complete storage of DHW is around 25kW considering the possible withdrawal rates (7001/h) and the
temperature differences considered. The three DHW heat exchangers used in the prototype were sized to provide
half of this power, with the assumption that two prototypes would be required for the full installation. The two
solar exchangers are identical to the three DHW exchangers. The surface of solar collectors coupled to the
prototype is 2.5m? and 100 liters of hot water are drawn off each day (equivalent to half an installation or a dwelling
occupied by 2 people). The solar power transmitted by the solar collectors being at most 2.5kW, we can consider
that the two solar exchangers are rather oversized.

Each of the five heat exchangers is made up of two 0.5mm stainless steel sheets (1 flat and one stamped with spot
welds over the entire surface for pressure resistance, as well as a weld on the periphery for sealing). The channel
between these two plates is Imm. In the cavity, the pitch of the fins is 6mm. The thickness and length of the fins
are 0.3mm and 5cm respectively. The volume of each cavity is 24.5 liters (98 liters for the four cavities). A total
of 94 liters of PCM are used (83 kg of RT58 and 112 kg of PEG6000) and the aluminum fins weigh a total of 15
kg. The total weight of the five heat exchangers is 20 kg. The total thickness of the prototype (without the 10cm
thick insulation) is 22cm. The energy stored per module (prototype = 4 modules) is between 2 and 2.5kWh
(70*70*5cm?) for the PEG6000, and between 1.5 and 2kWh for the RT58 depending on the temperature range
considered. The prototype can be used in two hydraulic configurations:

- Prototype with a high power back-up (this is the configuration tested experimentally);
- Prototype with a low-power back-up (existing electric hot water tank in the event of solar renovation, for
example).

4.2. Evaluation of annual performance on a semi-virtual bench

The objective of the tests is to assess the annual performance of the prototype integrated into a solar DHW system.
For this, the prototype is installed on the CEA-INES “semi-virtual™ test bench. The prototype's two heat exchangers
are connected to hydraulic modules that dynamically reproduce the behavior of a field of solar thermal collectors
and DHW draw-offs, as well as instant back-up if the outlet temperature is below the setpoint. The “virtual”
environment is thus interacting with the prototype in real time. It experimentally reproduces the behavior of the
elements outside the prototype: the temperature of the cold water network, the temperature at the outlet of the solar
collectors according to the climatic conditions and the outlet temperature of the solar exchanger of the prototype,
the auxiliary power which heats the fluid at the outlet of the prototype up to the set point of 50°C, and finally the
mixing valve which makes it possible to provide a DHW temperature of 40°C.

The test bench is equipped with numerous sensors (volumetric flow, temperature, power, pressure), with in
particular those required in the standards NF EN 12977-3 and NF EN 12897. All the probes have been calibrated
with their complete acquisition chain. The temperature measurements on the test bench and the hydraulic modules
are carried out with Pt100. The measurement uncertainties are of the order of 1 to 2/10th of a degree. The
acquisition time step is 10 seconds. The experimental installation is shown in Figure 7 in which T represents the
temperature measurements on the different hydraulic circuits. The prototype is also equipped with many internal
thermocouples to measure the temperature of the material during system operation.
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Figure 7: Diagram of the experimental bench

Scenarios considered in the evaluation of the annual performance of the system are based on the TYPSS
methodology [14]. It has been developed with the aim of extracting an annual profile of input data (climatic
variables and water draws in this case) a typical short sequence allowing the precise reproduction of the behavior
of a numerical model and, by extrapolation, its annual performance. The TYPSS algorithm relies on numerous
Dynamic Thermal Simulations of a reference case to select the typical days. The prototype model is not adapted
to the algorithm because of the very high calculation times due to the phase change and the spatial discretization.
The model considered is thus that of a classic solar water heater, simulated with TRNSYS, whose expected
behavior is similar to that of the prototype. For practical reasons, the test sequence should be as short as possible.
This allows more tests to be performed in a given time and minimizes the interruption of the test sequence for
various reasons. Several TYPSS sequences were thus generated, with durations ranging from 4 to 12 days. The 6-
day TYPSS sequence offers the best compromise to obtain sufficiently accurate estimates (3% overestimation of
the annual solar yield and 4% of the energy saving rate) in a short time. It was generated for the climates of
Strasbourg (East of France: Continental climate), Lyon (mid France) and Nice (southeast of France: Mediterranean
climate).

4.3. Experimental results
4.3.1. Stored energy and annual solar fraction
Figure 8 presents the energy balances over one year for the solar energy collected (Ecoll), the energy required to
meet DHW needs (Edhw) and the energy supplied by the back-up system, as well as the performance criteria (solar
collector efficiency Eff and solar fraction SF) for each climate and the three cases considered:

- TYPSS: numerical results by applying the TYPSS sequence to the classic reference solar DHW system

- EXP_RT: experimental results obtained by the prototype filled with RT58 with the same TYPSS sequence

- EXP_PEG: experimental results obtained by the prototype filled with PEG6000 with the same TYPSS
sequence

The results show that the prototype (experimental data EXP RT and EXP PEQG) stores as much solar energy
(Ecoll) as with a conventional water tank (TYPSS), but with a smaller volume (100 liters of PCM and 150 liters
for water). If we consider the size due to a cylinder that fits into a parallelepipedal volume, the factor is 1.9
(1.5*4/m). The auxiliary energies truly reflect the performance of the solar installation. They are generally higher
for the prototype (PEG6000 and RT58) than for the classic tank. This is the reason why the solar fraction (SF)
varies between 43% and 87% depending on the climate for the two PCMs which present similar results, while the
classic system gives higher values, between 64% and 91 %. The lowest values correspond to the climate of
Strasbourg and the highest to Nice; Lyon being an intermediate configuration.

The slightly lower solar coverage of the prototype is probably linked to the maximum flow rate considered during
the experimental tests of the prototype. They are quite high (7001/h) given the sizes of the three DHW heat
exchangers for which half storage was considered (i.e. 3501/h). We will see later that it is quite possible to meet
the 25kW (for 7001/h) with the prototype by adjusting the spacing of the fins. Of course, storage with water is not
penalized by the withdrawal power because the hot water can be drawn directly from the storage. Overall, RT58
and PEG6000 have similar annual performance despite the advantages of PEG6000 that have been put forward
(narrower melting range; higher thermal conductivity and latent heat). The reason is due to the fact that they have
the same limiting factor: a high maximum flow rate with regard to the sizing of the DHW heat exchangers requiring
the use of back-up. Despite this, the solar coverage obtained with the prototype is quite satisfactory (43% to 87%).
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It is interesting to note that in Nice, the solar fractions are close between the PEG6000 (87%) and the water (91%),
while the RTS8 gives a significantly lower result (74%). The reason is linked to the higher temperature levels
reached in storage with PEG6000 (generally between 50 and 70°C) which allows the PCM to remain permanently
in liquid form. Thus, the thermal conductivity is greater (see table 2) and better heat exchanges take place between
the PEG6000 and the fins thanks to the lower superficial resistances. Under these conditions, supercooling plays
a positive role in energy performance by allowing PCM to remain liquid longer. Finally, the annual efficiency of
the solar collectors Eff logically follows the evolution of the energies Ecoll transmitted to the storage by the
collectors.
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Figure 8: Energy balances and annual performance for each climate (Strasbourg, Lyon and Nice) and each storage mode
(water, RT58 and PEG6000)

4.3.2. PCM temperatures
The temperatures observed within the prototype are directly correlated with the identified melting ranges of the
PCM. The melting range of PEG6000, which is narrower and higher in temperature than RTS8, leads to much
higher PCM temperature levels (figure 9 in Nice). This result shows the interest of the PEG6000 in limiting the
use of back-up, thanks to a faster rise in temperature towards the DHW set point (sensible heat mobilized). The
analysis carried out on the cavity leads to the same types of conclusions (see figure 5).

The comparison of storage temperatures must also consider the heat extracted from storage during withdrawals.
Except for the PEG6000 in Nice, it is lower in the case of the two PCMs compared to water (figure 8), which could
also explain the low level of water temperature in the storage compared to the two PCMs. Nevertheless, Figure 9
corresponds to similar quantities of energy extracted from the storage between the PEG6000 and water (case of
Nice), and a clear difference is observed in the distribution of temperatures in the storage (lower for water).
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Figure 9: Average storage temperature (Nice)

4.3.3. Evolution of temperatures and powers during withdrawal

Figure 10 shows the variation of the heat flux transmitted from the RT58 to the water by the three DHW heat
exchangers during a withdrawal of 6 minutes at 7001/h. Only the evolution of paraffin is presented knowing that
the results with PEG6000 are similar. The maximum power value calculated with the water inlet-outlet
temperatures is 23kW. This value is certainly underestimated in the first moments due to the inertia on the
temperature measurement. The real profile rather corresponds to a rapid decrease in power for approximately 1
minute. This rapid decrease is followed by a much slower decrease linked to the evolution of the storage
temperature. The power reaches 12.5kW at the end of the withdrawal. The outlet temperature of the exchanger
goes through a maximum of 59°C (it should also follow a decrease from 60°C which is the initial temperature) to
37°C at the end of the withdrawal.

The first peak power can be explained by the rapid discharge phenomena (low inertia of the fins, of the heat
exchangers and thin layer of PCM as is seen with the cavity in figure 5), knowing that the small volume of water
contained in the heat exchangers empties in just a few seconds. The estimation of the exchange power during
withdrawal without rapid effects is around 16kW for a flow rate of 7001/h when the RT58 is at 60°C (figure 11).
Currently, even with a storage at 60°C, it is difficult to cover 100% of needs during “long” draw-offs for high flow
rates. The discharge power is obviously conditioned by the effective thermal conductivity of the PCM integrating
the fins. Reducing the fin pitch increases the effective conductivity, and therefore the power exchanged (figure
11).

Even if the power is currently not sufficient for the maximum flow rates considered when the duration of the
withdrawal exceeds about 1 minute, we observe after the withdrawal the rise in temperature due to conduction.
The recharging time is a few minutes (figure 10). This makes it possible to benefit fairly quickly during the next
withdrawal, from the overpower obtained thanks to the initial discharge of the highly conductive components (fins,
stainless steel exchanger) and a thin layer of PCM. Fractional water tapping is this beneficial for the solar fraction
of the prototype in its current configuration.
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Figure 10: Example of withdrawal with initial temperature at 60°C (Lyon, RT58)

If we only consider the cooling of the fins and the heat exchangers at the very beginning of a withdrawal (rapid
effect), the power supplied can be estimated with the thermo-physical characteristics of each element. The average
value is around 4.5kW for a period of approximately 60 seconds.

In the case of the PEG6000, the latent heat dissipated during the recalescence phase (approximately 15% of the
latent heat) represents an average power of 2kW for approximately 1500 seconds. To benefit from this, the
PEG6000 must be entirely liquid, then it must be sufficiently cooled to a temperature that depends on the cooling
rate (about 50°C). These conditions are obtained very occasionally in summer and it is likely that this power gain
does not modify the annual solar fraction much. On the other hand, the fact of remaining liquid thanks to
supercooling, as we saw in Nice, makes it possible to intensify exchanges and significantly improve annual solar
coverage.

4.4. Improved prototype performance (target 25kW during discharge)
A parametric study of the exchanged power (without the fast effects) was carried out numerically as a function of
the spacing 6 [m] and the thickness ¢ [m] of the fins for both the PEG6000 and the RT58 (figure 11). In the
configuration of the prototype (6 =0.006m and t=0.0003m) and assuming a PCM temperature at 60°C, we obtain
a power of 18kW for the PEG6000, and a slightly lower value for the RT58 (16kW) due to its lower thermal
conductivity.

To reach 25kW (7001/h), the fin pitch must be 3.3mm instead of the current 6mm, which slightly increases the
dimensions of the prototype. This doubles the weight of the fins (12 to 24 kg) knowing that the current weight of
the prototype is 75 kg empty. Regarding the RTS8, reaching 25kW is possible but for fin spacings less than 3mm
due to its lower thermal conductivity. Figure 11 shows that it is more interesting to modify the spacing of the fins
than the thickness of the fins to increase the withdrawal power. Increasing the heat flux with the thickness of the
fins is not a good solution because it does not greatly improve the effective thermal conductivity of the PCM,
which is the main factor limiting heat exchange.
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Figure 11: Effect of the spacing of the fins (6) and their thickness (t) on the withdrawal power (Watt) considering storage at
60°C and a flow rate of 700l/h (PEG6000 on the lefi and RT58 on the right)

5. Conclusion and outlook

The fluxmeter bench made it possible to precisely identify the behavior laws (enthalpy as a function of
temperature) of the two PCMs, both during melting and solidification. The accuracy of these laws is essential to
correctly model a thermal storage. Here is what differentiates the two materials studied (RT58 and PEG6000):

- A higher thermal conductivity with PEG6000 (Apeg = 1.7 * Arr), which favors exchanged fluxes,

— A higher density with PEG6000 (ppec = 1.36 * prr), which promotes storage capacity,

- A narrower melting range with the PEG6000 (52-64°C compared to 30-62°C for the RT58), which makes it
possible to reach the setpoint temperature more quickly (and therefore delay the use of back-up)

- A supercooling of about 12°C with PEG6000 (very low with RT58) which has a beneficial influence on the
annual performance in Nice because the liquid state promotes heat exchange. On the other hand, we did not
observe any impact of heat release during recalescence on the annual performance of the prototype.

Considering the values identified with the briquette (table 2 and figure 2), the PEG6000 stores more energy for a
given volume than the RT58 (40% more over the 40-70°C range). Compared to water, the energy density gain
with PEG6000 is 122% over the same temperature range.

As the mass*specific heat product of water is higher than PCM at equivalent volume, the PCM temperature
increases faster during charging before the onset of melting. This point is very interesting because it limits the use
of back-up in the case of PCM. This was clearly observed in the case of PEG6000. With the RT58, the onset of
melting arriving quite early, the rise in temperature is generally slower than that of water.

The storage cavity with fins allows above all to increase the effective thermal conductivity of the PCM. It is much
more efficient in terms of power extracted from the storage to use a large number of thin fins, rather than thicker
and fewer fins. Logically, the rise in temperature observed is faster for PEG6000 than for RTS8 due to the wide
melting range of the latter, which begins at 30°C. The experiment with the cavity shows a stored energy 38% times
greater for the PEG6000 between 20 and 70°C mainly due to the density ratio (1.36). This result is also consistent
with the simplified representation of the stored volumetric energy (figure 2) which gives a difference of 34%. In
terms of flux exchanged, it is globally higher for the PEG than the RT considering the differences in the
conductivities and the quantities of energy stored. We observe for step charge a first similar peak for the two PCMs
linked to the rapid effects of the fins and of a thin layer of PCM, and a second peak linked to the melting of the
PCM. This second peak is more prominent in the case of PEG because the melting range of PEG is narrower.
During discharge, a larger peak is observed for PEG during the recalescence phase.

The experimental results of the prototype obviously confirm the known limit of PCM concerning their low thermal
conductivity, which can penalize the power extracted from the storage during prolonged withdrawals. It is therefore
essential to consider the thermal conductivity of the PCM, which can be adjusted thanks to the spacing between
the fins. The spacing of the fins plays a major role in heat transfer, compared to the thickness of the fins, which
should rather be minimized for reasons of weight, and therefore cost. The evaluation of the annual performances
carried out on the prototype (volume of 100 liters) shows that the solar fraction is quite satisfactory, between 43
and 87% depending on the climate. The comparison with a conventional solar DHW system (61 to 91% solar
fraction for a storage volume of 150 liters of water) and the prototype shows poorer performance with the prototype
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because the maximum flow of the conditions of the test is high with regard to the spacing of the fins. It would be
enough to go from 6 to 3 mm in fin pitch to have the same level of performance as the classic system. Concerning
the solar energy stored from collectors, the transmitted heat flows being less, the quantities of stored energy are
equivalent between the prototype and the classic installation, with a 50% higher storage volume in the case of
water (150 liters). The distribution of average temperatures observed within the PCM is directly correlated with
the PCM melting ranges. The RTS8 is thus penalized compared to the PEG6000 because the start of the fusion
takes place at a much lower level (30°C against 52°C). For these two PCMs, the average temperature observed in
the storage is higher than that of the water, which is very interesting with regard to the back-up system.

Outlook

Supercooling can be beneficial on one hand with the increase in power during discharge (liquid state and
recalescence phase) and on the other hand, with the possibility of storing heat with very low thermal losses over
long periods. On the other hand, supercooling can be penalizing if the latent heat is poorly valued according to the
temperatures applied during charging and discharging. It is therefore important to clearly define the behavior laws
representing all the phenomena. The behavior laws that have been considered [9] give more credibility to the
results concerning the evaluation and optimization of PCM storage.

The current limits of the laws of thermodynamic behavior relate to the cycles of charges and partial discharges
with supercooling. In this case, they must better model the kinetics of crystallization during multiple partial charge-
discharge cycles and during simultaneous charge-discharge which ultimately correspond to the actual operating
conditions. Going towards bio-based materials seems important to us in an ecological transition approach and it is
likely that this kind of PCM will be confronted with complex behaviors.

The configuration tested experimentally with "high power back-up" works well with respect to solar fraction,
knowing that it could be improved by adjusting the spacing of the fins. The initial choice was to propose a prototype
corresponding to half of the necessary storage. The underlying idea was to double the storage for an actual solar
installation. For financial reasons, we think at the end of this work that it is preferable to limit ourselves to the
volume of the 100 liters of the prototype, and to adjust the discharge power by reducing the pitch of the fins to
3mm in order to benefit of sufficient DHW power. This solution could also be applied for a traditional electric
tank (low power back-up), which we would like to transform into a solar DHW system. A volume of 100 liters of
PCM could then easily be positioned in a closet or wasted space, and thus be less penalizing in terms of space.
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