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Abstract: An important element of a solar installation is the storage tank. When properly selected
and operated, it can bring numerous benefits. The presented research relates to a project that is
implemented at the Solar Energy Research Center of the University of Almeria in Spain. In order
to improve the operation of the solar cooling and heating system of the Center, it was upgraded
with two newly designed storage tanks filled with phase change materials (PCM). As a result of
design works, commercial material 510 was selected for the accumulation of cold, and S46 for the
accumulation of heat, in an amount of 85% and 15%, respectively. The article presents in detail the
process of selecting the PCM material, designing the installation, experimental research, and exergy
analysis. Individual tasks were carried out by research groups cooperating under the PCMSOL
EUROPEAN PROJECT. Results of tests conducted on the constructed installation indicate that daily
energy saving when using a solar chiller with PCM tanks amounts to 40% during the cooling season.

Keywords: thermal storage; phase change materials; solar cooling

1. Introduction

The use of phase change materials (PCMs) has become more common due to the increase in the
application of renewable energy sources, and thus the need to accumulate heat. The topicality of this
issue is demonstrated by the amount of current research that is devoted to materials and systems
with PCMs. These solutions are used, among others, to reduce energy consumption in buildings.
There are many ways of applying PCMs. This material can be placed in walls or floors, as well as in
thermal storage tanks [1-3]—such a solution is one of the most common areas of research and analysis.

Tanks filled with phase change material can accumulate heat or cold, and in most cases cooperate
with solar installations. H. Huang et al. in [4,5] studied a thermal storage tank containing sodium
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acetate trihydrate. The analyses concerned the effect of the positions of the PCMs on the thermal
stratification of a water tank at various flow rates. S. Bazri et al. in [6] examined a tank filled with three
different materials (from the paraffin wax group), and performed tests for different flows. The tank was
connected to a solar collector. The system’s energy efficiency, which is calculated as the total energy in
relation to solar radiation, was in the range of 36-54% on a typical sunny day for all three types of
PCMs, and increased to 47-58% on a typical cloudy/rainy day [6].

A lot of research involves simulations for existing buildings in order to evaluate the benefits of
using phase change material. J. Zhao et al. in [7] performed simulations of a public building in Lhasa.
The results show that a solar heating system with a PCM tank provides a 34% increase in energy saving
capability when compared to an ordinary water tank heating system. The analyzed materials were
lauric acid, paraffins, and hydrated salts. R. Stropnik et al. in [8] presented experimental studies on
the improvement of sensible thermal energy storage with implemented cylindrical modules filled
with PCM (RT 28 HC). The comparative analyses were conducted for a tank with water and a tank
that was filled with 15% and 40% of PCM. As was predicted, the smallest storage tank volume with
regards to stored energy at a temperature difference of 25 K was obtained for the tank filled with
40% of PCM, and it amounted to about 1.4 m3. In turn, for the tank filled with water it was equal to
about 2.1 m3. S. Lu et al. in [9] analyzed the work of a tank with two different PCM materials that had
different melting points. The results show that this type of solution significantly reduces the charging
time of a tank due to the better use of the potential of the power source. E. Mahboob et al. in [10]
presented experimental studies for PCM (hydrated salts) enclosed in spheres of two different sizes.
Analyses were performed for three different aspect ratios. The authors described the obtained results
as guidelines for the design of thermal storage, which is based on phase change material, for solar
thermal applications.

D. Lafri et al. in [11] described research concerning two storage tanks of the same volume with
different filling positions of PCM (paraffin). In the first tank, the PCM was integrated directly with the
walls of the tank, whereas in the second tank it was placed in a tube that was located in the central axis
of the tank. The results showed that the material melted twice as fast in the second configuration.

M.Y. Abdelsalam et al. in [12] presented numerical studies of a tank with both PCM (organic fatty
acids) and direct and indirect heat exchange systems. The results showed that the storage system
with direct heat exchange operates with an 18-23% larger solar fraction, and that the addition of PCM
modules in the water tank with a 50% volume fraction can yield a potential reduction of around 40%
in the storage volume.

A lot of research conducted around the world also concerns the possibility of improving the heat
exchange process in PCM bed storages through various additions and design solutions, such as the use
of ribs [13], aluminum foam [14], metal honeycomb structures [15], or the cascade system [16,17].

Based on the presented articles, it can be concluded that solutions based on the placement of PCM
in water tanks dominate, and are the easiest to attach to both new and existing installations. However,
in the case of the simplest methods of increasing the operating parameters of an installation, the use of
two different materials in one tank should also be considered.

Most of the presented scientific papers are either theoretical or made on a laboratory scale.
There are also articles from studies carried out on real building objects. W. Lin et al. in [18] presented a
water-based thermal energy storage unit that uses phase change materials implemented in the HVAC
system of a net-zero energy Solar Decathlon house. The PCM material used is S10. Research results
show that, due to the appropriate optimization, the thermal energy storage density can be improved
from 13.58 to 26.47 kWh/m3. In the cited article, the optimization was based on the use of Particle
Swarm Optimization and the Hooke-Jeeves algorithm to maximize its thermal energy storage density
for fast charging [18].

I. Henne and K. Midtomme in [19] described an installation that has been operating since 2014 at
the University of Bergen in Norway. The system includes borehole thermal energy storage (with a
heating power of 1700 kW) that has phase change material storage (with day-storage capacity from
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11,200 kWh) and adiabatic pre-cooling. The used PCM material is S10. The results show that the peak
cooling load was reduced by about 50% due to the PCM-storage [19]. Another research group from
this university described, in an article written by M. Jokiel et al. [20], the operation of PCM cold storage
tanks, which successfully reduce the required three ammonia chiller capacity.

G. Englmair et al. in [21] described a heat-storage prototype consisting of a 735 L water tank and
four PCM units, each containing 200 kg of sodium acetate trihydrate composite. The solar installation
with accumulation is used for the space heating and hot water demand patterns of a standard-size
Passive House in the Danish climate. The authors showed that the heat stores were efficiently utilized
in spring and autumn.

The publications that describe the experience of researchers regarding the work of existing systems
with an accumulation of heat in PCM indicate the advantage of such systems over conventional
systems, and also point to a significant seasonal reduction in heating and cooling demands. Therefore,
it seems that despite the high investment costs in relation to water accumulators, it is worth developing
and using this technology in already existing installations.

This article also applies to the existing solar heating and cooling system of a research building
located in the south of Spain in Almeria. As part of the awarded grant, a number of works were
completed, including the equipping of the building’s installation with two tanks filled with phase
change material. The further part of the article will involve a description of the following steps,
which are shown in Figure 1:

e the principle of operation of the solar heating and cooling system before modernization, which is
located at the University of Almeria in Spain (project leader location),

e the selection of phase change material by a group from the University of Antofagasta in Chile,

e the calculation of the building’s energy, and the selection of the tank size and PCM material,
which was carried out by a group from Wroclaw University of Science and Technology in Poland,

e the experimental research of the modernized system, which was carried out by the project
leader group,

e the exergy analysis performed by the Bolivian Catholic University in Bolivia,

e asummary and conclusions from the conducted research.

1. idea

3. single container

imulati
simulation i 5. system building

. 6. experiments

A 7. exergy analysis

Figure 1. Stages, where 1—concept, 2—material selection, 3—single capsule simulations, 4—tank
modeling with material, 5—system construction, 6—experimental research, 7—exergy analysis.
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2. Project Description

The project “Thermal energy storage with phase change materials for solar cooling and heating
applications: A technology viability analysis” (PCMSOL) aims at development and implementation
in an actual facility of new materials for thermal storage in the form of latent heat, including the
modelling of the PCM containers and storage tanks, and the analysis of the performance of the tanks.
The newly developed storage system is incorporated in the solar cooling and heating system (SCH)
previously installed in the Solar Energy Research Center (CIESOL). The center is a joint center between
the University of Almeria and the Center for Energy, Environment and Technology (CIEMAT) located
on the campus of the University of Almeria. The two-story CIESOL building comprises an area of
1100 m? with 10 laboratories, five offices, and one conference room. The workplace, entrance hall,
and all corridors do not have the cooling service, and therefore only 389 m? of the building surface is
cooled/heated by the SCH system.

The climatization system was originally supported with thermal storage tanks working with
liquid water, and the final goal of the present project was to incorporate a storage system based on a
phase change material (PCM) both for the purpose of cooling and heating.

Due to the specific location of Almeria in south Spain, the cooling demand (in summer) is much
larger than the heating demand (in winter). Thus, the main focus of our research involves thermal
storage for cooling, although both cases were considered. The refrigerant (water) is cooled down in a
chiller manufactured by Yazaki co., following an absorption cycle working with a LiBr-H,O solution.
The hot water entering the cycle is heated up in an array of solar collectors and stored in two tanks,
as further explained below. For the heating mode, this hot water is driven to a heat exchanger where it
heats up the water that is fed to the fan-coils.

The project is structured in five main work packages (WP) that deal with the different research
steps, the coordination and dissemination plans, as well as some external tasks (such as the preparation
of a business model). The main WP of PCMSOL are as follows:

e  WPI: Selection and enhancement of materials;

e  WP2: Modelling of the melting and freezing transitions of single encapsulated PCM;
e  WP3: Simulations of cold and hot storage tanks based on encapsulated PCMs units;
e  WP4: Exploitation;

e  WPD5: Feasibility analysis and life cycle assessment.

Heating and Cooling System of the CIESOL Building before Changes

The SCH system installed in CIESOL prior to the start of the project consists of a flat-plate collector
array facing due south and tilted at an angle of 30° to the horizontal plane. The system has a total
surface area of 160 m?2, a hot water driven single-effect LiBr-H,O absorption chiller, a cooling tower,
a shallow geothermal heat dissipation system, two hot water storage tanks (each with a 5000 L capacity),
two chilled water storage tanks of 2000 and 3000 L, an auxiliary gas boiler, a plate heat exchanger,
and peripheral equipment such as valves and pumps.

Due to Almeria’s particular meteorological conditions, the SCH system also makes a contribution
to CIESOL's heating for 5 months of the year (from November to March). In winter mode, the building’s
water supply temperature is over 45 °C, covered mainly by the solar field with the help of the storage
tanks. In turn, in summer mode, the building’s water temperature supply is between 7 and 12 °C
in order to cover CIESOL’s cooling load. Figure 2a illustrates the system’s general layout with the
minimum and maximum temperature range of each component operating in the summer. To produce
chilled water in the desired temperature range, it is necessary to supply the absorption chiller with
hot water of between 70 and 95 °C; this is mainly obtained from the solar collector array. When the
solar hot water temperature is too low, the warm water from the hot water storage tanks can be used;
otherwise the auxiliary heater is used to drive the absorption chiller. In winter, a fundamental necessity
is to provide hot water between 40 and 45 °C. To provide the building’s distribution network with
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water at this temperature, we supply the plate heat exchanger with water at around 65 °C. Figure 2b
illustrates the general layout of the SCH system operating in winter, with the minimum and maximum
temperature range of each component. Hot water flowing from the solar collector array, and hot water
storage tanks (or the auxiliary heater) can be used to fulfill this goal.

COOLING

FLAT-PLATE
COLLECTORS’ ARRAY

FLAT-PLATE

SUPPLY COLLECTORS'ARRAY

HOT WATER
STORAGE TANKS
AUXILIARY -310C WELL

HEATER

CIESOL AUXILIARY

HEATER CIESOL

an .
55-65°C )

PLATE HEAT
EXCHANGER

40-45°C

CHILLER

CHILLED WATER
STORAGE TANKS BUILDING WATER

(@) (b)

Figure 2. The general layout of the solar cooling and heating system (SCH) system installed at the Solar
Energy Research Center (CIESOL), working in (a) the summer and (b) the winter season.

3. Materials and Methods

This section describes the stages of designing the system, which include the selection of phase
change material for heat and cold storage; experiments and numerical simulations of a single nodule
containing the PCM material, calculations of the heat and cold demand in the building of the
CIESOL, and also mathematical modelling of the process of discharging tanks during the summer and
winter seasons.

3.1. Strategy for Design and Selection of Material

The selection of phase change materials was made based on the working conditions of the CIESOL
building and their commercial availability. For cooling operational mode, the temperature varies
in the range from ca. 6 °C, the output temperature of the solar-driven cooling machine, to 15 °C,
the maximum temperature of the working fluid fed into the fan-coils, was considered. This range
sets the optimal melting temperature of the PCM for this application at 9-12 °C, with only a small
subcooling allowed. For the heating application, a wider operation range is found. Currently, the
system is operated from 40 to 50 °C, but it is possible to extend the range to higher values, reaching up
to 60 °C.

Initially, the search in the literature for previously developed materials that can be used for
our application, with the requirements mentioned above, as well as commercially available PCMs,
was made. At the same time, in order to increase the number of possible materials, and improve
the applicability to CIESOL’s working conditions for cooling, new eutectic mixtures were modeled
using the modified Brunauer, Emmettt, and Teller (BET) model. This theoretical prediction allows
the activities of salts in water for a multicomponent system to be calculated, and has the ability to
predict phase diagrams and compositions for eutectic mixtures of highly soluble salt hydrates [22,23].
The group of salts to form eutectic mixtures was selected while taking into consideration that the
modified BET model is applied to salts with the common cation or anion, and also that it is necessary
to know the model’s parameters, mixing coefficients, and an equation that describes the dependence of
the equilibrium constant with temperature. Moreover, the salts that are selected as components of the
eutectic mixture must have stable thermal properties and be commercially available. The compounds,
which meet all the selection criteria set in this study, were salts with the common nitrate anion.
Based on modeling results, the two most promising mixtures, according to their latent heat and melting
temperature were studied experimentally. Details on the modelling results and the characteristics of
their thermophysical properties are shown in Figure 3 and summarized in Table 1.
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Mn (NO3)2 '6H20

Mg(NO:),6H,0

\

Mn(NOs),"6H,C

LiNOg3H0 02 04 06 08 NaNO; LiNOy3H,0 *7 04 0.

Figure 3. Calculated phase diagram of the quaternary system (a) LiINO3-NaNO3;-Mn(NOj3),-H,O,
and (b) LiNO3-Mg(NOj3),-Mn(NO3),-H,O, where (---)—isotherms; (-)—univariate curve;
(O)—calculated eutectic point e. (Based on [22]).

Table 1. Predicted composition and experimental thermophysical characterization results of eutectic
mixtures (based on [22]).

Mixt Mass Cp(s) Cp() p(s) p() n* Tm AH,,
ixture
- Jkg!  1J kg1 .k
Components Ratio K—gl K_% kg m-3 kg m-? P C ng* ,
LiNO3-:3H,0: 24.2:
NaNOs: 3.0: 1.535 2.500 1.753 1.655 18.18 10.8 172.5

M(NO ) 1,0 o @73K)  (290K) (73K

LiNO3-3H,0: 22.9:
Mn(NO3),-6H,O:  68.6: 1.250 2428 1.679 1638 1815 131 1528
ME(NO )L 6O e Q70K)  (305K) (73K

* measured at 298K.

In this way, two new designed mixtures, based on Li/Mn/Na and Li/Mg/Mn nitrate salts and water,
with a melting temperature predicted at 10.8 °C, were proposed as candidates for the PCM for the
storage tanks to be installed in CIESOL. The cost evaluation for both samples indicated that it was
close to the average values of commercial PCMs (USD 30 per MJ) [22].

For the design and selection of the PCM for heating, the final price of material was considered,
in addition to CIESOL working conditions and availability. The strategy for creating the new PCM
was to use the eutectic mixture composition from [24] and to replace magnesium chloride hexahydrate
with bischofite. Bischofite is a waste mineral obtained during nonmetallic mining activity in the north
of Chile. It contains MgCl,-6H,0 as the majority component, and 5% (approximately) of different
inorganic salts as impurities (see Figure 4).

This waste material was studied as a possible PCM at different scales, from laboratory to pilot
plant [25,26], demonstrating that bischofite has similar thermophysical characteristics to synthetic
MgCl,-6H,O, but a lower cost. Thus, the replacement strategy was applied, and the proposed novel
low-cost mixture based on Mg(NOj3),-6H,O/bischofite had a melting temperature of 58.2 °C and the
heat of fusion of 116.9 kJ-kg™!. The details of their thermal and physical properties, as well as their
characterization and optimization can be found in [27,28].
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94.80% MgCl, 6H,0
1.80% KCI-MgCl,'6H,0
3.20% Li,. SO, H,0
0.20% NaCl

0.90% KCl

Figure 4. Mineralization results of a bischofite sample [25], indicating the presence of about 95% of
magnesium chloride hexahydrate and 5% of impurities based on inorganic salts.

3.2. Modelling of the Melting and Freezing Transitions of Single Encapsulated PCM

The PCMs developed in WP1, in addition to the other two commercial candidates,
were encapsulated in polymeric containers in order to study their performance. A single spherical
nodule was placed in a thermostatic bath, and the kinetics of freezing and melting were studied
while monitoring the temperature in several locations inside and outside the nodule. The range of
temperatures used in these experiments was equal to the operating conditions in CIESOL. These types
of studies also allowed us to perform an aging analysis of the new materials by repeating a large
number of melting and freezing cycles. Figure 5 shows a photograph of the experimental setup.
Further details on the experimental layout can be found in [29].

Figure 5. Experimental setup for the study of the melting and freezing cycles of isolated nodules.
The image shows three nodules with S10, the phase change materials (PCM) developed within the
project, and water (as a reference), with the temperature probes in the thermostatic bath.

In addition to the experimental studies, the kinetics of the phase transition were modelled using
computer simulations with the physical parameters obtained in the characterization of the materials.
A new technique was developed, based on the MonteCarlo method of trial configurations, to effectively
model convection in the liquid phase. This methodology is much faster than modelling the full
velocity profile, and requires only two additional parameters that can be fitted easily. The method
was validated after studying the melting and freezing of water used as PCM encapsulated in different
containers or temperatures [29]. The enthalpy method was used to model the phase change, fitting
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the temperature range of the phase change to the experimental data; whereas a temperature gap of
AT = 1.5 °C was necessary for the PCM developed within the project, the S10 PCM required a much
smaller range, 0.5 °C.

Figure 6 shows the kinetics of melting and freezing of the Li/Mn/Na PCM, which was developed in
WP1 for the cooling application, in comparison with the commercial one, 510, from PCMproducts Ltd.
(see below for details). The kinetics of the phase transition is monitored by a temperature probe in
the center of the nodule. Experimental and simulation results are compared in Figure 6, with good
agreement between them. In the simulations, the physical parameters of PCM-cold, and S10, were used
as provided, except the latent heat of 510, which was reduced significantly to L = 25 kJ/kg. Convection,
due to the high viscosity, was not relevant in both PCMs. The comparison between the PCMs shows
that the PCM developed within the project has much longer charging and discharging times (and also
a larger heat storage capacity). The PCMs have similar freezing temperatures.

16—
14| B n
12| B n

=10 o PCM-cold | b

* $10 T 8
8 - ! -
6 i _
Y ([ T R
0 360 720 1080 0 360 720 1080 1440
Time (min.) Time (min.)

Figure 6. Kinetics of melting (left panel) and freezing (right panel) of the PCM developed within
the project for the cooling application and the commercial one S10, as shown by the evolution of the
temperature in the nodule center. Experiments (symbols) and simulations (lines) are shown.

As discussed below, two commercial PCMs for both working conditions were selected with regards
to the thermodynamic properties, aging behavior, ease of preparation, and price. Despite this choice,
our experimental and simulation results indicate that the PCM for cooling, which was developed
within the project, has a large application potential.

3.3. Building Needs Calculations and System Design

The demand for the building’s cooling capacity results from the heat gains going through its
external partitions and the heat generated inside the building. External heat gains (through the
building envelope) were calculated using the climatic data of a Typical Meteorological Year (TMY) for
the actual location of the CIESOL building. They contained heat flux resulting from the building’s
solar exposure, temperature difference, and the building’s foundation on the ground in accordance
with EN 12831-1:2017 [30]. When calculating these gains, it was assumed that the temperature inside
the building (¢;y) follows the temperature of the outside air (#;) and meets the criterion described by
Equation (1). At the same time, it was assumed that this temperature could not be lower than +21 °C
throughout the year.

tin = 20 © +§0 = (1)

For the calculation of internal heat gains resulting from the activity of people, lighting and
ventilation, the data presented in [31] were used. The necessary amount of ventilation air was
determined both by the number of air changes and the amount of fresh air per person, assuming
30 m3/(h X person).
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The calculations showed that the maximum required cooling power is definitely higher than that
for heating, and amounts to 61.4 and 24.8 kW, respectively (Figure 7). This is due to the fact that the
CIESOL building is heavily burdened with internal gains, which account for up to 40% of the total
heat gains, as described in [32]. The average daily demand for cooling power in summer reaches
40 kW, while in winter the average demand for heating power does not exceed 10 kW. Figure 7 also
contains the profile of the average monthly demand for cooling and heating power, which again shows
that the key to thermal comfort inside the CIESOL building is the correct adoption of the cooling
strategy. The daily consumption of cooling and heating power during the year is shown in Figure 8.
There is a huge imbalance between cooling and heating. Cooling is required for nine months of the
year, while significant heating is only needed in December, January, and the first half of February.
The maximum consumption of cooling is close to 1 MWh/day, and falls in the middle of July. Moreover,
almost 70% of the total cooling power consumption is from June to September.

70
—————— cooling, daily maximum
——cooling, daily average

60 1 ——cooling, monthly average
—————— heating, daily maximum

50 4 ——heating, daily average

——heating, monthly average

Power; kW

Jan Feb Mar Apr May Jun Jul Aug Sep Oct Nov  Dec

Figure 7. Required cooling and heating power of the CIESOL building throughout the year; calculations
based on TMY data for Almeria, Spain.

1200
—cooling
—heating 973.2 kWh
1000 -
Q
L
= 800 -
s
~
o
=
a
£ 600 -
3
w
c
o
&)
2 400
[o]
& 232.8 kWh 69.5%
Q
200 -
0 l“.‘ln | | | Ll

Jan Feb Mar Apr  May Jun Jul Aug Sep Oct Nov Dec

Figure 8. Daily cooling and heating power consumption.
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3.4. Mathematical Modelling of Heat Transfer Processes

The tanks with the PCM should cover the heating and cooling demands described in Section 3.3
for the longest possible time. In order to determine the working time of the tanks with the PCM,
a calculation algorithm was created for their discharging process. This model included balance
equations of the heat exchange between the water flowing through the tanks and the PCM, as well as
the heat losses from the tanks surface. Due to a small difference in temperature between the inside of
the tank and the environment, which is usually equal to 18 °C in the summer and 22 °C in the winter,
the loss flux from the tank is small when compared to the heat flow transferred between the water and
the PCM. Therefore, these losses were not further analyzed.

An important element of the model is a description of the heat exchange process between the
water flowing through the tanks and the PCM placed in them. Knowing that this material was to be
enclosed in commercial packaging called ICEFlat from the PCMProducts Company, which was meant
to be arranged in layers, a 1D model was created to describe the heat losses from the tanks, in which
the temperature changes with the direction of water flow. In addition, a 1D description of the heat
exchange process between the water and the PCM was made. It was assumed that heat is transferred
only through the largest surface of the PCM packaging, and the phase change front moves from the
packaging wall to its center. The natural convection in the PCM was replaced by thermal conductivity,
and the thermal resistance changed as the phase change front moved. The algorithm was finished with
a balance equation, which took into account heat losses from the tanks, heat flux transferred between
the water and the PCM, and also the energy flux that is transported by the water. The algorithm
contained a total of 30 heat exchange equations and 30 unknowns for each tank. More information
about the model can be found in [33].

In these simulations, the properties of the selected PCM, the experimental flow rate, and other
physical details are used, as well as previous results of the freezing and melting kinetics of a single
container from a single container test. In addition, the internal status of the tanks can be monitored,
especially the fraction of PCM that remains in the original phase, as was shown by the authors in [33].

In order to make the tanks useful for the heating and cooling applications, it was decided at this
stage that the tanks should contain a mixture of containers for both cases. The ratio of containers of
heating-PCM to total containers was also studied in the simulation model. Due to the larger demand
of cooling, it was expected that a larger number of containers of the cooling-PCM was needed, but a
proper analysis considering the latent heat and conductivities of the components was mandatory.

The commercial materials S10 and 546 offered by the PCMProducts Company were selected for
the analysis. This is due to the fact that they correspond best to the temperature of circulating water in
the heating and cooling installation, as was mentioned in Section 2. Various proportions of 546/510
were analyzed with regards to the fact that the cooling demands are greater, as can be seen in Table 2.

Table 2. Proportions and the number of S46 and S10 containers in the 2000-L tank, which were analyzed
in the model research.

PCM\Proportions, % 50-50 40-60 30-70 20-80 15-85 10-90
546 90 72 54 36 27 18
510 90 108 126 144 153 162

The heat flux that is released by the tanks with the PCM with regards to different proportions of
546 and S10 is shown in Figure 9. In the analyzed case, the tanks were connected in series, and therefore
the thermal power of the tanks that is visible in Figure 9 is the sum of the heat flux released by both
tanks. The temperature of the water flowing out of the first tank was the same as the temperature of
the water flowing into the second tank.
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Figure 9. Heat flux released from two 2000-L tanks for a 7 kg/s water mass flow rate for the heating

(left) and cooling (right) modes for different proportions of S46 and S10.

As shown in Figure 10, the thermal power of the storage tanks decreases during the discharge
process. This allows the tank’s volume, its internal configuration, or flow rate to be optimized.
However, it should be noted that the thermal power of the tanks is greater for heating than for cooling.
This is mainly due to the larger temperature difference between the water flowing into the tanks and
the PCM that undergoes the phase change.
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Figure 10. Heat flux released from two 2000-L tanks for 15-85% proportions of heating-PCM and
cooling-PCM for heating (left) and cooling (right) modes for different water flow rates through the tanks.

The temperature of the water flowing out of the storage tanks is another parameter that should be
controlled. It affects the correct operation of the entire heat receiving system in the building. The control
of settings that switch the operation of the system from installations with tanks to a conventional
system depends on the value of the temperature of the water that flows into the building. As can be
seen in Figure 11, the temperature of the water flowing out of the tanks changes rapidly in the first
minutes of the discharge process. This is the result of a decreasing heat flux exchanged between the
PCM and the water. Due to the rapidly changing temperature of the water flowing out of the tanks
with the PCM, the time of the system’s operating with these tanks is significantly reduced.
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Figure 11. Water outlet temperature from two 2000-L tanks for 15-85% proportions of heating-PCM
and cooling-PCM for heating (left) and cooling (right) modes for different water flow rates through
the tanks.

The obtained results enabled the temperature of the water flowing through the tanks, as well as
the temperature and changed mass of the material inside the tanks to be determined. The authors
provided a broader analysis of the impact of S46 and S10 on these parameters in [33]. On this basis,
it was decided that the share of 546 and S10 would be 15% and 85%, respectively. This resulted in
the preparation of tanks filled with ICEFlat containers that contained fixed proportions of PCMs,
as described in Section 4.

4. Results

This section describes the process of upgrading the already existing SCH system of the CIESOL
building, modifications to the control panel of the installation, and also the process of filling tanks with
phase change material. In addition, it also presents the results of experimental research conducted in
summer and winter, as well as the exergy aspect of modifying the installation.

4.1. Final System Configuration

The materials developed within WP1 are possible materials to be used in thermal storage.
Moreover, the comparison in Section 3.2. shows that the charging and discharging times are longer than
for the commercial material 510, with comparable melting temperatures. For the heating application,
the newly developed PCM has a higher melting temperature. Due to the non-existence of appropriate
facilities at the university for handling large amounts (about 1 ton) of inorganic salts for preparing the
eutectic mixtures and also operational difficulties in encapsulating such mixtures, it was decided to
purchase PCMs developed and encapsulated by the same company. For these reasons, the PCMSOL's
consortium decided that the next step of the project should be redefined, and that the PCMs to be used
in the thermal storage system need to be changed for commercial ones.

Subsequently, different commercial PCMs were studied with regards to their melting temperature,
latent heat, thermal stability, price, and availability. The finally chosen PCMs were S10 and S46 from
PCM Products Ltd. The properties of these materials are given in Table 3.

Table 3. Material properties of S10 and 546 phase-change materials from PCM Products Ltd. [34].

Tm p AH Cp A (s) Max Temp.
PCM
°C g/cm3 kJ/kg kJ/(kg K) W/m K °C
S10 10 1.47 170 1.90 0.43 60

546 46 1.59 210 241 0.45 60
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Both PCMs are served encapsulated in triple sealed HDPE flat containers with the dimensions of
50 X 25 x 3.2 cm?, and the capsule wall has a thickness of 3 mm (the volume contained in each capsule
is about 3.5 L). Each container has a total mass of approximately 5 kg (Figure 12).
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Figure 12. FlatICE containers installed in the CIESOL building (based on [34]).

Furthermore, due to the specific climate conditions of Almeria, the cooling demand of the CIESOL
building is much larger than the heating one. This asymmetry in demand implies very different thermal
storage requirements for both seasons. Thus, it was decided that two tanks filled with cold-PCMs,
as well as hot-PCMs will be installed instead of the previously planned two separated thermal storage
tanks one for heating and another for cooling purposes. The fraction of PCM for the cooling application
was optimized to provide an equal storage capacity in both applications. Moreover, following the
results of WP3 (Section 3.4), the optimal fraction of cooling PCM was estimated to be 85% of the total
number of flat containers.

First, the layout of the general SCH system with the newly designed two PCM-based storage

tanks was approved. Subsequently, the upgrading of the existing SCH system began (Figure 13).
This included three main consecutive steps:

e Installation of two vertical cylinders with a volume of ca. 2000 L each and their thermal
isolation—December 2018.

e  Filling both tanks with cold and warm PCMs, as well as water—April 2019.

Installation of three new three-way valves, two new temperature sensors per tank and SCADA
connections for data collecting—May 2019.

PCM-based
storage
tanks

Figure 13. The SCH system with two newly installed PCM-based storage tanks.

The completed cooling and heating process was visualized using commercial software
(https://www.sauter-controls.com/en/). The control panel provides instantaneous information about
the SCH system’s activity. Figure 14 illustrates the SCH system’s updated control panel after the
installation of two PCM-based storage tanks. A user can easily manage the entire system, allowing
modifications to its preset variables using the control panel. By considering the system’s predetermined
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conditions and by measuring the system’s key variables, the control system decides which actuators
should be enabled. Each of the SCH system components has its own actuator—after having received
the set of input variables from the acquisition system, each actuator controls the state/position of its
corresponding equipment.

With respect to the costs of installations, the total cost was 21.525,91 euro, resulting from the tanks
and PCM holders, and including the acquisition, delivery and installation costs, as well as other minor
equipment and actions, such as three-way valves, probes and control software re-programming.

SAUTER

Figure 14. The main control panel of the SCH system with two PCM-based storage tanks.

The schematic representation of the final SCH system, which is coupled with two storage tanks
designed within the PCMSOL project, is shown in Figure 15. In heating mode, the chiller is changed
for a heat exchanger, and the secondary circuit transfers hot water to the building instead of cold water.

Flat-plate solar collectors

Cooling
tower

Hot water
tanks

Conventional
refrigeration

Secondary cirtuit

Prlmary - - lErE'J L@@J
chiller

Chilled water Chilled water PCM tank PCM tank
tank tank

Figure 15. Schematic representation of the upgraded SCH system coupled with two newly designed
PCM storage systems in CIESOL, with the places of measuring the temperature for the added
tanks highlighted.
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4.2. Operation Characteristics of the Heating and Cooling System

This section presents the results of the every-day operation of the SCH system, starting with
refrigeration. This season typically starts in mid-May and lasts until mid-October.

The upper panel of Figure 16 shows the evolution of the temperature of the coolant (water) in two
locations of the refrigeration circuit (before and after the PCM tanks, see points T and Tp in Figure 15),
and inside the PCM tanks as a function of solar time, ST (upper panel), and the electric consumption of
the different components (lower panel). Recall that the building starts its normal operation at 9 a.m.
(7.00 ST) and finishes at around 6 p.m. (16.00 ST). However, some laboratories or offices require cooling
for an extended period, and four chemical analysis laboratories must be kept at a constant temperature
continuously (day and night). Thus, additional support from a conventional refrigerator system is
used when necessary (especially at night).
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Figure 16. Cooling application. Upper panel: Evolution of the temperatures before (Tp) and after
(Tg) the PCM tanks and in the tanks. Lower panel: Electric and gas consumption as a function of
solar time—left and right axis, respectively. Every charging/discharging period is identified by the
decrease/increase of the temperature in the tanks, and by the energy consumed.

In this test, the water passes through the PCM tanks at all times, charging or discharging them,
whereas the chilled water tanks are left isolated. For the day studied in the figure, the conventional
HVAC system runs from 0.00 ST to 7.00 ST. This can be confirmed by the cyclic electric consumption,
and the concomitant temperature cycles between the two set-points. As the temperature inside the
tanks is lower than the melting temperature of the PCM, the tanks charge during the night with
conventional HVAC. At 9 AM, the conventional system was disconnected and the “cold” stored in the
tanks was recovered by circulating water through them. This reservoir can cover the cooling demand
of the building for more than 2 h before the inlet temperature to the building reaches the limit of 15 °C
(note that this period is in good agreement with our predictions from the model developed in WP3,
see Section 3.4).
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At this stage (around 11.30 AM, or Time = 570 min), the solar chiller is turned on to provide
cooling to the building and to simultaneously charge the PCM tanks, as shown by the decrease of the
temperature inside the tanks (upper panel). This implies an important cooling demand, which the
solar cooling machine can hardly comply, given the temperature in the primary circuit. Therefore,
the system requires extra heating of the hot fluid, which is provided by the gas heater. This is confirmed
by the gas consumption in the early stages of this charging process (green line in the bottom panel
for Time~570-630 min). After approximately 90 min, the solar chiller is switched off, and the energy
stored in the tanks is recovered, providing cooling for almost 2 h.

The third discharging of the tanks occurs in the evening (starting around 5 PM, Time = 900
min), when the activity in the building, as well as the concomitant cooling demand has decreased
significantly. Thus, the tanks can cover the demand of the building for more than 3 h. After that, the
solar irradiation is too low for the solar chiller, and the conventional refrigeration system is started
(around 8 PM, Time = 1090 min) in order to comply with the building demand and charge the tanks.
It is worth noting that the charging is much faster in this case than with the solar chiller, but the
temperatures reached in the tanks are slightly larger. The subsequent discharging (starting at 9.45 PM,
Time = 1185 min) covers the demand for almost 6 h, until the conventional refrigeration system is
started again for the night service (at 2.00 a.m., next day).

Regarding electric consumption, in the case of the SC it is distributed among the pumps of the
primary and secondary loops, cooling tower and its pump, and the chiller itself. On the other hand,
the “pump” label in the figure refers to the consumption of the pump of the secondary circuit when
the solar chiller is not working, and refrigeration is provided by the energy stored in the PCM tanks.
It must be noted that the instantaneous power consumed by the conventional refrigeration is much
larger than that of the solar chiller.

Table 4 gives the average daily electric and gas consumptions of the SC with the PCM tanks,
separating the consumption of the pump of the secondary loop when the solar chiller is not working.
These results were averaged over six different days in September 2019 (due to the large number of initial
tests in the operation of the system and different strategies, a limited number of days was available).
These consumptions must be compared with the consumption of the conventional refrigeration system
working 24 h per day (also given in the table). The times of operation when using conventional
refrigeration, as well as when using—SC coupled with PCM tanks—are shown in the right-most
column of the table.

Table 4. Average daily consumption of the solar driven cooling system and operation times of every
component. A conventional refrigeration system is included for comparison in the last row.

Component Electric Consump. (kWh) Operation Time
Solar cooling (SC) 33.5 3 h44’
Pump (second. loop) 14.5 11h9
Nocturnal conventional HVAC 101.8 9h7
Total 149.8 24h
Conventional HVAC 246.1 24 h

It must be noted that the solar cooling system notably reduces the electricity consumption when
compared to conventional refrigeration; a reduction of ca. 100 kWh per day is reported, i.e., a reduction
of 40%. Studying the different components also yields important conclusions: two thirds of the total
electricity is used in conventional refrigeration, which is working for 9 h per day, whereas the solar
chiller is working for almost 4 h with a consumption of only 22% of the total energy (note that this
consumption also includes the charging of the hot tanks of the primary loop, which might occur when
the chiller is switched off due to the action of PCM storages). Finally, it is important to note that the
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PCM tanks can provide cooling effect for more than 11 h per day. There is a significant energy saving;
only 14.5 kWh are consumed in this time interval.

According to our records, cooling is required for almost 150 days per year, which implies that the
energy saving with the use of SC with PCM tanks amounts to 15,000 kWh during the cooling season.
This saving, in addition to the savings in the winter season studied below, must be compared with
the installation and maintenance costs of the solar assisted equipment. Depending on the specific
electricity and gas prices, and considering a discount rate of 3.5%, as well as the typical value for
cost-benefit analysis [35], the pay-back period is of 9 years without any maintenance costs. This allows
a contract of ca. 1500 euro/year for maintenance, in a 20-years pay-back scenario. Further details on
the economic analysis and viability of the facility will be published elsewhere.

In winter, there is a low demand for heating from mid-December to mid-March and therefore
a similar analysis as for cooling was carried out. However, it must be recalled that only 15% of
the PCM in the storage tanks has a melting temperature in the appropriate range for the heating
application. The hot water tanks of the secondary loop are not used in this analysis. Figure 17 presents
the temperatures from the same probes as Figure 16, and the electric and gas consumption, with the
same color code, for a typical day in January 2020. The electricity consumption of the SH includes,
in this case, only the pump in the primary loop, and is significantly lower than the chiller consumption
discussed in the refrigeration case.
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Figure 17. Heating application. Upper panel: Evolution of the temperatures before (Tp) and after
(Tg) the PCM tanks, and in the tanks. Lower panel: Electric and gas consumption as a function of
solar time—left and right axis, respectively. Every charging/discharging cycle is identified by the
increase/decrease of the temperature in the tanks.

Notably, support from an external heat pump is not necessary, and the system can completely
cover the heating demand of the building with only solar energy. Overnight, the PCM tanks can provide
heating for the building until the next morning, when the solar heating is connected again. The normal
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operation hours of the building are clearly noted in the different extensions of the discharging times,
and the whole demand of a single day can be covered with just three charging and discharging cycles.

With respect to the electricity consumption, it must be noted that the pump of the primary circuit
is working even when the system is not providing heat to the building or the tanks. This corresponds
to the power consumed by the pump of the primary circuit that stores heat in the hot water tanks.
This heat is used to provide heating to the building and to charge the tanks when solar radiation is not
available; note that the first charging of the tanks occurs between 1 a.m. and 2 a.m. When this heat is
not sufficient to charge the tanks, usually because radiation is too low, the gas heater is used to comply
with the demand, as shown by the gas consumption (green line in the bottom panel).

The total daily electric consumptions and operation times are presented in Table 5. In this case,
the consumption of the solar heater includes only the pump of the primary loop, and the operation
time given in the table corresponds to the time when it is providing heat to the tanks or the building.
On the other hand, the consumption needed to recover the heat stored in the PCM tanks corresponds
to the pump of the secondary loop.

Table 5. Average daily consumption of the solar driven heating system and the operation times of
every component. A conventional heat pump is included for comparison.

Component Electric Consump. (kWh) Operation Time
Solar heating (SH) 10.5 2h 59’
PCM tanks 14.3 21h 1
Total 248 24h
Conventional HVAC 99.93 24h

The most important result given in the table is that the total daily consumption of the solar-driven
heating system is only one fourth of the consumption of the conventional heat pump. Note that the tanks
covered the heating demand of the building for 21 h, with a minimal consumption, thus significantly
reducing the total consumption.

Bearing in mind the small fraction of PCM for the heating application in the tanks, it is obvious
that an important fraction of the heat stored in the tanks is kept as sensible heat in the PCM for cooling.
In any case, it is evident from the consumptions given in Table 5 that the distribution of PCMs has
been appropriate. This result obviously depends on the specific demands of heating and cooling,
and ultimately on the location of the facility.

Considering the consumptions for summer and winter, as well as the expected days of operation
for each one, the year-wide consumption and saving can be extrapolated. Assuming that refrigeration
is required for 122 days (from June to September), and heating for 74 days (from mid-December
to February), the total electricity consumption is ca. 20 MWh per year. This can be compared to
ca. 38 MWh/year if conventional cooling/heating is used. Therefore, a saving of 45-50% of the total
electricity consumption for air-conditioning is predicted.

5. Exergy Analysis

Exergy analysis is a very effective tool to establish which technological options or operating
conditions can improve the efficiency of a system. Exergy can be understood as the fraction of an
energy flux that can be completely transformed to useful work. Normally, as energy is transferred from
one system to another, some of the exergy content is lost, even if all the energy transferred is preserved.
The amount of exergy lost in a process is known as the irreversibility of the process. The main difference
between the concept of energy and exergy is that energy is never lost (first principle), but the exergy
content in a system, or energy flux, can be lost. Only in the case of a reversible process, which means
ASynin. = 0, will exergy be preserved, and therefore a reversible process is the optimum way of realizing
a process [36].
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In the case of HVAC systems, we usually deal with energy fluxes with very low exergy contents,
and therefore we need low amounts of exergy to drive the energy fluxes that are required. In practice,
this is quite difficult to achieve, and high exergy energy fluxes are frequently used, which results in
high amounts of exergy being lost in the process. Irreversibility (I) is defined by the following equation:

Ol = OW,01 — OWheo. = TodSypin. 2 0 (2

where W, is the useful work exchanged in a real process, Wy, is the useful work that would be
exchanged if the process was reversible, T, is the ambient temperature, and dS,,,;,. is the entropy
change of the universe associated to the process.

All real processes will have a certain amount of exergy lost, thus irreversibility. There is
an important relation between irreversibility and entropy increase of the Universe, as shown by
Equation (2), this is called the Gouy-Stodola equation [37] which shows that all the exergy lost in a
process becomes directly in entropy created in the Universe. In order to calculate the irreversibility
of a process, W, can be calculated using energy balance equations, and Wi, using exergy balance
equations. An efficient process will be the one that destroys the minimum exergy or generates the
minimum entropy in the Universe. With these criteria of efficiency, an exergy efficiency concept can be
defined as the fraction of exergy that is preserved in a process.

The calculation strategy we followed was to start with the incoming exergy of the sun and calculate
the irreversibilities at every stage of the process, integrating the following equations for a whole day:

d dQ;
ol = TodS v, = ToldSyc + Z sidm; — Z S]'dm]' + ,1.%0 + Z TQII 3)

out in

The terms in parentheses represent the entropy change of the universe for an open system in
transitory state, not all terms will apply in every estate of the process. The first term refers to the
entropy change in the Volume Control (VC), the second and third terms to the entropy that flows
out and into the VC, and the other terms to entropy changes of heat fluxes to the environment and
other external heat sources. The mass and energy flows were calculated with energy and mass balance
equations. Then, the efficiency of each stage of the process was calculated with the following equation:

Y1
Z Exin

where }_ I; is the sum of all irreversibilities generated at a certain stage, and )| Ex;, is the total exergy
that enters the process associated to mass flow, heat flux, and work done on the system.
As the objective of our research is to improve the efficiency of the solar HVAC system installed in

e=1- 4)

the CIESOL center using PCMs in order to store exergy as heat or as cold, an exergy analysis of the
actual operating conditions of the system was conducted in order to determine its overall efficiency
and to find the main causes of exergy losses. The effect of introducing PCMs for the stages where heat
and cold must be stored was then analyzed. As shown before, the most important need in the CIESOL
building is cooling during the summer months, in particular August, and therefore we concentrated
our exergy analysis for the cooling operation mode of the system. For the heating mode, the system
has the capacity for providing all the heat needed in the winter months.

For the exergy analysis, we considered a model of the cooling system that is shown in Figure 18.
The Sun is the main exergy source, and its radiant exergy is captured by the solar collectors where
it is transferred to water that is stored in hot water tanks. The hot water is transferred to the
absorption chiller where cool water is generated, and then stored in tanks for later use in the building’s
cooling system. The temperatures of the water flows in the different stages considered in the model are
described in Figure 18. The solar radiation of a typical day in August over a flat plate inclined 30°
was obtained from the Photovoltaic Geographical Information System (PVGIS) [38]. Starting from the
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intensity of solar radiation received, all water flows were determined through an energy balance on
the system. With this information, an exergy efficiency analysis was performed, and the results are
shown in Table 6.

Solar collector
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~NM Heat » :
@_. torage [ ] Cold Cooling
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5 78.5°C RNy it i storage needs

Cold Water

Hot Water

Figure 18. Stages of the energy and exergy flow in the cooling mode of the HVAC solar system
of CIESOL.

Table 6. Percentage exergy efficiency, of the HVAC system in cooling mode.

Stage Solar Collectors Heat Storage Chiller Cold Storage Overall
Efficiency 5.42% 89.0% 35.2% 88.9% 1.51%

As can be seen in Table 6, the overall efficiency of the system is 1.51%, which is rather low but
typical of this kind of system, essentially determined by the low efficiency of the solar collectors and
the efficiency of the absorption chiller. Therefore, we conducted an analysis of the best operating
conditions for both elements, which depend essentially on the temperatures of water flows, and the
results are shown in Figure 19. We can see that the solar collector will have a maximum daily efficiency
of 7.5% if the incoming water has a temperature of around 87 °C. In the case of the absorption chiller
the highest efficiency is obtained when the incoming hot water is below 77.5 °C. Therefore, in order to
improve the efficiency of the system we should operate within these temperature ranges. However,
in the case of the absorption chiller, the cooling power lowers to about 40 kW under the optimum
conditions, which is much lower than the 70 kW stated in the equipment’s manual.
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Figure 19. Exergy efficiencies of solar collectors (left) and the absorption chiller (right) as a function of
the temperature of incoming water and the flux in both systems.

The exergy analysis also enables the expected efficiency of the system to be studied while
introducing further changes. In particular, the effect of introducing PCMs for storing heat in the hot
water tanks in the primary loop was analyzed. For heat storage, we chose 583, keeping the cold
storage in the secondary loop with S10 PCMs. The use of S10 implies that the water is delivered at 5
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°C, which reduces the efficiency of the chiller significantly. Therefore, two scenarios were analyzed,
the first one with PCMs for heat and cold storage; the second one with PCM for the heat storage only,
where the cold would be stored as cold water. We assumed that the solar collector and the absorption
chiller would be operating close to the optimum conditions previously determined before. The results
are shown in Figure 19.

As can be seen Figure 20, the introduction of S83 PCM in the system lowers the efficiency of heat
storage from 89.0% to 85.6%, and the introduction of S10 lowers the efficiency of cold storage from
88.9% to 61.6%. This lowering of efficiency is due to the fact that the introduction of PCMs implies
additional operations of heat transfer for charging and discharging the PCMs that produce additional
irreversibilities in the whole process, the effect is more pronounced in the case of 510 PCM because it
operates closer to room temperature. However, the PCMs allow more exergy to be stored in a smaller
volume, e.g., instead of about 10 m?3 of hot water in a tank, a 3 m3 tank with S83 would be enough.
This analysis indicates that a good option would be to use S83 to store heat and water at 7 °C to store
cold. Under these conditions the overall theoretical efficiency would be about 2.35%, which represents
a 55.6% increase in the overall efficiency when compared to the present situation.

100% 98.0%

89.0% —
85.6% 85.6%
80%
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Figure 20. Final results of exergy analysis of the HVAC system with and without PCMs.

6. Conclusions

As a part of the PCMSOL project, a number of analytical and experimental works were carried
out in order to modify the solar thermal comfort system of an institutional building:

e During the initial design works, it was proposed to use two new phase change materials for the
cooling system, and one, based on waste material (bischofite), for the heating system. The analysis
of the building’s operation carried out during the year allows the real demands of the heating
and cooling system to be determined. The average daily demand for cooling power in summer
reaches 40 kW, while in winter the average demand for heating power does not exceed 10 kW.
The presented results of the simulation of the process of discharging the tanks with the PCM
showed that the heat stream that is transferred between the PCM and water quickly decreases
during the discharging of the tank. This can cause problems with restoring all the heat accumulated
in the PCM material if the power of the tanks will be lower than the heating demands.
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e  Finally, commercial S10 material was used for cooling. The PCM tanks can provide cooling for
more than 11 h per day, with a high energy saving; only 14.5 kWh are consumed in this time
interval. According to our records, cooling is required for almost 150 days per year, implying that
energy saving when using the solar chiller with PCM tanks amounts to 15,000 kWh during the
cooling season.

e 546 was used as the heat accumulating material. It was decided that only 15% of the PCM in
the storage tanks has a melting temperature in the appropriate range for the heating application.
The small amount of 546 is due to the small heating demands of the building. However, it should
be remembered that heat is also accumulated in S10, in the form of sensible heat, as well as in
water, which fills the free space in the tanks.

e  Theexergy analysis shows that it is very important to operate the solar collectors and the absorption
chiller under the most favorable conditions in order to improve efficiency. The introduction of
PCMs will lower the efficiency due to the fact that additional heat transfer operations are needed
to charge and discharge the PCMs.

e In the present case it would be convenient to use S83 PCM to store heat as this allows to reduce
significantly the storage volume and allows a higher flexibility given the mismatch between the
intensity of cooling needs and the available solar radiation.

e The environmental trade-off weaknesses and the effects on the environment, either direct or
indirect, will be studied with a life cycle assessment. This last WP will be finalized with the
elaboration of a business model where the economic balance, in particular the payback period,
is estimated in order to assess the viability of these kinds of applications.
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