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Abstract: The article presents the results of preliminary research aimed at determining the possibility
of using microencapsulated phase change material (mPCM) slurries as a working fluid in installations
with a flat liquid solar collector. In the tests, the following were used as the working fluid: water
(reference liquid) and 10% wt. and 20% wt. of an aqueous solution of the product under the trade
name MICRONAL® 5428 X. As the product contained 43% mPCM, the mass fraction of mPCM in the
working liquid was 4.3% and 8.6%, respectively. The research was carried out in laboratory conditions
in the range of irradiance I = 250–950 W/m2. Each of the three working fluids flowed through the
collector in the amount of 20 kg/h, 40 kg/h, and 80 kg/h. The working fluid was supplied to the
collector with a constant temperature Tin = 20 ± 0.5 ◦C. It was found that the temperature of the
working fluid at the collector outlet increases with the increase in the radiation intensity, but the
temperature achieved depended on the type of working fluid. The greater the share of mPCM in
the working liquid, the lower the temperature of the liquid leaving the solar collector. It was found
that the type of working fluid does not influence the achieved thermal power of the collector. The
negative influence of mPCM on the operation of the solar collector was not noticed; the positive
aspect of using mPCM in the solar installation should be emphasized—the reduced temperature of
the medium allows the reduction in heat losses to the environment from the installation, especially in
a low-temperature environment.

Keywords: flat solar collector; microencapsulated PCM slurry; experimental investigation; thermal
operation parameters

1. Introduction

The interest in acquiring and storing solar energy was started by the energy crisis
that took place in the 1940s. Hottel’s pioneering works from 1942 constitute the basis
for the construction of the most common devices for obtaining solar energy—flat, liquid
solar collectors [1]. Additionally, the Dover Sun House, designed in 1948 by architect
Eleanor Raymond and the MIT engineer Maria Telkes [2], showed in a practical way the
possibilities of storing this heat in special partitions of the building, in which there was a
material undergoing phase change [3]. Since then, simultaneous work has been carried out
to improve the thermal efficiency of solar collectors and to find new solutions to store large
amounts of thermal energy.

Improving the operation of solar collectors is based, among others, on the use of solar
radiation concentrators, selective coverage of the absorber surface, modification of the ab-
sorber structure, reduction in heat loss from the collector to the environment, optimization
of the glazing position in relation to the absorber, use of polymers to reduce the size and
weight of the collector, mini channels to intensify heat transfer to the fluid, and modify
the properties of the working fluid through the use of additives (e.g., nanoparticles) [4–9].
The current solutions of liquid solar collectors are based on the use of water as the basic
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working medium. Hence, the theoretical working range of the collector is between 0 ◦C
and 100 ◦C. This range can be extended by using water propylene glycol (T = −25–200 ◦C)
as the working liquid. However, the temperature of the working medium at the level of
50–60 ◦C already causes problems. These are high heat losses from the solar system to
the environment, especially in winter, and sufficiently high intensity of solar radiation is
required to maintain/increase the temperature of the working medium [10]. The solution
to the above-mentioned problems may be adding to the base liquid particles of the phase
change material (PCM).

1.1. Liquids with a Phase Change Material in the Field of Solar Energy

PCM is a substance that is able to absorb (while adding heat) and then release (while
cooling it) significant amounts of heat. The heat exchange process is accompanied by a
change in the material phase, and it takes place at a constant or variable temperature within
a narrow range—the phase transition temperature. The heat absorbed/given off during
the phase transition is called latent heat, in contrast to sensible heat, the supply/removal
of which results in significant changes in body temperature [11,12].

In the field of solar energy, PCM is commonly used as a heat accumulator in tanks
that act as thermal energy storage [13–17]; building partitions as a filling of empty spaces
or addition to cement, paint, plaster [18–20] reducing daily room temperature fluctuations;
in photovoltaic panels (PV-PCM) as a back layer limiting excessive heating of the module,
which reduces its efficiency [21–25]; and as an addition to the working fluid in the integrated
photovoltaic thermal system (PVT), cooling the photovoltaic panels and at the same time
transferring heat to the storage tanks [26–29].

The liquid with the additive is PCM; it is the so-called Latent Functional Thermal
Fluid (LTFT). LTFT is a two-phase working fluid used in heat exchange systems and is
characterized, unlike single-phase fluids, by the possibility of transferring more heat (by
the value of latent heat). The LFTF group includes ice slurries; emulsions consisting of
particles of PCM material added directly to the base liquid; slurries of encapsulated PCM
added to the base liquid; clathrate hydrate slurry, where the water molecules form the
lattice structures, and the molecules of the other substance fill the lattices; and shape
stabilized slurry, where PCM is infiltrated in high-density polyethylene and is dispersed in
water to form slurry [30–32]. Encapsulation is the most commonly proposed type of PCM
slurry among the five discussed above [33]. Technological progress has made it possible
to obtain micro- or even nanometer-sized capsules [31,34,35]. The PCM encapsulation
process eliminated one of the disadvantages of PCM (especially commonly used paraffin)—
its low thermal conductivity. By washing the PCM capsules with the base liquid, the
phase-conversion process can take place in the “full volume” of the PCM since it can start
simultaneously in each capsule being washed. Moreover, the addition of nanoparticles
of materials with high thermal conductivity to the PCM or base liquid increases the
conductivity of the entire slurry [36–38].

The microencapsulated PCM slurry (mPCM) is a potential working fluid in heat
systems, thanks to which it is possible to transport large amounts of heat without the
need to obtain a high temperature of the medium. This helps to reduce heat losses to the
surroundings of the entire installation with solar collectors. Additionally, as it is shown
in studies [39–43], which aimed to assess the effect of mPCM addition on the flow and
heat transfer characteristics in channels, the use of mPCM increases the value of the heat
transfer coefficient, and the power required to pump the slurry, in relation to the heat
transported, is lower than in single-phase fluids. It can therefore be presumed that the use
of mPCM slurry as a working fluid in systems with solar collectors may reduce heat loss to
the environment, increase the heat exchange intensity in the collector and hot water tank,
and increase the efficiency of the entire system or reduce the dimensions of the installation.
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1.2. Letant Functional Thermal Fluid as a Working Fluid in Solar Installations—Previous Research

While the number of publications devoted to the use of mPCM slurry in heat exchange
systems is significant, the subject of the practical use of mPCM slurry as a working fluid
in solar collectors is very limited. The few publications on this subject include the work
carried out by a team of employees of the DENERG Energy Department from Italy and
colleagues. Paper [44] presented and discussed the authors’ own concepts of solar systems
with PCM slurry as a heat carrier. Article [45] presented a mathematical model of a flat,
liquid solar collector. The model was based on the Hottel–Whillier equation, and the
MATLAB/Simulink program was used to solve it. The model assumes that the working
fluid is, in one case, a 20% aqueous solution of ethylene glycol, and in another, a slurry of
microencapsulated PCM-n-eicosane (60% by weight of mPCM in an aqueous solution of
ethylene glycol). The analyses showed that the use of mPCM in the base fluid resulted
in an approximate 7% increase in the annual efficiency of the collector regardless of the
orientation and the tilt angle. In the next article [46], the same authors simulated the
work of the collector, wherein one case, the base liquid was a glycol water solution (40%
glycol/60% water), and in another case, a 50% mPCM slurry (n-eicosane) in the above-
mentioned solution. The simulations were carried out assuming different values of solar
radiation, assuming that the outdoor air temperature changes every 5 ◦C from −15 ◦C
to +40 ◦C. It was found that the amount of heat obtained by the innovative system is
much higher (from 20% to 40% in the “winter season”) compared to the working fluid
without mPCM. It was also shown that the temperature of the slurry at the outlet of the
collector is always lower than the temperature of the glycol water solution, despite the
same amount of energy transported in the working fluid. Paper [47] described the results
of simulation analyses according to our own mathematical model in comparison with
the results of experimental tests obtained for a prototype installation with a water–glycol
solution (without the addition of mPCM) as a working liquid. After successful validation,
the mathematical model was used to simulate the influence of the location, orientation of
the collector, and the effect of mPCM concentration in the slurry on the thermal efficiency
of a flat solar collector installation. It was found that an increase in mPCM share to 60%
resulted in an increase in collector productivity to 7–8%. The next study [48] presented a
numerical model that enables the analysis of the dynamics of an installation consisting of a
collector, heat storage, and control automation. The simulation results were compared with
the results of long-term experimental data carried out with a full-scale prototype plant. An
aqueous glycol solution with 5%, 10%, and 15% microencapsulated n-eicosane was used as
the working liquid. It was found that the liquid temperature at the outlet from the collector,
obtained from the simulation, differs from that measured in the experimental conditions
by no more than 1.8%, which positively validated the extensive mathematical model.

A study by Feng et al. [49] presented the results of experimental studies data of an
evacuated heat pipe solar collector with mPCM slurry as a working liquid. A 50% aqueous
slurry of PC210 (Ciba, BASF—Ludwigshafen, Germany) was used. The test results were
compared with the results of thermal tests of the collector when water was the working
fluid. It was found that the European Standard EN 12 975, on which the measurements
made were based, requires modification when the working liquid is mPCM slurry. It was
noticed that the research method modified by the authors allows to accurately predict the
efficiency of the evacuated heat pipe solar collector when the mPCM slurry is the working
fluid. The average efficiency of solar collectors with mPCM slurry was higher than with
the use of water. In conclusion, the authors also state that further experiments should be
carried out, including the study of mPCM slurry in various types of solar collectors.

Sun et al. [50] investigated experimentally the efficiency of a solar installation for
heating water, which included, inter alia, a flat solar collector. As the working liquid, an
aqueous paraffin emulsion (paraffin mass 20%) with the addition of graphene was used
to improve the thermal conductivity of the fluid. The tests were carried out in laboratory
conditions with solar radiations, including 300 W/m2, 500 W/m2, and 800 W/m2. It was
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found that the thermal efficiency of the PCM system can reach even 89.67%, which was
14.76% more than when water was used as a working fluid.

The presented literature review clearly shows that the number of publications on
the use of mPCM slurry/PCM emulsion in solar installations as a heat transfer fluid is
negligible. The studies presented in the worldwide literature are preliminary testing
studies, and research is required to carry out detailed analyses of the impact of mPCM
on the efficiency of the entire system and its individual components. The subject seems
all the more topical as it is possible to improve the thermal conductivity of the slurries
by adding nanoparticles of substances with a high thermal conductivity coefficient to the
PCM material or the base liquid.

The article presents the authors’ own experimental research data on the thermal
parameters of a flat solar collector. The tests were carried out in laboratory conditions in the
range of solar irradiance of 250–950 W/m2. Distilled water and an aqueous mPCM slurry
were used as the working liquid. The mPCM slurry was made by mixing the product
MICRONAL® 5428 X (Moraine, OH, USA) with distilled water. The mass fraction of the
product to distilled water was 10% and 20%. As the product itself contains about 43% of
microencapsulated paraffin in water, the actual share of mPCM in the working liquid was
4.3% and 8.6%, respectively. The research was carried out for three different values of the
mass flow rate of the working liquid through the solar collector.

2. Method and Materials
2.1. Working Fluid

In the tests, distilled and demineralized water (standard liquid) and two aqueous
mPCM slurries were used as the working liquid. The base liquid in the slurry was also
distilled, and demineralized water and the addition was a product from Microtek Labs
under the trade name MICRONAL® 5428 X. The main components of the product, ac-
cording to the manufacturer’s data [51], was paraffin wax microencapsulated in a highly
crosslinked polymethylmethacrylate polymer wall and water. The mass fraction of mPCM
in water is 43 ± 1% wt. The mean peak of the melting point of paraffin is 28 ± 1 ◦C, and
the heat of fusion is ≥160 kJ/kg. The mean particle size of mPCM is 1–5 µm. Working
liquids (slurries) were made by adding the original product to the base liquid, and then the
whole was mechanically stirred for 15 min. A homogeneous slurry of mPCM was obtained.
As the share of mPCM in the original product was on average 43%, and the product was
added to water in the amount of 10% and 20% of the mass fraction, working liquids were
obtained in which the mass fraction of mPCM was, respectively, 4.3 and 8.6%.

2.2. The Experimental Facility

The tests were carried out in laboratory conditions on the test stand, the diagram of
which is shown in Figure 1. Its basic element was a flat liquid solar collector KSH-2.0 by
Kospel (Koszalin, Poland). The dimensions of the collector are 1072 × 2119 × 90 mm, and
the aperture area A = 1.98 m2 [52]. The collector was placed on the supporting structure
and operated in an upright position.

At a distance of 2 m from the front surface of the collector, a set of infrared heaters
with the possibility of regulating their radiation intensity was installed. The radiators were
equipped with Philips HeLeN filaments (Diez/Lahn, Germany), the radiation spectrum of
which (manufacturer’s data) is presented against the spectrum of solar radiation in Figure 2.
Due to the fact that the spectrum of the radiation of the filament differs significantly from
the spectrum of solar radiation, it is difficult to compare the results of our own research
with the results of other authors. For this reason, the results of our own research on the
collector’s operation, when the mPCM slurry flows through the collector, were compared
with the results of our own research, when the standard liquid flows through the collector-
distilled and demineralized water.
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The total irradiance reaching the collector surface was measured with a secondary
standard CMP11 pyranometer by Kipp and Zonen (Delft, The Netherlands). The value
of the radiation intensity was defined as the arithmetic mean of 18 local values of total
radiation measured at points evenly distributed on the collector’s face. The maximum value
of the total irradiance that can be obtained in laboratory conditions was I = 1000 W/m2.
The accuracy of the determination of the average irradiance was ±4.33 W/m2.

The movement of the working medium in the test circuit was forced by a centrifugal
pump. The pump pumped the working medium through the collector. Then the working
medium flow to the heat exchanger. In the heat exchanger, the working medium transferred
the heat collected in the collector to the intermediate liquid cooled by the cryostat. The
working fluid, at the reduced temperature, was passed through a Coriolis mass flow meter
(Promass 80A manufactured by Endress+Hauser; Wien, Austria). The measuring accuracy
of this device is ±0.15% of the measured value. The working medium with a defined
known flow rate returned through the control valve to the pump suction port.

The ambient temperature, the working medium at the collector inlet, and the tempera-
ture of the working medium at the collector outlet were measured using individually made
K-type thermocouples. Each thermocouple was individually calibrated (in the range of
10–80 ◦C) in relation to a standard glass thermometer with a 0.02 ◦C graduation. The error
in the thermocouple indications did not exceed ±0.2 K. All temperature, flow, and irradi-
ance signals were archived using the RSG40 Memograph recorder by Endress+Hauser.

2.3. Research Procedure and Data Reduction

All measurements were made in steady-state at three different irradiance values. For
each irradiance, three measurement series were performed with different flow rates of the
working liquid. The mass flow rate of the working liquid was (approximately) 20 kg/h,
40 kg/h, and 80 kg/h. In order to assess the impact of the mass fraction of mPCM on the
collector’s work, the temperature of the working medium at the collector inlet was kept
constant (Tin = 20 ± 0.5 ◦C), and different temperatures of the working medium at the
outlet from the collector, for the same conditions of the experiment, were the effect of the
physical properties of the working fluid. The ambient temperature was constant and equal
to 19 ± 0.5 ◦C.

The heat collected by the water flowing through the collector is defined on the basis
of the relationship:

Q =
.

m·cp·(Tin − Tout), (1)

where: Tin and Tout denote the working fluid temperature at the collector inlet and outlet,
.

m—mass flow rate of the working fluid, and cp—specific heat of the working fluid.
The heat received by the mPCM water slurry flowing through the collector was

determined on the basis of the relationship:

Q =
.

m·(hin − hout), (2)

where: hin and hout, respectively, denote the specific enthalpy of the slurry at the collector
inlet and outlet. Specific heat capacity of water was adopted following the literature
data, i.e., cp = 4.19 kJ/(kgK). The specific enthalpy of the mPCM slurry used during the
research was determined experimentally. The results were obtained based on the so-
called “thermal delay method”. It is an improved version of the T-history method, which
provides results with less error. The basis for determining the specific heat value is the
time-dependent cooling process. The samples of the suspension and the standard liquid
(water) were heated to 50 ◦C. During their cooling down in a room with a temperature
of 10 ◦C, the instantaneous temperature that the PCM slurry reaches in relation to the
temperature of the standard liquid at the same time was measured. After the conversion, it
is possible to determine the specific heat of the slurry and heat of phase transformation.
The entire procedure and necessary dependencies are described in detail in the study by
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the authors [53]. The influence of temperature on the specific enthalpy of the aqueous
mPCM slurry based on MICRONAL® 5428 X is shown in Figure 3.
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3. Results and Discussion
3.1. Test Results of a Solar Collector Supplied with the Reference Liquid–Water

Figure 4 shows the influence of the irradiance on the temperature increase of the
reference liquid–water. It was noted that the greater the intensity of radiation reaching the
collector surface, the greater the temperature of the working liquid. The three curves apply
to the working fluid flow rates of 18.8 kg/h, 39.1 kg/h, and 79.9 kg/h, respectively. It was
noted that the greater the working fluid flow through the collector, the smaller the working
fluid temperature rise was obtained for each case of irradiance.

The influence of the irradiance reaching the surface of the collector on its thermal
power is shown in Figure 5. It was noted that the amount of heat transferred to the medium
flowing through the collector increases with the increase in radiation intensity. It was also
noted that the greater the mass flow rate of the working fluid, the greater the efficiency of
energy conversion and the amount of heat transferred to the medium. The intensity of the
heat exchange process between the channel wall and the working fluid may increase with
the increase in the velocity of liquid flow through the collector. The obtained relationships,
presented in Figures 4 and 5, confirm the results of studies by other authors [54–57], who
investigated the impact of both the water flow rate (as the base liquid) and the proposed
nanofluids flow rate on the thermal performance of a flat liquid solar collector.
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Figure 5. Influence of the irradiance on the amount of heat transferred to the water flowing through the solar collector.

3.2. Test Results for a Solar Collector Supplied with mPCM Slurry

Figure 6 shows the influence of the irradiance on the temperature increase in the liquid
flowing through the solar collector (water slurry of 4.3% wt. mPCM). It was noted that the
greater the intensity of radiation reaching the collector surface, the greater the increase in
temperature of the slurry flowing through the collector. Similarly to the flow of water, the
greater the flow rate of the working liquid through the collector, the lower its temperature
increase (at the same irradiance).
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Figure 6. Influence of irradiance on the temperature increase in mPCM water slurry (4.3 wt.%) in the solar collector.

The effect of the irradiance on the collector surface on the value of the heat transferred
to the aqueous mPCM slurry is similar to that for water (Figure 7). Both the increase in the
radiation intensity and the increase in the slurry flow rate result in an increase in the heat
transferred to the working fluid.
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It should be mentioned that the relationships (not presented here), as in Figures 6 and 7,
were also obtained during the test of the collector through which 8.6% wt. aqueous
mPCM slurry.
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3.3. The Influence of mPCM in the Slurry on the Results of the Solar Collector Tests

The following figures present the test results obtained for the working liquid flow at
the level of ~40 kg/h. The results for water, 4.3 wt.% aqueous slurry of mPCM, and 8.6 wt.%
aqueous slurry of mPCM were compared. Figure 8 shows the influence of the irradiance
on the temperature increase of the working medium. It was noted that the increase in the
mass fraction of mPCM in the slurry allows obtaining a lower temperature of the working
medium at the outlet of the collector. The temperature of the 8.6% mPCM slurry leaving
the collector is lower than the water temperature by about 10 K (at the maximum value of
radiation intensity obtained during the tests). It follows that it is possible to use mPCM
slurry as a working liquid in the solar collector circuits, which entails a decrease in the
temperature of the working liquid.
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The research was carried out with the use of PCM, the phase change temperature of
which is about 28 ◦C. Ultimately, in the installation of a liquid solar collector, a slurry can
be used, where the PCM has a phase change temperature, e.g., about 70 ◦C. The advantages
of using such a slurry in a solar collector installation are as follows:

• In summer, when hot water consumption is sometimes too low (low demand for hot
water, the user has gone on holiday), the water temperature in the tank rises. Then,
the temperature of the working liquid flowing through the exchanger also increases.
When it reaches the mPCM phase transition temperature, further heat input causes
the phase transformation process to start. This is performed at a constant temperature
of the working fluid until all PCM in the plant has undergone a phase change. The
traditional working fluid may reach boiling point during this time. Then, excessive
pressure in the installation causes the safety valve to open and the liquid vapors to be
released into the environment. When the working fluid is water, there is no problem,
and its deficiency can be easily replenished. However, in temperate regions, due to
cold winters, the working fluid is not water but a water–glycol solution. Then, its
deficiencies need to be supplemented, and in fact, too high a temperature caused the
substance to lose its properties. In this case, all liquid in the system must be replaced;
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• In winter, when the temperature of the working liquid is significantly higher than the
ambient temperature, the heat losses, including those from the collector, are higher
with the higher the temperature of the working liquid in the system. The supply of the
same amount of heat to the reservoir with the mPCM slurry at a temperature slightly
above the phase transition temperature is more effective than, for example, water,
which should have a higher temperature. Reducing heat loss to the environment
increases the efficiency of the complete installation.

The influence of the type of working medium on the collector’s thermal power is
shown in Figure 9. The summary concerns the tests carried out for the flow of working
fluids at the level of ~40 kg/h. The presented comparison shows that, regardless of the type
of working fluid, the collector’s thermal power is comparable, regardless of the radiation
intensity reaching the collector surface.

It should be emphasized that similar trends were obtained for other values of the
working fluid flow rate (~20 kg/h and ~80 kg/h).
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4. Summary and Conclusions

There are a significant number of publications devoted to the use of nanofluids as
a working fluid in the installation of solar collectors. This paper presents one of the
pioneering research results regarding the possibility of using microencapsulated PCM
(mPCM) slurry in such installations. It should be emphasized that these are the results of
preliminary cognitive studies aimed at preliminary assessment of the possibility of using
mPCM slurries and their impact on the operation of the liquid solar collector. The tests
were carried out in laboratory conditions with the use of a commercial collector with an
aperture area of 1.98 m2. The tests were carried out with the use of three types of working
liquid: water (reference liquid) and aqueous mPCM slurry (4.3% wt. and 8.6% wt.). The
working liquid flowed in the amount of ~20 kg/h, ~40 kg/h, and ~80 kg/h. The irradiance
on the surface of the collector was varied in the range of 250–950 W/m2. In order to assess
the influence of the type of medium on the operation of the solar collector, the temperature
of the working liquid at the collector inlet was constant, near the ambient temperature,
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and amounted to Tin = 20 ± 0.5 ◦C. Based on the research, the following conclusions
were obtained:

• The more PCM microcapsules in the working liquid, the lower the temperature of the
liquid leaving the collector (for the same irradiance), which results from the use of the
latent heat of the PCM material;

• The type of working fluid does not affect the collector’s thermal power obtained for
analogous conditions of the experiment (irradiance, mass flow of the working fluid);

• It is possible to use mPCM water slurry as a working fluid in solar collector installa-
tions without adversely affecting its performance;

• The use of the phase change heat of the PCM material contained in the microcapsules
circulating in the working fluid caused its temperature to be lower than that of
water without the addition of mPCM when the same amount of thermal energy
was transported;

• The reduced temperature of the working liquid may have a positive effect on the oper-
ation of the system: In summer—protection of the working fluid against overheating
that results in a phase change and pressure increase in the system, or an irreversible
change in the physical properties of the working fluid (e.g., based on propylene gly-
col); In winter—lowering the temperature of the working liquid circulating in the
installation reduces heat loss to the environment (especially through the collector),
increasing the overall efficiency of the system.

The presented results are preliminary studies on the use of mPCM slurry in liquid
solar collectors. The authors of the study intend to carry out detailed research data on
the influence of the slurry on the collector’s operation, on the basis of which it will be
possible to determine the efficiency of the collector as a function of irradiance I and reduced
temperature differences (Tin−Tamb)/I.
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23. Kılkış, B. Development of a composite PVT panel with PCM embodiment, TEG modules, flat-plate solar collector, and thermally
pulsing heat pipes. Sol. Energy 2019, 200, 89–107. [CrossRef]

24. Chavan, S.V.; Devaprakasam, D. Improving the performance of solar photovoltaic thermal system using phase change material.
Mater. Today Proc. 2020, 46, 5036–5041. [CrossRef]
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