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Abstract: A study of heat recovery in a façade ventilation unit was carried out under laboratory
conditions using a climate chamber that allowed stable outdoor and indoor conditions to be simulated.
The unit, equipped with a reversible fan and a chamber for the heat exchanger, controlled by an
automation control system, was designed to exchange air in the room by alternating supply and
exhaust cycles of specific durations. Three types of heat exchangers were tested, which were filled
with different phase change materials, in order to estimate the efficiency of the façade ventilation
unit in terms of its heat recovery capability. The efficiency of the unit was determined based on
the temperature efficiency of heat recovery for 144 setting combinations. The best efficiency results
between 73.56% and 76.29% were obtained with a solution using a heat exchanger consisting of
cylinders with an external diameter of 10 mm and a wall thickness of 1 mm filled with jojoba oil
in a one minute cycle. The tests confirmed that the heat exchangers, which are part of the façade
ventilation unit, fulfil their function and allow heat recovery from the exhaust air to pre-heat the
supplied air. The study complements the existing scientific knowledge on the efficiency of heat
exchangers filled with phase change material, operating in winter conditions with work cycles up to
5 min.
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1. Introduction

Indoor air quality is the subject of research in many scientific fields such as chemistry,
medicine and environmental science. It is estimated that people spend around 90% of
their time indoors, where air quality depends on a number of external and internal factors.
External pollutants that enter buildings through infiltration or ventilation systems are
mainly those associated with traffic and industrial activities [1].

Various types of ventilation systems are used to ensure adequate indoor air quality
and the basic ones include natural and mechanical ventilation. Natural ventilation is the
simplest and least expensive form of air exchange from an investment point of view, but
unfortunately it has drawbacks, as it is dependent on atmospheric conditions, such as the
pressure difference caused by the difference in specific weights of the air inside and outside
and the action of the wind, through which it is not always able to provide an adequate
air exchange. M. Telejko and E. Zender-Świercz [2] noted that the observed kindergartens
with natural ventilation had fungal contaminants in the indoor air, which is evidence of
insufficient air exchange.

At the same time, the latest building solutions seek to eliminate infiltration in order
to reduce heat loss, further compromising the efficiency of natural air exchange. Large
amounts of heat are also lost through natural ventilation. As shown by A. Dodoo [3], the
heat loss from ventilation is approximately 35–40 kWh/m2 per year.

Impeded air exchange has a negative impact on human health and quality of life. The
supply of fresh air is very important for human comfort [4–6].

The solutions that researchers are working on are research into heat recovery in ventila-
tion. As noted by A. Dodoo [3], it is possible to recover up to 90% of the heat in a ventilation

Energies 2023, 16, 3310. https://doi.org/10.3390/en16083310 https://www.mdpi.com/journal/energies

https://doi.org/10.3390/en16083310
https://doi.org/10.3390/en16083310
https://creativecommons.org/
https://creativecommons.org/licenses/by/4.0/
https://creativecommons.org/licenses/by/4.0/
https://www.mdpi.com/journal/energies
https://www.mdpi.com
https://orcid.org/0000-0001-6384-994X
https://orcid.org/0000-0002-5684-8276
https://doi.org/10.3390/en16083310
https://www.mdpi.com/journal/energies
https://www.mdpi.com/article/10.3390/en16083310?type=check_update&version=1


Energies 2023, 16, 3310 2 of 18

system, leading to a reduction of approximately 30% of the energy consumed [7,8]. Me-
chanical ventilation is essential in this regard. However, its production and operation
are more expensive and it requires a lot of installation space. This means that such a
system is not always feasible, which is particularly problematic when retrofitting buildings.
This led to the development of decentralised ventilation solutions to ventilate each room
individually [9–12].

These solutions are associated with lower pressure losses [13] and therefore energy
consumption for ventilation [14–16]. As pointed out in the paper by E. Zender-Świercz [17]
as a literature review, there are still not enough studies relating to heat recovery in decen-
tralised façade ventilation. The review also highlights the use of phase change materials to
accumulate heat.

Phase change materials (PCMs) are used to store sensible and latent heat. They work
by storing and releasing thermal energy by cycling from a solid to a liquid state. PCMs are
applied in different ways, with a distinction being made between active and passive systems.
In active systems, these materials find their way, for example, into renewable energy sources
through their use in solar thermal collector systems or photovoltaic modules, among other
applications. They are used, for example, for thermal management of photovoltaic modules
in order to reduce the loss of efficiency at high temperatures [18]. Most often, however,
PCMs are placed in a sealed container. The role of the PCM in containers is to store
the thermal energy supplied from the solar collectors and release the heat to the rooms
during the lower temperature period. In a passive system, PCMs are most often used as
an additive to building materials. Among other methods, they can be incorporated into
masonry wall partitions that are stand-alone structures or into partitions that fill frame
structures. The phase change material can be integrated directly into the building material
or as an independent layer located, either on the outside, inside or between other layers of
the envelope [19,20]. The potential of PCMs as a green solution for energy recovery in a
building has been discussed in many scientific papers and experimental cases [21]. Most of
the work on the use of PCMs in buildings has focused on passive [22] solutions, mainly
the integration of phase change material in building envelope elements. The integration of
PCMs in building components such as plaster, plasterboard, concrete and other building
envelope materials has been extensively studied in the literature and tested in projects [23].
While passive HVAC (heating, ventilation, air conditioning) applications in buildings
using PCMs have been widely researched and implemented, active applications are still
poorly understood.

H. Nemati et al. [24] investigated a structural tube with a porous coating filled with
PCM. They demonstrated that combining PCM resulted in a heat storage effect, which
increased the rate of heat exchange. A. Koç et al. [25] analysed the performance of a novel
heat exchanger filled with an organic substance. The heat exchanger placed in a façade
unit providing alternating supply and exhaust showed the best efficiency with the use of
n-pentane. They tested five materials (R11, R123, R245fa, n-pentane and isopentane). In
a similar façade unit, research was carried out by T. Pekdogan et al. [26], using a ceramic
exchanger for heat recovery. They achieved an 82% efficiency of the unit with 2 min work
cycles. The studies cited and those presented in this paper confirm that it is possible to
achieve around 80% heat recovery efficiency in relatively small-scale façade units. However,
special attention must be paid to the geometry and also the type of materials used when
designing this type of device, as Chang et al. [27] also note in their study. They showed
an improvement in heat exchanger performance with the addition of an energy storage
material. A lot of scientists studied the geometry of heat exchangers and showed an effect
on improving exchanger performance [28–31]. As Manz, H. et al. [8] noted with such
solutions, consideration must also be given to wind pressure, and the stack effect. In
contrast, Han H. et al. [32] noted the dependence of the heat recovery efficiency and the
change of fan rotation direction [32]. Given the above, further research and analysis of this
type of solution becomes justified.
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The purpose of this study is to test the efficiency of heat exchangers in a decentral-
ized ventilation device, filled with selected phase change materials, due to which heat
recovery takes place. The research presents the possibilities of heat recovery for climatic
conditions corresponding to Polish conditions. As a result of the research, it was possible
to supplement the existing scientific knowledge about the efficiency of heat exchangers of
this type operating in winter conditions with duty cycles up to 5 min, which have not been
presented in the literature so far. The article contains a description of experimental research
in laboratory conditions, a calculation method, obtained results of efficiency of individual
solutions along with the results of statistical analysis and conclusions.

The aim of the research is to search for solutions that will have an impact on reducing
energy consumption in ventilation installations.

2. Materials and Methods

Experimental studies were carried out in the Laboratory of Building Physics, Solar and
Hydro Power Engineering of the Kielce University of Technology. The study was intended
to analyse the operation of a decentralised room ventilation unit designed to improve
indoor air quality while reducing energy loss through heat recovery. The façade ventilation
unit was equipped with a reversible fan and a chamber for the heat exchanger so that
different solutions implementing heat recovery could be tested. As shown in Figure 1, the
device was mounted in a baffle, located in the climate chamber, which allowed to modify
both the internal and external conditions. Table 1 shows the parameters of the climate
chamber.

Figure 1. Scheme of the experimental setup.
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Table 1. Climate chamber parameters.

Chamber Simulating an
Indoor Environment

Chamber Simulating an
External Environment

Temperature range −5 to +50 ◦C −30 to 80 ◦C

Setting step 0.1 K 0.1 K

Length 2.15 m 2.65 m

Width 1.8 m 1.8 m

Height 2.3 m 2.3 m

Figures 2 and 3 show a façade ventilation unit housed in a climate chamber.

Figure 2. Façade ventilation unit (view from the side simulating indoor environment conditions).

Figure 3. Façade ventilation unit (view from the side simulating external environment conditions).

A 250 mm diameter ventilation duct feeds/removes air through a ventilation grille at
a height of 1 m above the floor. The stand does not constitute a real ventilation system, it
only allows for the assessment of heat recovery efficiency. It is an innovative solution and
the heat exchanger itself has been granted a protection right for a utility model under the
number P.432536 [33]. The chamber for the exchanger is 255 mm long, 260 mm wide and
300 mm high.

The façade ventilation unit, thanks to its integrated reversible fan Ventur ARC4-250C-
012T from Venture Industries, operates in cycles, alternating between supply and exhaust.
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An automated control system was used to manage the timed cycles, allowing specific
durations of the supply and exhaust cycles to be set. The analysis included the operation of
the unit in cycles of 1 min, 2 min, 3 min and 5 min. The automated control system (Figure 4)
regulates the fan frequency so that the flow rate can be controlled. A frequency of 50 Hz
was used for the tests, which translates into a flow velocity of approximately 2 m/s. The
air flow is 353 m3/h.

Figure 4. Automated control system for the fan.

Tests were carried out for three temperature configurations, keeping the internal
temperature constant at 20 ◦C in accordance with PN-EN 16798-1: 2019-06 [34], and three
established external temperatures at 0 ◦C, −10 ◦C and −20 ◦C. Such external temperatures
were selected on the basis of PN-EN 12831-1:2017-08 [35] and external air parameters for
the third climate zone (Polish). The lowest temperature corresponds to the external design
temperature for the zone, and the highest temperature is the most common temperature
in the zone. A temperature of −10 ◦C is an intermediate temperature between 0 ◦C and
−20 ◦C. During the study, tests were carried out for three types of heat exchanger, filled
with a phase change material that is designed to provide heat recovery by accumulating
energy from the exhaust air and giving this energy back during the air supply.

During the exhaust air cycle, the air removed from the room with a temperature of
about 20 ◦C flows around aluminium cylinders filled with phase change, giving them
thermal energy. After changing the direction of the fan operation, the air supply cycle starts,
during which the cold external air flowing through the device receives heat energy from
the cylinders filled with a phase change material, accumulated during the exhaust.

As a control case, tests were also carried out for heat exchangers with empty cylinders,
not filled with any material. The case is described as “empty”.

The heat exchangers (Table 2, Figures 5–7) are constructed from aluminium cylinders
with a wall thickness of 1 mm, differing in the number and diameter of the cylinders.

Figure 5. Heat exchanger 1 made of cylinders with an external diameter of 10 mm and a wall
thickness of 1 mm.
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Table 2. Heat exchangers parameters.

Heat Exchanger 1 Heat Exchanger 2 Heat Exchanger 3

Tube external diameter—do (mm) 10 25 40

Tube inside diameter—di (mm) 8 23 38

Transverse tube pitch—St (mm) 20 35 50

Row pitch—Sl (mm) 10 30 50

Tube layout staggered staggered inline

Number of rows—N 25 8 5

Number of tubes—n 313 56 25

Tube height—H (mm) 300 300 300

Surface area of a heat exchanger—A (m2) 2.95 1.32 0.94

Volume of PCM—V (dm3) 4.72 6.98 8.51

Figure 6. Heat exchanger 2 made of cylinders with an external diameter of 25 mm and a wall
thickness of 1 mm.

Figure 7. Heat exchanger 3 made of cylinders with an external diameter of 40 mm and a wall
thickness of 1 mm.

Figures 8–10 show the arrangement of cylinders for individual heat exchangers with
the determination of the distance between them.
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Figure 8. Design of cylinder system with an external diameter of 10 mm in heat exchanger 1.

Figure 9. Design of cylinder system with an external diameter of 25 mm in heat exchanger 2.

Figure 10. Design of cylinder system with an external diameter of 40 mm in heat exchanger 3.
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In selecting the PCM material, consideration was given to factors such as phase change
temperature, latent heat, thermal conductivity, heat capacity, density, volume change factor,
lack of phase separation, degree of subcooling, corrosivity, chemical stability, toxicity,
flammability, explosivity, cost, availability and recyclability. After an initial analysis in
terms of the above factors, three phase change materials were selected for further testing:
water, coconut oil and jojoba oil. The thermophysical properties of the tested materials
(Table 3) were determined based on DSC tests conducted for the purpose of the study.

Table 3. Thermophysical properties of selected phase change materials.

Phase
Change
Material

Specific Heat
J/gK

Heat
Melting

J/g

Heat
Clotting

J/g

Temperature
Melting

◦C

Capacity
Thermal

J/K

coconut oil 1.67 103.02 86.68 25 0.0156

jojoba oil 10.81 130.7 132.6 14.7 0.1046

water 19.88 330.4 258.9 0.3 0.260

Taking all variables into account, heat recovery efficiencies were determined for 144
combinations. Efficiency was defined as the average of a minimum of 25 stabilised supply
and exhaust cycles.

3. Calculation Method

Efficiency was determined from temperature measurements using nine thermocouples
(Table 4). Seven thermocouples were placed in the façade ventilation device (Figure 11),
and two measured the air temperature in both parts of the chamber. Thermocouple M0
monitored the temperature in the outer chamber and thermocouple M8 monitored the
temperature in the inner chamber. Records were taken with a time step of 5 s.

Table 4. Thermocouple parameters—Pt100.

Resistance temperature detectors—Pt100

Measuring range −200.00 ◦C to +400.00 ◦C

Resolution 0.01 K

Linearisation accuracy ±0.05 K

Connector programming ZA 9030 FS2

The efficiency was calculated for the entire device. Disturbances in the indications
of the thermocouple near the intake/exhaust were noted. Therefore, the thermocouple
M0 was placed at a distance from the device that allows the measurement of the actual
temperature in the outer chamber. To eliminate the moment of inertia of the sensors, the
first 30 s of readings were omitted. The measurements were conducted for 25 cycles to
achieve thermal stability at the specified parameters. The efficiency was determined based
on the average of ten stable temperature measurements using the formula

1ηt =
t2 − t1

t3 − t1
·100[%] (1)

where:
t1—average external temperature for the cycle (thermocouple M0), ◦C
t2—average supply temperature for a given cycle (average temperature from three

thermocouples M4, M5, M6), ◦C
t3—average internal temperature for the cycle (thermocouple M8), ◦C
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Figure 11. Diagram of the arrangement of measuring points (thermocouples).

4. Results

The data obtained made it possible to determine the efficiency of the various heat
recovery solutions. Figures 12–14 show the time course of temperature for three selected
combinations of the 144 tests carried out.

Figure 12. Change in temperature in measuring points marked M0–M8, when the first heat exchanger,
filled with jojoba oil, was used. The external temperature equals −20 ◦C and internal temperature
equals 20 ◦C. The supply and exhaust cycles were 1 min. Temperature change wave.
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Figure 13. Change in temperature in measuring points marked M0–M8, when the first heat exchanger
filled with jojoba oil was used. The external temperature equals −10 ◦C and internal temperature
equals 20 ◦C. The supply and exhaust cycles were 1 min.

Figure 14. Change in temperature in measuring points marked M0–M8, when the first heat exchanger,
filled with jojoba oil, was used. The external temperature equals 0 ◦C and internal temperature equals
20 ◦C. The supply and exhaust cycles were 1 min.
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Figures 12–14 present the waveform of temperature changes measured by the ther-
mocouples M1 to M7 (placed according to Figure 11). The M8 thermocouple was used to
measure the temperature inside the room, and the M0 thermocouple was used to measure
the external temperature. The duration of the supply/exhaust was 1 min. The number of
cycles was 25. The phase change material was jojoba oil. The heat recovery heat exchanger
was built from 10 mm diameter cylinders. The temperature of the indoor air was kept at
20 ◦C. Figure 12 shows the changes in temperature in the heat exchanger at an external tem-
perature of −20 ◦C. The temperature change for all analysed measurement points is in the
form of a sine wave, according to the implemented phase of the air supply/exhaust cycle.
The temperature increased during the exhaust air as a result of heating the phase change
material. The temperature decreased during the air supply when heat was transferred
from the heat exchanger to the air stream. The supplied air temperature, read at points
M4, M5, M6, assuming an external temperature of −20 ◦C and an internal temperature of
20 ◦C, averaged 9.4 ◦C. The air supply temperature (thermocouple M7) reached the highest
values. The lowest recorded values were obtained at the M1 thermocouple located in the air
intake/exhaust. In the supply phase, this is due to the fact that low-temperature external
air is drawn in. In the exhaust phase, the lowest temperatures at this point mean that heat
has been accumulated in the heat exchanger. The amount of energy lost with air is lower
than in the case of the absence of a heat recovery heat exchanger in the device.

Figure 13 shows the waveform of temperature changes in the heat exchanger at
an external temperature of −10 ◦C. Temperature changes are analogous to the external
temperature −20 ◦C. The same test configuration, with an assumed external temperature
of −10 ◦C, showed that the average supplied air temperature was 12.7 ◦C. The lowest
recorded values were obtained at the M1 thermocouple located in the air intake/exhaust.

Figure 14 shows the waveform of temperature changes in the heat exchanger at an ex-
ternal temperature of 0 ◦C. Temperature changes are analogous to the external temperature
−20 ◦C and −10 ◦C. However, with the external temperature at 0 ◦C, the average supplied
air temperature for the case study was 15.1 ◦C. The lowest recorded values were obtained
at the M1 thermocouple located in the air intake/exhaust.

The smallest temperature amplitudes for the highest external temperature result from
the smallest difference between the indoor air temperature and the external air temperature.

Tables 5–7 show the values of heat recovery efficiency depending on the phase change
material used, the temperature of the indoor air and the external air and cycle length.

Table 5. Unit efficiency with heat exchanger 1.

Time Material External
Temperature

Internal
Temperature

Device
Efficiency

1 min jojoba oil 0 ◦C 20 ◦C 76.29%
1 min coconut oil 0 ◦C 20 ◦C 75.10%
1 min empty 0 ◦C 20 ◦C 72.70%
1 min water 0 ◦C 20 ◦C 72.15%
2 min jojoba oil 0 ◦C 20 ◦C 74.19%
2 min coconut oil 0 ◦C 20 ◦C 72.61%
2 min empty 0 ◦C 20 ◦C 69.49%
2 min water 0 ◦C 20 ◦C 70.78%
3 min jojoba oil 0 ◦C 20 ◦C 73.45%
3 min coconut oil 0 ◦C 20 ◦C 71.29%
3 min empty 0 ◦C 20 ◦C 66.20%
3 min water 0 ◦C 20 ◦C 69.90%
5 min jojoba oil 0 ◦C 20 ◦C 70.63%
5 min coconut oil 0 ◦C 20 ◦C 68.96%
5 min empty 0 ◦C 20 ◦C 60.53%
5 min water 0 ◦C 20 ◦C 68.55%
1 min jojoba oil −10 ◦C 20 ◦C 75.72%
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Table 5. Cont.

Time Material External
Temperature

Internal
Temperature

Device
Efficiency

1 min coconut oil −10 ◦C 20 ◦C 70.56%
1 min empty −10 ◦C 20 ◦C 72.92%
1 min water −10 ◦C 20 ◦C 71.30%
2 min jojoba oil −10 ◦C 20 ◦C 71.94%
2 min coconut oil −10 ◦C 20 ◦C 68.08%
2 min empty −10 ◦C 20 ◦C 69.05%
2 min water −10 ◦C 20 ◦C 69.61%
3 min jojoba oil −10 ◦C 20 ◦C 70.45%
3 min coconut oil −10 ◦C 20 ◦C 66.49%
3 min empty −10 ◦C 20 ◦C 65.59%
3 min water −10 ◦C 20 ◦C 68.73%
5 min jojoba oil −10 ◦C 20 ◦C 67.83%
5 min coconut oil −10 ◦C 20 ◦C 64.25%
5 min empty −10 ◦C 20 ◦C 59.12%
5 min water −10 ◦C 20 ◦C 67.27%
1 min jojoba oil −20 ◦C 20 ◦C 73.56%
1 min coconut oil −20 ◦C 20 ◦C 69.69%
1 min empty −20 ◦C 20 ◦C 72.16%
1 min water −20 ◦C 20 ◦C 70.17%
2 min jojoba oil −20 ◦C 20 ◦C 71.05%
2 min coconut oil −20 ◦C 20 ◦C 67.38%
2 min empty −20 ◦C 20 ◦C 68.14%
2 min water −20 ◦C 20 ◦C 69.29%
3 min jojoba oil −20 ◦C 20 ◦C 69.39%
3 min coconut oil −20 ◦C 20 ◦C 65.82%
3 min empty −20 ◦C 20 ◦C 64.67%
3 min water −20 ◦C 20 ◦C 67.70%
5 min jojoba oil −20 ◦C 20 ◦C 67.22%
5 min coconut oil −20 ◦C 20 ◦C 63.48%
5 min empty −20 ◦C 20 ◦C 57.98%
5 min water −20 ◦C 20 ◦C 65.93%

Table 6. Unit efficiency with heat exchanger 2.

Time Material External
Temperature

Internal
Temperature

Device
Efficiency

1 min jojoba oil 0 ◦C 20 ◦C 61.00%
1 min coconut oil 0 ◦C 20 ◦C 56.82%
1 min empty 0 ◦C 20 ◦C 59.76%
1 min water 0 ◦C 20 ◦C 61.57%
2 min jojoba oil 0 ◦C 20 ◦C 57.22%
2 min coconut oil 0 ◦C 20 ◦C 54.19%
2 min empty 0 ◦C 20 ◦C 56.56%
2 min water 0 ◦C 20 ◦C 55.22%
3 min jojoba oil 0 ◦C 20 ◦C 55.05%
3 min coconut oil 0 ◦C 20 ◦C 52.22%
3 min empty 0 ◦C 20 ◦C 53.20%
3 min water 0 ◦C 20 ◦C 56.35%
5 min jojoba oil 0 ◦C 20 ◦C 51.68%
5 min coconut oil 0 ◦C 20 ◦C 49.28%
5 min empty 0 ◦C 20 ◦C 47.00%
5 min water 0 ◦C 20 ◦C 54.64%
1 min jojoba oil −10 ◦C 20 ◦C 58.46%
1 min coconut oil −10 ◦C 20 ◦C 52.41%
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Table 6. Cont.

Time Material External
Temperature

Internal
Temperature

Device
Efficiency

1 min empty −10 ◦C 20 ◦C 56.56%
1 min water −10 ◦C 20 ◦C 59.48%
2 min jojoba oil −10 ◦C 20 ◦C 54.69%
2 min coconut oil −10 ◦C 20 ◦C 49.91%
2 min empty −10 ◦C 20 ◦C 53.13%
2 min water −10 ◦C 20 ◦C 54.65%
3 min jojoba oil −10 ◦C 20 ◦C 52.79%
3 min coconut oil −10 ◦C 20 ◦C 48.19%
3 min empty −10 ◦C 20 ◦C 49.97%
3 min water −10 ◦C 20 ◦C 55.59%
5 min jojoba oil −10 ◦C 20 ◦C 49.62%
5 min coconut oil −10 ◦C 20 ◦C 45.40%
5 min empty −10 ◦C 20 ◦C 44.07%
5 min water −10 ◦C 20 ◦C 50.64%
1 min jojoba oil −20 ◦C 20 ◦C 56.68%
1 min coconut oil −20 ◦C 20 ◦C 55.08%
1 min empty −20 ◦C 20 ◦C 56.60%
1 min water −20 ◦C 20 ◦C 58.72%
2 min jojoba oil −20 ◦C 20 ◦C 52.68%
2 min coconut oil −20 ◦C 20 ◦C 51.94%
2 min empty −20 ◦C 20 ◦C 52.98%
2 min water −20 ◦C 20 ◦C 56.22%
3 min jojoba oil −20 ◦C 20 ◦C 50.41%
3 min coconut oil −20 ◦C 20 ◦C 49.39%
3 min empty −20 ◦C 20 ◦C 49.29%
3 min water −20 ◦C 20 ◦C 54.63%
5 min jojoba oil −20 ◦C 20 ◦C 47.57%
5 min coconut oil −20 ◦C 20 ◦C 45.84%
5 min empty −20 ◦C 20 ◦C 42.56%
5 min water −20 ◦C 20 ◦C 52.48%

Table 7. Unit efficiency with heat exchanger 3.

Time Material External
Temperature

Internal
Temperature

Device
Efficiency

1 min jojoba oil 0 ◦C 20 ◦C 53.18%
1 min coconut oil 0 ◦C 20 ◦C 49.13%
1 min empty 0 ◦C 20 ◦C 49.32%
1 min water 0 ◦C 20 ◦C 53.09%
2 min jojoba oil 0 ◦C 20 ◦C 50.19%
2 min coconut oil 0 ◦C 20 ◦C 51.89%
2 min empty 0 ◦C 20 ◦C 46.8%
2 min water 0 ◦C 20 ◦C 50.68%
3 min jojoba oil 0 ◦C 20 ◦C 48.34%
3 min coconut oil 0 ◦C 20 ◦C 49.99%
3 min empty 0 ◦C 20 ◦C 44.34%
3 min water 0 ◦C 20 ◦C 48.82%
5 min jojoba oil 0 ◦C 20 ◦C 44.50%
5 min coconut oil 0 ◦C 20 ◦C 43.98%
5 min empty 0 ◦C 20 ◦C 39.86%
5 min water 0 ◦C 20 ◦C 48.65%
1 min jojoba oil −10 ◦C 20 ◦C 50.88%
1 min coconut oil −10 ◦C 20 ◦C 50.79%
1 min empty −10 ◦C 20 ◦C 45.89%
1 min water −10 ◦C 20 ◦C 52.83%



Energies 2023, 16, 3310 14 of 18

Table 7. Cont.

Time Material External
Temperature

Internal
Temperature

Device
Efficiency

2 min jojoba oil −10 ◦C 20 ◦C 47.71%
2 min coconut oil −10 ◦C 20 ◦C 47.77%
2 min empty −10 ◦C 20 ◦C 43.41%
2 min water −10 ◦C 20 ◦C 49.16%
3 min jojoba oil −10 ◦C 20 ◦C 45.86%
3 min coconut oil −10 ◦C 20 ◦C 45.63%
3 min empty −10 ◦C 20 ◦C 40.85%
3 min water −10 ◦C 20 ◦C 47.82%
5 min jojoba oil −10 ◦C 20 ◦C 43.13%
5 min coconut oil −10 ◦C 20 ◦C 42.55%
5 min empty −10 ◦C 20 ◦C 36.39%
5 min water −10 ◦C 20 ◦C 45.55%
1 min jojoba oil −20 ◦C 20 ◦C 49.83%
1 min coconut oil −20 ◦C 20 ◦C 48.28%
1 min empty −20 ◦C 20 ◦C 44.88%
1 min water −20 ◦C 20 ◦C 48.99%
2 min jojoba oil −20 ◦C 20 ◦C 46.97%
2 min coconut oil −20 ◦C 20 ◦C 46.31%
2 min empty −20 ◦C 20 ◦C 42.05%
2 min water −20 ◦C 20 ◦C 47.33%
3 min jojoba oil −20 ◦C 20 ◦C 45.09%
3 min coconut oil −20 ◦C 20 ◦C 44.37%
3 min empty −20 ◦C 20 ◦C 39.14%
3 min water −20 ◦C 20 ◦C 45.89%
5 min jojoba oil −20 ◦C 20 ◦C 42.48%
5 min coconut oil −20 ◦C 20 ◦C 41.21%
5 min empty −20 ◦C 20 ◦C 34.45%
5 min water −20 ◦C 20 ◦C 44.68%

The analysis of the unit’s operation using a 10 mm diameter cylinder heat exchanger 1
(Table 5) showed the best efficiency with jojoba oil regardless of cycle length and external
temperature. In the 1 min cycle, the highest efficiency was 76.29%, in the 2 min cycle 74.16%,
in the 3 min cycle 73.45%, and in the 5 min cycle 70.63%. These values were obtained for an
external air temperature of 0 ◦C. The heat exchanger with jojoba oil achieved the lowest
efficiency (67.22%) in a 5 min cycle at an external air temperature of −20 ◦C. The lowest
efficiency was achieved by heat exchanger 1 filled with water in a 5 min cycle (65.93%),
at a temperature of −20 ◦C. For comparison, an empty heat exchanger was analysed,
which achieved the lowest efficiency in each variant of the cycle length and the external
air temperature, which means a significant impact of the phase change material on heat
recovery.

Using heat exchanger 2 with 25 mm diameter cylinders, it was again shown that the
best efficiency is achieved with one-minute cycles (Table 6).

The highest efficiencies were observed for water, but during the experiment, the high
thermal expansion of water caused damage to the heat exchanger. The use of jojoba oil
was associated with only slightly lower efficiencies (differences ranged from 0.57 to 4.91
percentage points). In a 1 min cycle, the highest efficiency was 61%, in a 2 min cycle 57.22%,
in a 3 min cycle 55.05%, and 51.68% in a 5 min cycle. Similarly to heat exchanger 1, the
highest efficiencies occurred at an external temperature of 0 ◦C. The lowest efficiency of
heat exchanger 2 with jojoba oil occurred in a 5 min cycle, at a temperature of −20 ◦C and
amounted to 47.57%. As in the case of heat exchanger 1, the empty heat exchanger had the
lowest efficiency.

Heat exchanger 3 (Table 7) showed the lowest heat recovery efficiencies in each
configuration. However, the results are also affected by a 214% and 123% smaller exchange
area compared to heat exchangers 1 and 2. At the same time, it is difficult to indicate the
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material that will be the most appropriate for heat exchanger 3. In the shortest cycle (1 min),
the highest efficiency was achieved by jojoba oil: 53.18% for 0 ◦C, 50.68% for −10 ◦C and
49.83% for −20 ◦C. In a 2 min cycle at 0 ◦C, coconut oil turned out to be the best (51.89%),
but at lower temperatures, water was better. Similarly, in a 3 min cycle at 0 ◦C, 49.99% was
obtained for coconut oil, for lower temperatures water and jojoba oil had higher efficiencies.
In a 5 min cycle, the highest efficiency was achieved by the water-filled heat exchanger and
the maximum efficiency value is 48.65% at the temperature of 0 ◦C.

A comparison of all the results obtained showed that the shape of the heat exchanger
has the greatest influence on the efficiency of the unit. It was also noted that the shortest
cycles produced the best results. Attention should also be paid to the phase change material
filling the heat exchanger, the selection of which should also depend on the shape of the
heat exchanger.

The obtained efficiency results were subjected to statistical analysis using the Spearman
correlation, carried out for three variables: type of heat exchanger, length of the duty cycle
and external temperature. Table 8 summarises the results of the analysis.

Table 8. Spearman correlation.

Variable Measurement

Heat exchanger

spearman correlation coefficient (r) −0.880

materiality level (p) 0.000

sample size (N) 1440

Cycle

spearman correlation coefficient (r) −0.330

materiality level (p) 0.000

sample size (N) 1440

External temperature

spearman correlation coefficient (r) 0.162

materiality level (p) 0.000

sample size (N) 1440

For the measurements obtained:

• There is a significant negative correlation between the efficiency results and the type
of heat exchanger (r = −0.880, p < 0.001). The larger the diameter of the heat exchanger
cylinders, the lower the efficiency.

• There is a significant negative correlation between efficiency results and duty cycle
length (r = −0.330, p < 0.001). The longer the cycle, the lower the efficiency.

• There is a significant positive correlation between the results and the external temper-
ature (r = 0.162, p < 0.001). The higher the temperature of the external environment,
the higher the efficiency.

5. Discussion

Energy storage in the studied heat exchanger takes place during the exhaust air cycle,
and during the air supply, it is transferred to the air stream raising its temperature. There
are many materials capable of storing large amounts of heat during a phase transformation
and releasing the same amount of heat in the reverse process. For pure materials, the
phase change takes place at the same compound-specific temperature and the melting and
solidification process can be repeated over many cycles, with no change in the physico-
chemical properties of phase change materials [36]. Phase change materials have a higher
heat capacity due to their physical parameters of specific heat and latent heat required for
phase change. The increased amount of heat required for phase change (latent heat) at given
operating temperatures can be used for more efficient heat recovery [23]. The research
carried out extends the knowledge of how heat recovery can be achieved in decentralised
façade units. So far, few studies have investigated this subject. Similar studies using phase
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change materials in a heat exchanger for a reversible ventilation device integrated with
the wall were carried out by Pekdogan T. et al. [37]. The heat exchanger they studied had
dimensions of 15 cm × 15 cm × 15 cm and consisted of 100 copper tubes with an outer
diameter of 4.76 mm and a wall thickness of 0.3 mm. The heat exchanger was filled with
PCM—RT27. The tests were carried out only in summer conditions for cycles of 15 min,
20 min, 30 min. Efficiency rates of between 25 and 55% were achieved. Similarly, the
studies presented in this study confirmed that extending the cycle time adversely affects
efficiency. The most popular solution when using local ventilation is the use of ceramic heat
exchangers, which, as shown by Zemitis J. and Bogdanovics R. [38], achieve an average heat
recovery efficiency of 73%. These values are comparable to those presented in this study.

The next steps for further consideration could be to change the design of the heat
exchanger (diameter of the cylinders, distance between them, change in geometry or
material of the heat exchanger), to use other heat accumulating material, as well as to
consider changing the cycle length and flow rate. In further analysis, CFD (Computational
Fluid Dynamics) simulations will be carried out. CFD simulations can be helpful in
optimising the solution, reducing the time and cost of subsequent studies. The results
obtained in this study can be used to validate the simulation model.

6. Summary and Conclusions

The analysis showed that the best efficiency of the unit is achieved when using a heat
exchanger with the smallest diameter cylinders and using the shortest possible cycles. In the
tests carried out, the best results were obtained using a heat exchanger with 313 cylinders
with an external diameter of 10 mm and a wall thickness of 1 mm.

Based on the study, it can be concluded that:

1. The highest efficiency was achieved for heat exchanger 1, and at an external tempera-
ture of 0 ◦C it equals 76.29% for a 1 min cycle, 74.16% for a 2 min cycle, 73.45% for a
3 min cycle, and 70.63% for a 5 min cycle. The performance result is also influenced
by a larger exchange surface of 214% and 123% compared to heat exchangers 2 and 3.

2. The highest efficiency was achieved for the 1 min supply/exhaust cycle, and it was
76.29% at 0 ◦C, 75.72% at −10 ◦C, and 73.56% at −20 ◦C.

3. The lowest efficiencies were obtained for heat exchanger 3, where the maximum
obtained efficiency was 53.18% for the 1 min cycle, jojoba oil at 0 ◦C. Other variants of
cycle length and external temperatures were associated with efficiencies below 50%.
The performance result is also influenced by the lower exchange surface by 68% and
55% compared to heat exchangers 1 and 2.

In summary, it can be stated that heat exchanger 3 with a cylinder diameter of 40 mm
should be eliminated from further analysis of solutions because the efficiency achieved
by it is not satisfactory. The best solution is heat exchanger 1 filled with jojoba oil with
efficiencies greater than 70%. In order to further increase its efficiency, it will be advisable
to look for other phase change materials with better thermodynamic properties. CFD
simulation of the heat exchanger will be helpful in this regard.
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