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Abstract: The application of heat pumps in the heating systems of buildings in the cold or transitional
season is becoming an increasingly common practice not only in Lithuania but in other countries as
well. Due to the growing popularity of air-to-air or air-to-water heat pumps in the building sector,
the problem of the evaporator heat exchanger freezing is also becoming more and more relevant.
As the outdoor temperature drops, so does the heat pump’s coefficient of performance (COP) for
heating. The freezing of the evaporator surface increases the energy consumption of the system, has
a negative effect on heat exchange, distorts the normal operating cycle of the heat pump and the
energy is wasted for defrosting processes. This article describes the experimental investigation of an
air-to-water heat pump, presents the results obtained during the experiments and their interfaces. The
experiments were carried out during the transitional/cold season. It was found that frost formation
on the evaporator started when the outdoor temperature was <3.5 °C and the relative humidity
reached 88%. The defrosting cycle took an average of 5 min. The impact of the evaporator freezing

check for on the operation and COP of the heat pump was assessed.

updates
Citation: Kropas, T.; Streckiené, G.; Keywords: air source heat pump; evaporator; frost formation; coefficient of performance (COP);
Bielskus, J. Experimental transitional / cold heating season

Investigation of Frost Formation

Influence on an Air Source Heat
Pump Evaporator. Energies 2021, 14,

5737. https://doi.org/10.3390/ 1. Introduction

enl4185737 The levels of human activity lead to an increase in global warming and greenhouse

gas emissions. Therefore, it is inevitable to look for and apply alternatives to shift from
fossil fuel energy production to renewable energy sources. Air-to-water and air-to-air
heat pumps are becoming an increasingly popular source of heat, providing buildings
with both heat and cool. Air source heat pumps have lower costs and are less complex
compared to ground source heat pumps [1]. Systems that integrate heat pumps in the
heat sector are promoted at the level of the national policy and the European Union. The
active spread of such systems is particularly noticeable in newly built, energy-efficient [2]
or nearly zero-energy buildings [3]. The development of such buildings is encouraged by
published maps and institutional afi-  National legislation. However, with the environmental conditions changing throughout the
{ations. year, the efficiency of systems with integrated air source heat pumps (ASHP) is volatile:
their coefficient of performance (COP) is significantly higher in the transitional season than
in the cold season.
Special attention must be given to the winter season [4]. As the outdoor temperature
drops, the COP decreases, and at high relative humidity, there is a risk of the evaporator
freezing, which increases the system’s energy consumption, energy costs and impairs the
heat transfer [5]. There are various defrosting and anti-frosting methods that can be used;
however, defrosting also reduces the energy efficiency of the system and can negatively
conditions of the Creative Commons _ affect the micro-climate indoors [6]. Possible improvements of ASHP units in terms of frost
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ers, the coating of surfaces with additional materials that reduce the risk of freezing and
frost formation [9]. Active measures include auxiliary heaters [4], desiccant dehumidi-
fiers [10], melting ice using a reversible gas cycle or hot gas bypass [11], as well as high and
low-frequency vibrations and high voltage electromagnetic fields, etc. In addition, ASHPs
come with solar thermal, photovoltaic and hybrid thermal systems integrated [12].

There are many factors that affect frost formation and growth. However, the most im-
portant of these are the humidity of the air passing through the heat exchanger, the outdoor
air temperature, the air flow rate and the surface temperature of the heat exchanger [13].
Previous studies on the impact of frosting have shown that this phenomenon increases
the heat transfer resistance between the ambient air and the refrigerant as frosting blocks
air flow passage. In some cases, frosting causes the ASHP to shut down. Guo et al. distin-
guished three stages of the frost growing on the outdoor heat exchanger. In addition, they
indicated a peak frosting outdoor air temperature when the frost grows at the maximum
rate; it was about 0 °C at varying air relative humidity [14]. Chung et al. proposed a modi-
fied e-NTU model to investigate various frosting conditions on the ASHP system, including
sensible and latent heat transfer computation. The authors clarified that system operation
conditions had an influence on the frosting time, and these conditions should be further
investigated [15]. Liang et al. experimentally investigated the effects of evaporator surface
characteristics on the defrosting behaviour [16]. Wang et al. proposed a heater-assisted
ASHP, which contributed to retard the frost and extend the heating cycle. However, system
components still must be investigated further for better system-wide performance [4].
Mengjie et al. also noted the need to optimise the system and its components, including
experimental and numerical studies [7].

The ASHP performance depends on the operating conditions, the environment and
the system design [17]. In addition, different refrigerants [18] and control modes of the
equipment [19] exist and were analysed. Eom et al. used deep learning to implement a
method to predict the heating capacity and power consumption of the ASHP due to frost
growth [20]. Li et al. performed a theoretical and numerical study on ASHP performance
in Tibet. They determined that the COP increased from 1.76 to 2.87 when the ambient
temperature varied from —12 to 10 °C. In addition, the low air pressure impact was also
evaluated [21]. Wei et al. analysed ASHP for district heating purposes. They found that
frosting increased power consumption by 3.85-17.41%, while the seasonal COP value
decreased by up to 14.83% [22]. Another study shows that the mal-defrost can reduce
the COP by 40.4% [23]. Therefore, semi-experimental methods are proposed to clarify the
variation in frosting [24], additionally looking into anti-frost modes and ASHP units [4,25].

Understanding the frost formation and its impact on the ASHP performance should be
used in the software when planning an energy-efficient system. Studies show that there is
a need to integrate the frosting impact [26] and defrosting techniques into software [27,28].
This is especially true with very high values (>80%) of relative air humidity [29]; e.g., in
cold and humid climate conditions, the deviation between models, with frost formation
excluded and factored in, is ~16% [30].

From the literature review, it was concluded that even though much work has been
conducted to analyse the frosting and defrosting of ASHPs, there is still some uncertainty
regarding performance reduction (COP) in freezing conditions, especially when the relative
air humidity is high; e.g., frost forms on the surface of the ASHP outdoor coil in winter
(relative humidity higher than 65% and the ambient temperature less than 5 °C) [31]. The
relative humidity played a leading role in determining the accumulated frost amount [29]
as it is one of the critical factors for frosting [15]. In addition, the COP of the ASHP was
reduced up to 17% in a location with very high values of air relative humidity (RH > 80%)
and the outdoor temperature within the range 0-6 °C [29]. In order to evaluate the frosting
severity at different conditions (outdoor temperature and relative humidity), frosting maps
were created [32]. Such maps had a great contribution to the development of anti-frosting
technologies. However, every ASHP system has a unique frosting performance [24], and
a frosting map should be adapted for it. Given the need for experimental and numerical
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research during the frosting/defrosting processes, the aim of this work is to analyse and
present the characteristics and variation in the ASHP in the presence of freezing. This
paper investigates the operation of an ASHP in the cold season and observes the freezing
of the evaporator as the environmental conditions change. An experimental stand was
constructed for this research; the necessary measuring devices and a camera were installed
for visual observation of the experiment and assessment of frost formation. This has
allowed drawing a more distinct line between the processes of frosting and defrosting
and conducting a separate analysis thereof. The dependence of the COP on the average
ambient air temperature and the relative humidity was determined. This understanding
of the process helps to predict and planning the operation of the ASHP better, including
simulation with dynamic software, which should mirror the actual process as closely as
possible [30].

2. Methodology of Investigation

The object of the research is the evaporator of the ASHP (Panasonic WH-UD07HES5-1)
located in the Laboratory of Building Energy and Microclimate Systems (BEMS) of Vilnius
Gediminas Technical University (VILNIUS TECH). The operation mode of the heat pump
heating loop during unfavourable climatic conditions—the cold season—was analysed.
Under such environmental conditions, a frost layer starts to form on the evaporator surface.
The specifics of its formation and impact on the operation and efficiency of the ASHP are
investigated. According to the manufacturer’s specifications, the heating capacity of the
ASHP is 7 kW, its power input is 1.57 and the COP is 4.46 when the ambient temperature is
7 °C and the temperature of water outflow from the condenser is 35 °C. The nominal air
flow rate of the evaporator is 2760 m3/h.

During the experiment, the following parameters were measured: the air flow rate,
the ambient air temperature, the relative humidity (upstream and downstream of the
evaporator), the wind velocity, the water (inflow and outflow) temperatures and flow rates.
In addition, a video camera (GoPro HERQOY Silver) was used for visual observation of the
experiment and for the assessment of frost formation. The following measurement and
data acquisition equipment available in the BEMS laboratory was used:

- data logger Almemo 2890-9 for air parameters storing;

- an IRIS-type flow control diaphragm with measuring nozzles. The diaphragm
contains a differential pressure sensor FD A602-S1K with a measuring range of
+/—1250 Pa and an RH accuracy of +2.0% RH in the range <90% at a nominal tem-
perature (25 °C £ 3 K) [33]. The air flow rate was evaluated knowing the measured
pressure difference;

-  temperature and relative humidity (RH) sensor FHA 646 series E1 with pressure
accuracy of £0.5% of the final value in the range of 0 to the positive final value at a
nominal temperature (25 °C) [34];

- data logger HOBO U30 USB for the climate data storage station [35] and measure-
ment with temperature and RH sensor S-THB-M002 [36]. The measuring range of
temperature is from —40 °C to 75 °C, and the RH is 0-100%. The accuracy of air
temperature is +0.21 °C from 0 °C to 50 °C and RH, +2.5% from 10% to 90% RH
(typical), up to a maximum of +/—3.5% including hysteresis at 25 °C; below 10% and
above 90% £5% typical;

—  energy data logger HOBO H22 for storing water temperature and flow parameters [37];

- 12-bit smart temperature sensor S-TMB-M017 with a measuring range of 40° to 100 °C
and accuracy < 0.2 °C from 0 °C to 50 °C [38];

- water flow meter sensor T-MINOL-130-NL with a measuring range of 0.95 1/min to
83.31/min and accuracy AWWA (American Water Works Association) spec 97-103% [39];

—  multi-meter/data-logger EX542 for electric current measurement and data storage,
accuracy: +0.06% [40];

—  leakage clamp TRMS meter with power functions MD9272 for power factor measure-
ment with a measuring range of 0 to 1.00, accuracy: £5 digits [41];
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- adigital clock.

All measurement results were recorded every 1 min.

The GoPro HEROY Silver high-resolution action camera used for monitoring the frost
formation on the heat exchanger surface is presented in Figure 1a. It was mounted under
a transparent plastic hood perpendicularly to the heat exchanger. In order to visually
monitor the formation of frost on the evaporator surface during the hours of darkness, a
light source was installed (see Figure 1b).

(@) (b)

Figure 1. (a) A high-resolution camera for visually monitoring the surface of the evaporator; (b) the
light source used during the nighttime.

The assembled experimental setup is shown in Figure 2, and its schematic representa-
tion is presented in Figure 3. As can be seen from Figure 2, a DN500 duct was mounted
on the external unit of the heat pump to determine the amount of air drawn through the
evaporator, and an IRIS500 diaphragm was mounted to measure it.

Various indicators could be used to evaluate heat pump operation [42]. For the
purposes of this research, the efficiency factor COP was selected as one of the most popular
indicators. This value is understood as the ratio between the amount of heat produced by
the heat pump and the electricity consumed:

_Q
COP =, 1)

where Q is the amount of heat produced, kWh, and P, is the electricity consumed, kWh.

Figure 2. The experimental setup on the roof of VILNIUS TECH.
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Figure 3. The principal scheme of the experimental setup.

The amount of heat produced by the heat pump (secondary water loop) is ob-
tained from: .
~ Vp-Cp-At

3600 ' @

where V is the water flow rate, m3/h; Cp is the specific heat capacity at constant pressure,
K]/ (kgK); At is the temperature difference between the temperatures of water supplied and
returned; p is the water density, kg/m?.

The amount of electricity consumed by the heat pump is calculated as follows:

I-U-t
3600

P, = 1073- cos(g), 3)
where [ is the current (taken from measurements), A; U is the voltage, V; T is the duration
of the experiment, s; cos(¢) is the power factor (it was measured to be 0.97). Voltage is
taken as a constant value at 230 V.

In order to analyse the COP dependency on the air and water parameters, enthalpies
of working fluids could be used. This is a convenient approach as the air enthalpy repre-
sents the heat energy due to temperature and moisture in the air. The enthalpy of air is
determined from the following equation [43]:

hair = 1.006¢ -+ W (2501 + 1.86t), @)

where t is the air temperature, °C; W is the specific humidity, kg/kg.
The enthalpy of water is calculated with the following equation [44]:

hwater = hs + [1 + Kh(p - Ps)}/ (5)

where & is the specific enthalpy of saturated water, k] /kg; « is the compressibility factor
for the enthalpy (1/bar); p is the pressure, bar; p; is the saturation pressure, bar. A detailed
way to determine the enthalpy and other properties of water is presented in [44].

Measurements always involve a certain degree of uncertainty. Propagation of un-
certainty is applied for the purposes of indirect measurement (e.g., COP). It is assumed
that uncertainties with direct measurements are independent, and each of them follows a
normal pattern of Gaussian distribution. The measurement reliability of the COP can be
expressed as the following function [30]:

ACOP = f(V, t,1,cos (p). 6)
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With the uncertainty methodology, the uncertainty of the COP is £3.2%, which is
mainly affected by the accuracy of the flow meter and the temperature sensors.

As heat pump operation data were being recorded and its evaporator was being
visually monitored, the data were analysed to examine the defrosting process of the heat
exchanger and to assess the reduction in the COP due to frost formation on the evaporator.
Depending on the ambient weather conditions during the experiments, it was decided
to distinguish three different periods during typical days when the temperature and the
humidity are as follows:

positive average ambient temperature (~4 °C) and average relative humidity (~86%);
negative ambient temperature (from —7 to —1 °C, about —3 °C) and average relative
humidity (~93%);
e  average temperature about (0 °C) and average relative humidity (~95%).
During all tests, the water flow temperature in the inner circuit was set at 50 °C.
The raw data obtained from the measuring equipment for individual periods every
1 min are later processed as hourly average data.

3. Results and Discussion

The measurements were performed during the 2020 heating season. Three different
periods were selected for deeper analysis:

- from 5 p.m. on November 11 to 1 p.m. on November 12;
- from 5 p.m. on December 1 to 2 p.m. on December 3;
-  from 4 p.m. on December 15 to 1 p.m. on December 17.

These time periods were chosen as the frosting process took place on the evaporator
of the heat pump. In addition, defrosting processes occurred and were observed. The
parameters of the supply and return water temperatures in the internal heat pump unit
were set at 50 °C and 45 °C, respectively.

The first time period. During the period of November 11-12, the average ambient
air temperature was 4.02 °C, the average relative humidity was recorded as 85.75%. The
average air flow through the evaporator heat exchanger was 2110.77 m?/h.

During the experiment, the change in the air temperature after the evaporator heat
exchanger was observed. The obtained measurement results (ambient air temperature and
air flow rate, and temperature after evaporator) are presented in Figure 4 (raw data).
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Figure 4. A comparison of the ambient air flow rate with the air flow temperature after the evaporator
heat exchanger and the air flow rate through it (11-12 November 2020).
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It can be seen that the outdoor air temperature remained almost constant during the
selected period. However, the air flow temperature behind the evaporator heat exchanger
fluctuated significantly and was lower than the ambient air temperature. Only the peak
temperature rises that occur during the defrosting process were observed.

During that experiment, the lowest value of the air temperature after the heat pump
(HP) evaporator was —3.43 °C, the highest was 13.09 °C. Such temperature fluctuations
were caused by the formation of frost on the evaporator heat exchanger and defrosting
process. The vapour in the air that entered the heat exchanger at a temperature below or
equal to the condensing temperature condensed and then froze as the temperature dropped
and covered the surface with frost and was removed—a defrost cycle was performed, in
which the heat pump starts to run in a reverse cycle to dissolve the frost that has formed
on it. The largest temperature difference between the ambient air temperature and the
air temperature with the heat exchanger was 9.09 °C. In addition, Figure 4 shows that the
frost-defrost cycle of the heat exchanger occurred 11 times during the period covered by
the analysis, which means that, on average, complete freezing occurred 0.52 times per hour.
Moreover, Figure 4 presents the variation in the air flow sucked in through the evaporator.
The air flow increased with the frost thickness and was reduced as defrosting took place.
The temperature change cycle did not quite match the air flow change cycle, as the latter
cycle was more inert and changed more slowly than the heat exchanger temperature during
defrosting.

The defrost cycle of the frozen evaporator is shown in Figure 5. The same cycle was
performed during each defrost. On average, it took about 5 min. The same average defrost
time was obtained in other experiments. The defrost cycle remained the same, regardless
of the ambient air parameters—only its frequency changed.

(a) (b) (c)

(d (e)

Figure 5. Defrosting the heat exchanger: (a) the first minute—the entire surface covered with frost;

(b) the second minute—the start of the melting; (c) the third minute—frost melting; (d) the fourth
minute—frost melting; (e) the fifth minute—condensate blowing.

Figure 6a shows ambient air temperature, relative humidity and temperature af-
ter ASHP evaporator during the first time period (the processed hourly average data);
(b) shows the average hourly change in the COP of the ASHP as a function of the ratio of
enthalpies of ambient air and water supplied to the indoor unit. During this period, the
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lowest relative humidity was 83.4%, and the highest value was 88.5%; the air temperature
varied from 3.5 °C to 4.36 °C.
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Figure 6. (a) Variation in ambient air parameters and temperature after ASHP evaporator;
(b) variation in the COP depending on the ratio of enthalpies of ambient air and water supplied
(11-12 November 2020).

During this period, the average ASHP efficiency factor COP was 1.71. Later, the COP
values at different hours were compared with the ASHP operating with or without defrost
cycles. It was observed that the formation of frost on the plates of the evaporator’s heat
exchanger began when the outdoor air temperature dropped to or below 3.5 °C and the
relative humidity reached 88%. The average hourly efficiency was found to be 1.62 during
the hours when defrosting was performed. Accordingly, the average hourly efficiency was
found to be 1.81 during the hours when defrosting was not required. Thus, it is concluded
that the freezing of the heat exchanger, the frosting of its surface reduces the heat transfer,
disrupts the normal operating cycle of the ASHP and reduces its COP by 10.74%. The
measurements have shown the COP to fall below 1 in some of the cases. This phenomenon
was observed only during periods when the heat exchangers defrost process took place,
and the normal operation of the ASHP was distorted. During defrosting, the heat was not
taken from the environment but was given to it.

The second time period. During the period of December 1-3, the average ambient
air temperature was —2.80 °C (varied from —7.03 °C to —0.37 °C), the average relative
humidity was 92.54% (varied from 90.0% to 94.8%) (see Figures 7 and 8). The average air
flow through the evaporator’s heat exchanger was 3404.51 m3/h. Similar to the first period,
changes in the air temperature after the evaporator heat exchanger were observed. The
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obtained measurement results and their comparison with the ambient air temperature and
the change of air flow during the experiment are presented in Figure 7 (raw data).
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Figure 7. A comparison of the ambient air temperature with the air flow temperature after the
evaporator heat exchanger and the air flow through it (1-3 December 2020).
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Figure 8. (a) Variation in ambient air parameters and temperature after ASHP evaporator;
(b) variation in the COP depending on the ratio of enthalpies of ambient air and water supplied (1-3
December 2020).
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We can see in Figure 7 that the outdoor air temperature rose during this period, but the
air flow temperature after the evaporator’s heat exchanger fluctuated significantly and was
lower than the ambient air temperature. Such temperature fluctuations were caused by the
formation of frost on the evaporator’s heat exchanger. The resulting frost had a negative
effect on the heat exchange and acted as an insulating material. The refrigerant (Freon)
circulating in the evaporator could not take the required energy from the ambient air and
evaporate, so the ASHP lowered the evaporation temperature in order to increase the
temperature difference between the ambient air and the evaporator temperature for more
intensive heat exchange. As with the first experiment, the temperature peaked out during
the defrosting process; when the heat pump started to run in a reverse cycle, hot Freon
was directed to the evaporator heat exchanger to melt the frost. During the experiment,
the lowest recorded air temperature after the evaporator was —11.97 °C, the highest value
was 10.67 °C. Such temperature fluctuations were caused by the formation of frost on
the evaporator and its defrosting cycles. The largest temperature difference between the
ambient air temperature and the air temperature with the heat exchanger was 13.48 °C.
Figure 7 shows that the frosting—defrosting cycle of the heat exchanger occurred 46 times
during that time period. This means that, on average, complete freezing occurred once per
hour. The flow of extracted air through the evaporator increased with the frost thickness
and was also reduced during defrosting.

Figure 8a shows ambient air temperature, relative humidity and temperature after
ASHP evaporator during the second time period (the processed hourly average data);
(b) shows the average hourly change in the COP of the ASHP as a function of the ratio of
enthalpies of ambient air and water supplied to the indoor unit.

During the second time period, the average ASHP COP was 1.28. Defrost cycles were
averaged hourly during this experiment. Therefore, it was impossible to compare COP
hours with or without defrost cycles. In the first experiment, the mean hourly efficiency
was about 1.6 h during the defrost cycles. Therefore, the ASHP COP of the second time
period was 20.99% lower compared to the first time period considered. This was due to the
lower average air temperatures and the higher humidity, as well as double the frequency
of frosting and defrosting cycles.

As shown in Figure 8b, we can see that the ratio of enthalpies depends directly on the
ambient air parameters: the temperature and the relative air humidity, and this reflects in
the air enthalpy since the enthalpy of the water supplied was constant. A direct dependence
between the COP and the enthalpy ratio is obtained. As the enthalpy ratio decreases, so
does the COP; by analogy, as the enthalpy ratio increases, the COP of the heat pump
also grows.

The third time period. During the period of December 15-17, the average ambient
air temperature was 0.51 °C, the average relative humidity was 94.90% (Figures 9 and 10).
The average air flow through the evaporator’s heat exchanger was 2811.32 m®/h. The
measurement results obtained and their comparison with the ambient air temperature and
the change of air flow during the experiment are presented in Figure 9 (raw data).

From Figure 9, we can see that the air temperature rose from —1.96 °C to 3.7 °C; how-
ever, the air flow temperature after the evaporator’s heat exchanger fluctuated significantly
and was lower than the ambient air temperature. As during the first and second experi-
ments, only the peak temperature rises that occurred during the defrosting process were
distinguished. During this test, the lowest value of the air temperature after the ASHP was
—8.95 °C, the highest value reached 15.1 °C. Such temperature fluctuations were caused by
the formation of frost on the evaporator’s heat exchanger and its defrosting cycles. The
largest temperature difference between the ambient air temperature and the air tempera-
ture with the heat exchanger was 11.80 °C. The Figure shows that the frosting-defrosting
cycle of the heat exchanger occurred 54 times during this time period; this means that, on
average, complete freezing occurred 1.17 times per hour. The flow of extract air through
the evaporator increased with growing frost thickness and was also reduced during the
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defrosting. This indicates that at higher air temperatures, a lower air flow is required to
ensure the same heat carrier parameters.

20 4000
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Figure 9. A comparison of the ambient air temperature with the air flow temperature after the
evaporator heat exchanger and the air flow through it (15-17 December 2020).

Figure 10a shows ambient air temperature, relative humidity and temperature after
ASHP evaporator during the third first time period (the processed hourly average data);
(b) shows the average hourly change in the COP of the ASHP as a function of the ratio of
enthalpies of ambient air and water supplied to the indoor unit.

During the third time period, the average ASHP COP was 1.40. Defrost cycles occurred
on average more frequently than hourly during this period, so a comparison of COP hours
with or without defrost cycles was not possible. In the first experiment, the mean hourly
efficiency was 1.6 h during the defrost cycles. Therefore, the COP of the third period was
13.58% lower compared to the first period considered. This was due to lower average
air temperatures and higher humidity, as well as twice the frequency of frosting and
defrosting cycles.

The results show that in all cases, there is a relationship between the COP and en-
thalpies ratio. This would allow to evaluate and plan the performance of such heat pump
under changed conditions, e.g., outdoor air temperature or supply water temperature.
All results are compared in Figure 11. The temperature of supply water was assumed to
be 50 °C.

The overall analysis of the results shows that the smallest values of COP are obtained
when the ratio of enthalpies was between 0.01 and 0.06. During this period, most defrost
cycles were recorded. At low ambient air temperatures, the ratio of enthalpies was negative
and the absolute humidity decreased, although relative humidity was very high (>80%) at
the same time. This reduced the number of defrost cycles, and the COP slightly increased.
In addition, a limit case when the ambient temperature is 0 °C and relative humidity 100%
is shown in Figure 11. Under these conditions, it can be seen that freezing and defrosting
processes could often be encountered. Such adverse conditions lasted up to —5 °C at high
relative humidity. All measurements were performed in Vilnius city, where the average
temperature of the heating season is —1.2 °C, and the relative humidity is high. This shows
that the selection and assessment of the ASHP must be particularly careful in such locations.

The results reveal that the selected enthalpy ratio allows measuring how the selected
heat pump would operate under different climatic conditions, e.g., at lower or higher
temperatures. In addition, the enthalpy ratio analysis could be used to analyse other heat
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pumps or for different temperatures of water supplied. Such an approach could help in the
planning and evaluating of equipment performance.
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(a) Variation in ambient air parameters and temperature after ASHP evaporator;

(b) variation in the COP depending on the ratio of enthalpies of ambient air and water supplied

(15-17 December 2020).
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Figure 11. A comparison of all three periods—the variation in the COP depending on the ratio of
enthalpies of ambient air and water supplied.
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The obtained investigation results were reviewed and compared with the frosting map
prepared by Zhu et al. [32]. According to the frosting map zones, the average parameters
of all three periods fall into the moderate frosting zone. The results of the experiment
confirmed that, on average, in this zone, ASHP reference defrosting interval is 45-90 min.
Moreover, the results were consistent with the results of the previous studies when the
evaporator was freezing impaired heat transfer processes [5] and reduced energy effi-
ciency [6]. The three test/representative periods showed that the ASHP COP decreases
as the ambient temperature decreases and the humidity increases, and vice versa: as the
ambient temperature rises and the humidity decreases. At higher air temperatures, the air
flow required by the evaporator also decreases.

There are many different ways and measures to reduce the problem of ASHP evapora-
tor freezing, and some of them still require further in-depth research work, e.g., system
and component optimisation, new material, control strategy optimisation, frost retarding
methods. Future work and further research will carry out the analysis of long-period mea-
surements and integration of ASHP and solar thermal technologies combination. Unglazed
transpired solar collector’s (UTSC) influence on frost formation reduction in ASHP ap-
plication will be investigated. Based on the results of this study, a UTSC assisted ASHP
performance would be assessed.

4. Conclusions

The popularity of air-source heat pump installations in cold and temperate climates
drives the need to assess the impact of climatic conditions on the operation of this kind of
equipment: its efficiency. The article experimentally and visually examines the effect of
the air source heat at negative, about 0 °C, and positive ambient air temperatures when
there is a risk of the heat pump evaporator freezing. Experiments with the case study have
shown that:

1.  Frost formation on the evaporator’s heat exchanger plates started when the outdoor
air temperature was below 3.5 °C, and the relative humidity reached 88%;

2. The frozen evaporator’s defrost cycle took an average of 5 min. The defrost cycle
remained the same during the different experiments, regardless of the ambient air
parameters, and only its frequency varied:

- 0.52 times per hour with an average ambient temperature of 4.02 °C, and average
relative humidity of 85.75%;

— once per hour, when the average ambient air temperature was —2.80 °C, and
average relative humidity was 92.54%;

— 1.17 times per hour with an average ambient temperature of 0.51 °C, and average
relative humidity of 94.90%.

3. The specific HP COP values and their reduction in the case of evaporator freezing
were assessed in detail based on the ASHP performance data. The frost and defrost
process alone reduced the COP by 10.74% compared to the same period as the evap-
orator froze, but the defrost process did not occur. In other cases (at lower outdoor
temperatures and high relative humidity), the COP fell even further (by up to 20.99%
when the average ambient air temperature was —2.80 °C). It was confirmed that the
freezing of the heat exchanger and the frosting of its surface impairs heat transfer to
and from the environment, disrupting the normal operating cycle of the heat pump;

4. During the experiments, the dependence of the extracted air flow on the ambient air
temperature was observed. The average air flow rate was found to decrease as the
ambient temperature rose. This indicates that at higher air temperatures, a lower air
flow is required to ensure the same heat carrier parameters.

The experimental study shows that the existing problem of frost formation on the
evaporator surface of the ASHP has still not been solved effectively. Although the man-
ufacturers of this kind of equipment often provide COP values at appropriate ambient
and heat carrier temperatures, any values of relative air humidity are often not included.
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Therefore, further research is needed in this area with the inclusion of more variables in
order to evaluate the efficiency of the equipment and extend its functionality.
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