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Highlights:
 ■ energy and exergy analyses are used to evaluate ASHP operation’s experimental data; 
 ■ HP performance indicators are COP, COPCarnot, exergy efficiency, primary energy ratio;
 ■ Tout = 0 °C and RH = 95% are the worst conditions for the operation of ASHP.
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1. Introduction

Human activities and their associated impacts are deeply 
felt around the world. With the development of various 
technologies and the emergence of innovations, the cli-
mate crisis and its related consequences, the effects of 
which are relevant globally, are increasingly being talked 
about, but perhaps still not enough. The European Green 
Agreement (European Green Deal) was adopted in 2020, a 
series of European Commission policy initiatives aimed at 
making the European Union (EU) neutral in 2050. A plan 
to assess the impact will also be proposed to increase the 
EU’s target for reduction in greenhouse gas emissions for 
2030 to at least 50% and 55% compared to 1990 levels 
(European Commission, 2019). Concepts of sustainable de-
velopment and green growth strategies cover social, eco-
nomic, and environmental issues. Natural resources and 
independence of the points of fossil fuels are one of the 
Green growth strategies (Pyliavskyi et al., 2021). Energetics 
is one of the leading areas where it is possible and efforts 
are being made to reduce the impact of climate change as 
strongly as possible. For these reasons, the energy sector 

will move away from fossil fuel energy production to re-
newable energy to decarbonize. Heat pumps (HPs) provide 
an increasingly attractive option for further decarboniza-
tion (Carroll et al., 2020; European Academies’ Science Ad-
visory Council, 2021; Lepiksaar et al., 2021). Furthermore, 
HPs together with other renewables are common deci-
sions in net zero energy buildings (NZEB) (Chen, 2019).

Recently, a particularly large development of them 
has been observed. Such devices are increasingly used 
in building heating and hot water preparation systems, 
and air conditioning systems. Most sales in the European 
market are made up of air-source heat pumps (ASHPs) 
(EurObserv’ER, 2021; Witkowska et al., 2021). The instal-
lation of the ASHP in nearly zero-energy buildings is cur-
rently on the increase (García-Gáfaro et al., 2022). How-
ever, the performance of ASHPs and their efficiency are 
variable over the year and strongly depend on climatic 
conditions (Gupta & Irving, 2013; Kropas et al., 2022; Ma-
donna & Bazzocchi, 2013). Winter season is especially 
important (Wang et al., 2021). As the outside air tempera-
ture decreases, the coefficient of performance (COP) of 
the ASHP also decreases, and at high relative humidity, 
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the evaporator heat exchanger begins to freeze, which 
worsens the heat exchange and increases the energy 
consumption of the system (Chung et al., 2019; Dincer & 
Rosen, 2015; Hwang & Cho, 2014; Rafati Nasr et al., 2014). 
Different defrosting technologies have been extensively 
studied (Song et al., 2018; Willem et al., 2017), however, 
in countries with a cold climate, this problem is still par-
ticularly relevant, and the need for further research in this 
area can be seen in the works of many scientists (Alva 
et al., 2018; Amer & Wang, 2017; Kropas et al., 2022; Rafati 
Nasr et al., 2014; Song et al., 2018). Improved performance 
of air source heat pumps can help reduce energy losses, 
and better understanding and improving their operating 
algorithms can make a strong contribution to combating 
climate change (Carroll et al., 2020; Willem et al., 2017).

Generally, to assess the quality of the ASHP system’s 
process, the energy efficiency is calculated using the prin-
ciples of the first law of thermodynamics (Carroll et al., 
2020; Kropas et al., 2021; Wang et al., 2021). Energy con-
servation law expresses the balance of different forms of 
energy in the system affected by transformation, assesses 
the energy of different forms of energy passing through 
the system and outside, but does not assess the quality 
or level of that energy (Dincer & Rosen, 2013; Martinaitis, 
2007; Njoku et al., 2016). Therefore, quantitative and quali-
tative analysis of these systems is needed.

Thermodynamic analysis that combines energy and 
exergy efficiency (hence the 1st and 2nd laws of thermo-
dynamics) is often found in the literature when analys-
ing engineering systems using HP’s (Akbulut et al., 2016; 
Martinaitis et al., 2018; Mateu-Royo et al., 2019; Mete Oz-
turk et al., 2020). When evaluating the exergy efficiency of 
systems, one of the accepted quantities is exergy destruc-
tion (Çakir et al., 2013; Martinaitis et al., 2018; Wang et al., 
2020). Which is a measure of resource degradation (Dincer 
& Abu-Rayash, 2020). The amount of exergy destroyed 
by different heat pump components isn’t the same (Dong 
et al., 2017; Shao et al., 2021; Wang et al., 2020). Wang 
et al. examined air source transcritical carbon dioxide HP 
water heater components and found that the largest ex-
ergy destruction occurred in the evaporator, accounting 
for 44.04–49.22 per cent of the total. The detailed energy 
and exergy analyses showed that the system heating per-
formance could be improved with the optimal charge and 
the evaporator needed improvement to increase the ex-
ergy efficiency (Wang et al., 2020). Çakir et al. investigated 
an experimental exergetic comparison of four different HP 
systems working under the same conditions: air to air, air 
to water, water to water and water to air. The ranking of 
the four HP types from high to low according to the mean 
exergy efficiencies of each one showed that the water-to-
air HP has the best efficiency (30.23%), however, ranking 
of the four HP types from high to low according to the 
exergy destruction rates of them showed that air to air HP 
has the biggest exergy destruction (2.93 kW) compared 
with others. The study revealed that when air is used at the 
evaporator, a change in mass flow rate causes a serious 
increase in exergy destruction of the system (Çakir et al., 

2013). Previous studies indicate that combining energy 
analysis with exergy analysis offers a more comprehensive 
understanding of heat pumps’ performance, highlighting 
areas for enhancement. This approach aligns with sustain-
ability objectives as it considers both quantitative and 
qualitative criteria, making it a more holistic assessment 
method.

The objective of the study is to analyze the perfor-
mance of an Air Source Heat Pump (ASHP) through ther-
modynamic analysis. This analysis specifically focuses on 
the heating period, particularly when there’s a potential 
for the evaporator surface to freeze. Simultaneously, the 
intention is to examine how both the operational mode 
of the ASHP and the surrounding environmental param-
eters impact the efficiency of the unit. To achieve this goal, 
four distinct efficiency indicators have been selected: the 
widely used Coefficient of Performance (COP), along with 
three supplementary efficiency measures – Carnot COP, 
exergy efficiency, and primary energy ratio (PER). More-
over, the latter indicator also considers the primary en-
ergy consumption of the heat pump, which plays a role 
in evaluating the unit’s sustainable operation. The study’s 
findings highlight a growing need for a more thorough 
evaluation of how climate conditions affect the efficiency 
of air-source heat pumps, especially as they become in-
creasingly popular for heating and providing domestic hot 
water in colder and temperate regions. This underscores 
the importance of more extensive planning in both the 
development and operation of such systems.

2. Methods and materials

2.1. ASHP energy and exergy analysis
The ASHP operates between low-temperature (TL – ambi-
ent air) and high-temperature (TH – hot water tempera-
ture) reservoirs. The energy balance for the entire HP sys-
tem can be written as follows:

L HW Q Q+ =  ,  (1)

where  W denotes the work input rate into the system,  LQ
and HQ  denote evaporator and condenser heat loads, re-
spectively. In addition, the energy balance helps to calcu-
late the extraction rate of heat from the environment ( ).LQ

Several typical assumptions are made to analyze the 
operation of ASHP: the reference state for the system is an 
environmental temperature that was measured; the kinetic 
and potential energy changes are negligible. 

Concerning energy balance, the COP is used to mea-
sure the HP heating performance when it is operating in 
heating mode. It shows the ratio of the ASHP heat output 
( )HQ  to its electrical input W  and is expressed in this way

   .
   

HQ dtHeat inputCOP
Electricity input W dt

∫
= =

∫





  (2)

The power used by the heat pump is calculated using 
the following expression: cos .W I U= × × ϕ  Where I is the 
current (from the experiment); U is the voltage, and cos 
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φ is the power factor; t is the time. The heat output is 
obtained from: 

 ( ), , ,H p H in H outQ V c T T= ×ρ× −    (3)

where V  is the water flow rate; ρ is the water density; cp 
is the specific heat capacity; TH,in is the temperature of 
the water supplied; TH,out is the temperature of the water 
returned.

The maximum COP of a heat pump cycle, which oper-
ates between the temperature limits TL and TH, can be 
expressed using the principles of the Carnot heat pump.

H
Carnot

H L

T
COP

T T
=

−
.  (4)

Thus, the COPCarnot shows the limit on HP performance. 
This indicator is lower when a greater temperature rise is 
required. In many real-life situations, the actual HP’s COP 
is much lower than Carnot’s value (Bonin, 2015; Rimbala 
et al., 2019).

If the ASHP system boundaries include the energy 
chain from primary energy input to the final energy input 
to the system, performance indicators related to the us-
age of renewable energy or primary energy use can be 
calculated. For example, the Primary Energy Ratio (PER) 
is defined as the ratio of the output of useful energy (en-
ergy for heating) to primary energy input (Bonin, 2015); 
(Malenković, 2012). Primary energy input is defined as to-
tal energy input. It includes renewable energy input and 
non-renewable energy input. PER may be estimated as 
follows:

 
 

Useful energyPER
Primary energy

= .  (5)

For systems using energy from different primary sourc-
es, the primary energy factors (fPR) are used. They depend 
on the location of the system. The current study uses 
Lithuanian national regulations. When the ASHP uses the 
electricity that is produced in different ways, fPR is taken to 
be 2.3 (Ministry of Environment of the Republic of Lithu-
ania, 2022, Nr. D1-281).

Exergy analysis enables the determination of the sys-
tem’s exergy destruction rate and the efficiency of the sys-
tem or each component. The total exergy of the system 
is composed of four main components: physical, kinetic, 
potential, and chemical. This study evaluates only the 
physical exergy for the ASHP efficiency calculations and 
consists of two components: mechanical exergy (related 
to system pressure) and thermal exergy (related to system 
temperature).

The exergy balance equation of the ASHP is defined 
as follows:

in outEx Ex Lx= +   ,  (6)

where inEx  is the total exergy of energy inputs and evalu-
ates electricity input in the compressor ( ,in cmEx ) and ex-
ergy of heat extracted from the environment , .( )in evEx  Fi-
nally, exergy input is defined as , , .in in cm in evEx Ex Ex= +    The 

exergy transfer rate by heat is calculated using the Carnot 

factor 1 .aT
Ex Q

T
 

= −  
 


The total exergy destruction rate of the entire heat 

pump cycle ( )totalLx  can be calculated by analysing the 
exergy balance of the entire system or by summing the 
exergy destruction rates of the components (e.g. com-
pressor (cm), condenser (cn), evaporator (ev), throttle 
valve (tv)): 

1 ,

total cm cn ev tv

a
in H

H

Lx Lx Lx Lx Lx
T

Ex Q
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(7)

where Ta is the reference environment temperature. When 
the ASHP works as a heating device, Ta is usually set to 
the temperature of the low-temperature medium and it is 
the same as the temperature of ambient air. In this study, 
the exergy destruction in the system components is not 
calculated.

The HP exergy efficiency during the heating mode is 
defined as:

1 a
H

Hout
ex

in in

T
Q

TEx
Ex Ex

 
−  

 η = =





 

.  (8)

In this way, it is possible to compare both the amount 
of exergy consumed and produced, as well as the exergy 
efficiency of the ASHP. In addition, the enthalpies relation-
ship (hair/hwater) between the ambient air parameters and 
hot water parameters is used to analyse the variation of 
the exergy efficiency. Enthalpy as a state function was se-
lected as it represents the heat energy due to temperature 
and moisture in the air. The water enthalpy is calculated 
using the equation presented by Popiel and Wojtkowiak 
(1998). The enthalpy of ambient air evaluates the tempera-
ture and specific humidity of the air and is calculated as 
follows:

( )1.006 2501 1.86 ,air air air airh t SH t= × + + ×   (9)

where tair is the air temperature; SHair is the air-specific 
humidity.

2.2. Experimental set-up and measurements 
The experimental setup (see Figure 1) was made specifical-
ly for testing the ASHP operation. This experimental setup 
was also used and described in detail in the previous study 
where evaporator surface freezing has been analysed in 
detail (Kropas et al., 2021).

The ASHP was installed on the roof of the Faculty of 
Environmental Engineering at Vilnius Gediminas Technical 
University. The rated nominal heating capacity of the ASHP 
was 7 kW and the COP was 4.46 at an environment tem-
perature of 7 °C and the temperature of the water flow 
from the condenser at 35 °C. The R410 was used as a 
working fluid. 
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The uncertainty of the parameters measured directly is 
shown in Table 1.

Table 1. Characteristics of measuring equipment

Parameter Equipment Main characteristics

Air pressure and 
relative humidity 
(RH)

IRIS flow 
control 
diaphragm with 
measurement 
nozzles. 
Pressure 
sensors FD 
A602-S1K

The measurement range 
is +/–1250 Pa, and the RH 
accuracy is 2.0%

Air temperature 
and RH

Sensor 
S-THB-M002  

The accuracy of the air 
temperature is 0.21 °C (0
to 50 °C) and the accuracy
of RH is 2.5% (Protective
caps for capacitive 
humidity sensors FHA 646
E1, 2021) (Onset, n.d.-a)

Water 
temperature

Temperature 
sensor  
S-TMB-M017

The accuracy is < ±0.2 °C 
from 0 °C to 50 °C (Onset, 
n.d.-b)

Water flow rate Sensor 
T-MINOL-130-
NL 

It measures from  
0.95 l/min to 83.3 l/min, 
and has AWWA accuracy 
(American Water Works 
Association) spec 97–103% 
(Onset, 2021)

Electric current EX542 multi-
meter and 
data-logger

Accuracy: ±0.06% 
(MultiMeter/Datalogger 
EX542 specification, 2021)

Power factor Leakage clamp 
TRMS meter

Is used for power factor 
measurement. The 
accuracy is ±5 digits. The 
range is from 0 to 1.00 
(Metrel, 2021)

The actual flow rate of air was calculated based on 
the pressure difference measured using the IRIS-type 
flow control diaphragm. The data loggers were used for 
the storage of air and water parameters.

The air source heat pump prepared hot water, which 
was further supplied to the storage tank of the real op-
erating laboratory heating system. As it was intended to 
simultaneously study the effect of freezing, the temper-
atures of the water supplied to the storage and returned 
to the heat pump were kept sufficiently high, ranging 
from 42.4 to 52.9 °C on different days, respectively. This 
mode of operation is chosen to simulate the operation 
of a real heating and hot water preparation system. The 
corresponding flow rates are indicated in Table 2. Next, 
hot water from the tank was supplied to the heating 
system of the laboratory premises.

The experiments mainly focused on colder weather 
conditions when the frost-defrost cycles of the ASHP 
evaporator occurred. Measurements were carried out 
between 29 October 2020 and 12 January 2021 and re-
corded every minute. During this period, the ambient 
air temperature ranged from –7.6 °C to 11.4 °C and the 
relative humidity (RH) varied from 46.3% to 97.5% (Fig-
ure 2a). Taking into account the duration of the period 
and the frequency of the temperatures, the environmen-
tal air temperature of around 0 °C was estimated to ac-
count for the largest proportion (i.e. 11.1%) compared 
to the other environmental air temperatures. When the 
range of air temperatures was extended from –1 °C to 
+1 °C, it accounted for 27.5% of the total temperatures 
for the period. Furthermore, the entire period was char-
acterised by high RH, with 88.6% of the time having 
RH above 85%. All measurements were recorded every 
1 minute.

Figure 1. The schematic representation of the experimental setup
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3. Results and discussion

3.1. Analysis of the operating conditions
To analyse the influence of the ambient conditions on the 
performance of the heat pump by thermodynamic analy-
sis, typical days with an average outdoor daily temperature 
<5 °C, with strong diurnal variations but positive tempera-
tures of around 0 °C and around –4 °C were selected from 
the period considered. Details are given in Table 2 and 
the variation of the ambient air parameters during these 
days is in Figure 2. In addition, Table 2 shows the operat-
ing parameters of the ASHP: average airflow through the 
evaporator and the parameters of the heat transfer fluid 
to be prepared: flow rate, supply and return temperatures. 

It was observed that evaporator freezing starts when 
the outdoor relative humidity reaches 88% and the air 
temperature drops to 3.5 °C and below. The frost forma-
tion on the surface of the evaporator plates disrupts the 

normal operating cycle and reduces the heat transfer ratio. 
When the heat exchanger frosts, an ice removal process 
is performed – defrosting, when the heat pump starts to 
run in a reverse cycle and hot freon gas melts down the 
ice cover.

Figure 2 shows that the RH remained high during all 
the days considered. The selected days are also character-
ised by the fact that on 31 October and 10 January, the 
air temperature fluctuation was relatively small compared 
to the selected days in November and December. The air 
temperature rose on December 16, but during the day it 
fluctuated to about 0 °C, leading to the formation of ice 
on the evaporator surface.

3.2. Energy and exergy flows in the system
In order to determine the selected indicators of the ther-
modynamic analysis, first of all, the corresponding values 
of the energy and exergy balances were found. From the 

Table 2. Operating conditions of the ASHP

Date, yy/mm/dd
Temperature (ta), °C RH, % Air flow 

rate*, 
m3/h

Water*

Average Min Max Average Min Max Flow rate, 
m3/h

tsupply,  
°C

treturn,  
°C

2020 October 31 7.71 6.54 8.82 95.4 92.7 96.8 4251 1.33 52.89 49.98

2020 November 20 3.23 0.91 7.39 85.2 75.6 93.3 2250 1.34 47.75 45.81
2020 December 16 –0.14 –1.96 1.86 95.1 93.6 96.5 3630 1.32 46.35 44.20
2021 January 10 –4.23 –4.71 –3.48 92.8 89.7 94.2 4655 1.39 42.42 40.62

Note: * shows average values.

Figure 2. Environmental air parameters: a) entire measurement period; b) temperature during the selected days; c) relative 
humidity during the selected days

a)

 b) c)



Journal of Environmental Engineering and Landscape Management, 2024, 32(1), 12–21 17

experimental data, the flow of exergy entering the heat 
pump is estimated, which in this case is mostly electricity, 
because the recalculated amount of exergy received in the 
evaporator from the ambient air accounted for only 1 per 
cent of the total exergy received. The exergy flow leaving 
the heat pump (Ex,out) and the destroyed exergy are also 

determined. These values are presented in typical days in 
Figure 3. Energy balance components are also presented 
here, i.e. heat received from the environment, and heat 
given to the heated water. The electric power used in the 
case under consideration is relevant for both: energy and 
exergy balance.

Figure 3. Components of energy and exergy balances on the respective days
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It can be seen from Figure 3 that the ASHP oper-
ates cyclically to prepare hot water every day. In a gen-
eral trend, heat demand dictates the amount of exergy 
and thus energy consumed. When comparing the per-
formance of the ASHP on different days, December 16 
stands out. This period was characterized by ice forma-
tion on the evaporator surface. The ambient air tem-
perature, the air temperature after the evaporator, and 
the heat flow to the water on 16 December are shown in 
Figure 4. 33 frost-defrost cycles were recorded on that 
day. The average time taken to defrost a frozen evapo-
rator was about 5 minutes. The average defrosting time 
remained practically the same for the different tests and 
was independent of the ambient air parameters; only 
the cycle frequency varied.

The refrigerant in the evaporator was unable to ab-
sorb the energy needed from the air and evaporate, so 
the evaporation temperature had been reduced to con-
duct the heat exchange. Here, frequent peak elevations 
were observed, which were characteristic of the evapo-
rator defrost process, when hot Freon gas was directed 
to the evaporator heat exchanger to melt the frost.

3.3. Evaluation of heat pump performance
The change and trends of COP and exergy efficiency indi-
cators for the considered days are presented in Figure 5. 
Since on October 31, a higher hot water temperature was 
maintained compared to the other considered days, this 
had an impact on the non-dawn COP and at the same time 
the exergy efficiency coefficient, which was 2.11 and 0.28, 
respectively. In addition, the surface of the evaporator did 
not freeze, as the lowest air temperature recorded during 
the considered period was 6.45 °C, although it maintained 
an average of 95.4% RH. November 20 was characterized 
by the outdoor air temperature still positive, but falling 
from 7.39 to 0.91, when the average RH was around 85.2%, 
and more favourable frosting conditions began to form on 
the surface of the evaporator, as a result of which a drop 
in COP was observed below 1.0, and the exergy efficiency 
dropped to 0.11.

As can be seen from Figure 5, the most critical day 
is December 16, when freezing of the evaporator surface 
was observed practically every hour, and defrosting was 
also required. The COP value was often lower than 1.0 and 

Figure 4. Temperatures before and after the evaporator, and heat flow rate to water on December 16

Figure 5. Variation of exergy efficiency and COP
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averaged only 1.49, and the average value of exergy ef-
ficiency was also the lowest compared to other days, i.e. 
0.21. Freezing of the evaporator surface was also noticea-
ble on January 10, but this phenomenon was less frequent, 
and the RH was lower than on December 16. During the 
investigation, it was found that on January 10 the average 
COP value was 1.82, and the average exergy coefficient 
value was 0.27. The temperature of the hot water pro-
duced was of additional importance to these efficiencies, 
it was on average 42.42 °C in the supply line, while it was 
higher on other days.

The enthalpy parameter was used to assess the com-
plex influence of ambient air parameters (temperature and 
RH) and supply hot water parameters. The air enthalpy 
parameter assesses both air temperature and humidity, ef-
fectively indicating the amount of heat energy contained 
within the air. By combining the air enthalpy (hair) ratio 
with the enthalpy of the supply hot water (hwater), the per-
formance of the ASHP can be more universally assessed. 
Figure 6 shows the influence of hair/hwater on the exergy 
efficiency.  It can be seen that different days were charac-
terized by a unique combination of enthalpy differences, 
which together influenced exergy efficiency. Since Novem-
ber 20 was characterized by a greater temperature change 
compared to other days, the exergy efficiency values dur-
ing that day overlapped with both October 31 and De-
cember 16. The results of December 16 additionally show 
a large dispersion of the exergy efficiency and an unstable 
operation of the heat pump. The results of January 10 are 

the least scattered due to the relatively constant tempera-
ture and RH that prevailed on that day, which can be seen 
together in Figure 2.

The analysis of enthalpies ratios on the exergy effi-
ciency shows that the smallest exergy efficiencies are de-
termined when the hair/hwater was between 0.04 and 0.06. 
This indicates that for a given combination of ambient air 
conditions and supply hot water parameters, more fre-
quent evaporator frost-defrost cycles are observed. There-
fore, the combined influence of several parameters needs 
to be included to evaluate strategies to improve evapora-
tor performance.

Summarizing the different evaluation criteria of the 
ASHP for the examined days, their average values are pre-
sented in Figure 7.

In addition to the already discussed COP and exergy 
efficiency comparison, COPCarnot and PER are included. 
Comparing the actual COP with the COPCarnot, it can be 
seen that the COP is reduced by a factor of 3.5 when no 
evaporator freezes are recorded to a factor of 4.7 (De-
cember 16) when frequent evaporator frost-defrost cycles 
occur. The large difference between the actual COP and 
COPCarnot shows that the performance of the ASHP can 
be strongly improved in the periods considered. Accord-
ingly, when assessing the PER indicator, the latter varied 
on average from 0.65 to 0.92. Naturally, this value would 
nearly double if the operation of the ASHP was powered 
by renewable energy sources. The comprehensive assess-
ment underscores the importance of analyzing multiple 

Figure 6. Dependence of exergy efficiency on enthalpy ratio (hair/hwater)

Figure 7. Comparison of heat pump COP, COPCarnot, exergy efficiency and PER
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performance criteria and employing indicators that en-
compass operating conditions, such as the enthalpy value, 
in a unified approach. Furthermore, the study emphasizes 
the necessity for a detailed analysis of the impact of frost 
formation on the evaporator surface itself, potential pre-
vention strategies, and their effects on both exergy ef-
ficiency and other relevant indicators.

The quantitative and qualitative analysis of the ASHP 
systems, using sustainability criteria to assess environmen-
tal impacts, is essential to improve ASHP performance and 
promote the spread of technology in cold climate coun-
tries. Therefore, the future is planned to evaluate ASHP 
performance using additional indicators for assessing sus-
tainable system development. Future efforts will involve 
additional simulation research to examine various opera-
tion modes of the ASHP system. Additionally, a dynamic 
model will be created, incorporating an unglazed tran-
spired solar collector (UTSC). This model will be able to 
determine the optimal design and operating parameters 
for the UTSC, thereby enhancing the overall performance 
of the ASHP system.

4. Conclusions

The performance of the ASHP system of the case study 
was analysed according to the outdoor air parameters 
(temperature, relative humidity) and hot water supply tem-
perature. The main conclusions drawn from this research 
are as follows:

 ■ The ASHP of the case study had the lowest indica-
tors/efficiencies when the external air temperature 
was about –0.14 °C and RH 95.1%, respectively, the 
COP value was only 1.49 and the exergy efficiency 
was 21.2%. 

 ■ During a colder day, where the mean external air 
temperature was – 4.23 °C and RH 92.8%, the COP 
was 1.82, and the exergy efficiency was 26.8%. 

 ■ The ratio of air enthalpy and hot water enthalpy used 
in the analysis helped to estimate the dependence of 
the exergy efficiency and operating conditions. 

 ■ The greater dispersion of the exergy efficiency 
showed both the change in operating conditions 
and the performance characteristics of the equip-
ment itself, for example, more frequent freezing of 
the evaporator surface.
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