
Politechnika Warszawska

Warsaw University of Technology

http://repo.pw.edu.pl

Publikacja / Publication
Effect of heat capacity modulation of heat pump to meet variable hot water 
demand, 

 Szreder Mariusz, Miara Marek
DOI wersji wydawcy / Published version DOI http://dx.doi.org/10.1016/j.applthermaleng.2019.114591
Adres publikacji w Repozytorium URL / 
Publication address in Repository http://repo.pw.edu.pl/info/article/WUT30fcab1564754f64b36f6bca87046252/

Data opublikowania w Repozytorium / 
Deposited in Repository on 25 stycznia 2022

Rodzaj licencji / Type of licence Attribution-NonCommercial-NoDerivs (CC BY-NC-ND)
Identyfikator pliku / File identifier WUTaa4e9853f0f6421c80f37610a5db0550
Identyfikator publikacji / Publication identifier WUT30fcab1564754f64b36f6bca87046252

Cytuj tę wersję / Cite this version
Effect of heat capacity modulation of heat   Szreder Mariusz, Miara Marek:

pump to meet variable hot water demand, Applied Thermal Engineering, 
vol. 165, 2020, pp. 114591-12, DOI:10.1016/j.applthermaleng.2019.114591



Contents lists available at ScienceDirect

Applied Thermal Engineering

journal homepage: www.elsevier.com/locate/apthermeng

Effect of heat capacity modulation of heat pump to meet variable hot water
demand

Mariusz Szredera,⁎, Marek Miarab

aWarsaw University of Technology, Faculty of Civil Engineering, Mechanics and Petrochemistry, Lukasiewicza 17, 09 – 400 Plock, Poland
b Fraunhofer Institute for Solar Energy Systems ISE, Heidenhofstrasse 2, 79110 Freiburg, Germany

H I G H L I G H T S

• The heating capacity of the heat pump remained constant for a given compressor speed.

• The heating capacity of the tested system varied in the range of 2.5–5.4 kW.

• The COP decreases as the hot water temperature increases for any compressor speed.

• Cold air (7 °C) gives an average reduction of 20% in the heating capacity.

• The system performance for two different compressors were compared.

A R T I C L E I N F O
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A B S T R A C T

This paper analyzes the results of experimental studies of an Air Source Heat Pump (ASHP) for Domestic Hot
Water (DHW). The tests were carried out by using a commercial heat pump in real conditions in Poland. The
modular heat pump with ON/OFF compressor was additionally expanded with a variable speed rotary com-
pressor. Two 130 dm3 water tanks were connected to the condenser output of the heat pump. The COP and
heating capacity of the ASHP were investigated under different compressor speeds, water flow rates and different
hot water temperatures in the condenser and different outside air temperatures in the evaporator.

The DHW was heated in a storage tank whose temperature was changing from room temperature to a tem-
perature above 50 °C. The ASHP subsystem was analyzed for the DHW heating in a typical family of four
(130 dm3 at 50 °C, about 6 kWh per day). The test results show that the heating capacity has an approximately
linear and proportional relationship with the speed of the compressor. A proportional increase in input power
demand was also observed with an increase in compressor speed and refrigerant condensing temperature.

1. Introduction

The heat pump is a popular heating device that uses free thermal
energy from the environment: from the ground and from the ground
water or air. A heating system using the ASHP subsystem is eco-friendly
and energy-saving [1]. The ASHP subsystem does not produce local
pollution which has a positive effects on the state of the surrounded
environment. Heat pumps enable many advantages, such as: cooling
effect, drying, DHW heating and room ventilation [2,3]. They are most
often used as heating or cooling devices for single-family houses and
small rooms [4]. During the winter-season they act as heating devices
and as cooling devices in the summer. When they have the option of
working in a reverse cycle, they are called reversible heat pumps [5]. A
large peek at heat pumps offered on the market enables the selection

and design of a heating system with a heat pump for every building
technology [6–8].

ASHP subsystem for DHW production uses atmospheric (cold) air as
heat source. In comparison to conventional heating systems, high en-
ergy efficiency is characteristic of heating systems equipped with heat
pumps [9,10]. The introduction of Directive 28/2009/CE [11] in-
dicated a number of goals for European countries regarding the use of
renewable energy technologies, such as decreasing the greenhouse ef-
fect by 20% and increasing the share of Renewable Energy Sources
(RES) in relation to total energy consumption by 20% by 2020. In
Europe, buildings such as houses, offices and shops generate around
40% of the final energy consumption and 36% of the greenhouse effect
[12].

The fastest developing heating technologies in Poland include air/
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water and air/air heat pumps [13,14]. Another factor influencing the
increase in sales was the introduction in 2015 of the obligation to apply
energy classes of heating devices as class: A+ and A++. Szreder [15]
showed that in Poland, about 20% of pea coal and about 15% of coal
fines were used as fuel for heating systems in single-family buildings. In
the countryside, burning of wood and coal is practiced by about 90% of
users of coal-fired stoves. A lot of the pollution of the outdoor air in
Poland is also caused by the exploitation of outdated boilers in poor
technical condition. When burning fossil fuels, many harmful sub-
stances are created in addition to carbon dioxide, which is a greenhouse
gas. Applied combustion process technology has a decisive influence on
the amount and type of pollution. The heat obtained in the high tem-
perature combustion process should be designed to generate mechan-
ical energy. The waste heat generated in this process should be intended
for use in central heating systems. For the purposes of environmental
protection, it is recommended the use of renewable energy and energy-
efficient heating systems for the DHW heating beyond the winter period
[13]. In order to reduce operating costs, it is advisable to use an ASHP
subsystem and solar collectors instead of electric heating, heating oil or
LPG.

For several years in single-family housing in Poland, solar collectors
have been used for DHW heating [16,17], while photovoltaic panels
have been used for the production of electrical energy [18,19]. Gang
et al. [20] conducted studies in which electrical energy produced by
photovoltaic panels is used to supply the heat pumps. The research was
also carried out on converting solar energy into heat and electrical
energy in thermal and photovoltaic panels [21–23]. Several studies
[19,24] attempted to use solar energy to improve the operating con-
ditions of a heat pump. A typical evaporator was replaced by a solar
collector. Such solutions are called solar assisted heat pumps. The in-
crease in evaporation temperature improves cooling capacity and
heating efficiency. Due to the higher evaporation temperature, this
solution is useful in cold regions. In connection with this, Chow et al.
[25] used an experimental solar assisted heat pump solution for heating
pool water. Several studies have been conducted on the performance of
heat pump systems using inverter devices. Wang et al [26] conducted
an experimental study on an inverter heat pump. The COP and exergy
efficiency of the system were tested for different compressor speeds,
water flow rates and different hot water temperatures of the condenser.
Aprea et al. [27] carried out tests of the performance of a vapour
compression plant by using an ASHP subsystem with a variable speed
compressor. Significant energy savings were achieved, on average
around 20% compared to the classic solution. Interest in hybrid system

solutions [28–30] and cascade systems [31,32] is growing in Europe.
Currently, research is being conducted on energy and economic

optimization [33–35]. Li et al. [36] developed a semi-theoretical model
of compressor power for single stage rooftop units equipped with
variable speed compressor and a fan, based on theoretical analysis and
experimental research. This model can be used in the field to develop a
compressor's basic power line in real time when diagnosing and de-
tecting errors in the power units used.

Hybrid systems are created that combine various renewable energy
sources, biomass, and waste heat with conventional energy production
methods in one common cycle. As a result, hybrid systems are able to
achieve higher energy efficiency and greater fuel economy, while
minimizing their environmental impact [37–39].

The available literature does not include the results of commercial
tests of heat pumps for hot water which would be tested in typical
operating conditions. Therefore, the purpose of this article is to ex-
amine the energy efficiency of a heat pump with a variable speed
compressor under real conditions of use for the climate in Poland. The
extension of the test stand with an additional inverter compressor en-
ables comparative tests of a heat pump driven by fixed speed and
variable-speed compressors. A preliminary comparative analysis is
presented in chapter 3.1. Tests of a system driven by a fixed speed
compressor were described in the author’s publications [15,40]. A de-
tailed comparative analysis of the tested compressors will be the subject
of further research. As a result of the conducted tests, it will be possible
to determine the scope of COP changes and the heating capacity of the
heat pump depending on the variable speed of the compressor.

2. Experimental study

2.1. The air source heat pump for the DHW

The heat pump gets heat from the outside air and uses it for DHW
heating. The heat pump provides complete coverage of single-family
house demand for the hot water. The use of the ASHP subsystem fa-
cilitates achieving two energy effects at the same time: energy efficient
heating of DHW and cooling of the room in summer. Connecting the air
source heat pump to the air ventilation system in the building enables
year-round use of the heat pump. In winter, the ventilation air is used
and the cooled air is removed to the outside. In the summertime, warm
air is taken from the outside and cool air is blown into the room for
partial cooling.

The ASHP subsystem for DHW heating is available in two variants:

Nomenclature

COP coefficient of performance, [−]
Cp specific heat, [kJ/kg K]
M mass flow, [kg/s]
Q heating or cooling capacity, [W]
T temperature, [°C]
W input power, [W]

Greek symbols

η efficiency, [−]
τ time, [s]

Abbreviations

A20/W30-50 Air at 20 °C/Water in the upper source at 30–50 °C
A7/W30-35 Air at 7 °C/Water in the upper source at 30–35 °C
ASHP air source heat pump
DHW domestic hot water

LPG liqud petroleum gas
RES renewable energy sources

Subscripts

a air
aux auxiliaries
c cooling
con condenser
cp compressor
ev evaporator
fix fixed speed
in inlet
inv inverter
mc measurement cycle
mt motor
out outlet
w water
1, 2, 3 1st, 2nd, 3rd gear of circulation pump
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compact (containing an integrated DHW tank) and modular (dedicated
for cooperation with the current heating system in the building). The
ASHP subsystem without integrated storage tank is intended for the
installation of a heat pump in central heating systems equipped with a
DHW tank. The compact version of the ASHP subsystem is equipped
with a condenser integrated with the DHW tank. This variant is char-
acterized by higher energy efficiency [35] and modern design. Warm
air flowing through the evaporator is cooled by approx. 5–7 °C. From
the cooled air, the ASHP subsystem gets a large amount of heat that is
used for DHW heating.

2.2. System description

A commercial heat pump made in a modular variant was used to
build the test stand (Fig. 1). The main specifications of the test bench
components are given in Table 1. This solution makes it possible to
conduct tests using storage tanks with variable water capacities. The
ASHP subsystem used works in an ON/OFF mode. For the profile (A7/
W30-35), the heat pump achieves a nominal heating capacity of 2.5 kW.
For the needs of the research conducted in the test stand, the built-in
rotary compressor was replaced with a DA110S1C-30FZ variable speed
compressor made by GMCC. Table 2 contains a list of typical technical
parameters for the variable speed compressor for R410A of refrigerant.
The compressor catalogue data shows that the permissible operating
range of the compressor is in the range of 30–90 Hz. Therefore, research
tests were performed in real conditions at frequencies from 30Hz to
90 Hz with a step of 15 Hz.

The compressor is supplied with a dedicated Ruking iD826s in-
verter. Communication between the inverter and the control system is
carried out using the Modbus RTU communication protocol. The in-
verter control software enables the reading and recording of current
values of operating parameters. This is a useful option to carry out
detailed energy analysis of the inverter. Fig. 2 presents the current
values of the inverter operating parameters shown on the screen of the
operator panel.

Fig. 1. Functional diagram of an ASHP subsystem for DHW.

Table 1
Specifications of the test bench components.

Devices Description Value

Classic compressor Rotary compressor Panasonic 5PS102EAA
Cooling capacity 2410W
Input power 850W
Displacement 10.2 cc

Inverter compressor Rotary compressor GMCC DA110S1C-30FZ
Cooling capacity (for 60 Hz) 3200W
Input power (for 60 Hz) 850W
Displacement 10.9 cc
Motor BLDC 12–120 Hz

Condenser Tube in shell Heat Exchanger GAH03-CMF
Heating capacity 7 kW
Flow rate 1.2 m3/h

Evaporator Lamella type evaporator model 80,600,156
Cooling capacity 5.5 kW
Air flow rate 380m3/h

Water tank Water holding capacity 2× 130 dm3

Table 2
Basic catalogue data for variable speed compressor DA110S1C for 60 Hz [41]

DA110s Condensing Temp. [°C] Evaporating Temperature [°C]

60Hz R410A −5 0 5 10

Capacity [W] 60 1868 2262 2720 3239
55 2019 2452 2955 3527
50 2172 2640 3180 3795
45 2339 2832 3393 4060

Input Power [W] 60 877 915 945 964
55 800 832 854 865
50 737 760 778 782
45 676 694 702 698
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The installation of a modular ASHP subsystem in the test stand is
given in Fig. 3. According to instructions from the manufacturer of this
heat pump, it is advisable to connect the ASHP output to the water
circulation in the water tank. Two water tanks (130 dm3 each) were
used in the designed test stand. This solution makes it possible to carry
out tests with a variable heat load of the ASHP subsystem.

2.3. Experimental configuration

In order to test the operating parameters of the ASHP under real
conditions of use, the test stand was extended with an additional
monitoring system. Hewalex offers optional equipment for its products
to monitor characteristic measuring points called EKONTROL. For the
COP coefficient test, the measuring system was extended with a G922-
COP module which allows the recording of measurements in the data-
base stored on the website.

For this study, the heating capacity Q of the ASHP was determined
by using the following Eq.(1)

= × × −Q C M T T( )p w w wout win, (1)

Total input power W consumed by the heat pump is defined in Eq.
(2)

= +W W Wcp aux (2)

The demand for the input power Wmt of the BLDC motor is defined
in Eq. (3)

= ×W η Wmt inv cp (3)

On the other hand, the cooling capacity Qc can be determined from
Eq. (4)

= −Q Q Wc cp (4)

The COP of the heat pump at any time (t) is determined in Eq. (5)

=COP Q t
W t

( )
( ) (5)

The average values of COP in an individual measurement cycle were
determined on the basis of relationship (6)

∫

∫
=COP

Q t dt

W t dt

( )

( )
mc

τ

τ
0

0 (6)

Recording of measurement data is carried out every 30 s. Due to this
fact, it is possible to determine instantaneous values of heating capacity
and electrical energy demand. The electrical energy consumed by the
compressor and the total electrical energy consumed by the heat pump
is measured with two “A” class wattmeters. The thermal energy gen-
erated by the ASHP subsystem is determined by the heat flux mea-
surement in the condenser output. A Siemens MAG 1100F

electromagnetic flow meter is used to measure the flow rate of DHW. To
measure the water temperature at the inlet and outlet from the con-
denser, dedicated RTD Class A PT100 sensors were used, which were
selected in pairs and properly calibrated. The sensors were attached
inside the pipe. Therefore, the heating capacity measurement is carried
out with the accuracy of± 0.005 kW. The main parameters of the
measuring devices are listed in Table 3.

To measure the four main temperatures of the thermodynamic cir-
cuit, small K-type thermocouples mounted on the pipe surface of the
R410A refrigerant circuit were used. The condensing and evaporating
pressure of R410A refrigerant is measured with Danfoss precision
AKS32R pressure transducers with the accuracy of± 0.005MPa. The
aforementioned measurements make it possible to conduct an energy
analysis of the thermodynamic processes of the refrigerant. Controlling
the state of thermodynamic processes in the on-line system is necessary
for proper control of the electronic expansion valve.

The same methodology of measurements was used to perform a
comparative analysis of the obtained test results with earlier author's
research results described in works [15,39,40].

During the tests, the water in storage tank was heated from room
temperature to a temperature above 50 °C.

The measuring series were made for two variants of air supplied to
the ASHP subsystem:

• outside air with a temperature of 20–22 °C (profile A20/W30-50),

• outside air with a temperature of 5–7 °C (profile A7/W30-50).

The temperature of 20–22 °C is the average lowest air temperature
in the summer period. The temperature of 5–7 °C is the lowest air
temperature in which heat pumps are used outside the heating season.
The selected representative temperatures make it possible to determine
the minimum efficiency of a heat pump that can be obtained in selected
periods of use.

3. Experimental results and discussion

The results were recorded every 30 s in the database of the EKON-
TROL system. The pipe connections between the heat pump and the
storage tanks are made of 22mm copper pipe. The water flow in this
circuit was forced using a standard 3-speed 60W circulating pump. The
average water mass flow was 0.17 kg/s in first gear, respectively
0.24 kg/s in 2nd gear and 0.27 kg/s in 3rd gear. The average water
mass flow for every speed resulted from flow resistances.

Fig. 4 shows the results of temperature changing in the ASHP sub-
system supplied with outside air at 20 °C. The water in the storage tank
was heated to a temperature above 50 °C (profile A20/W30-50) and the
circulating pump was set in the second gear.

Fig. 2. Reading of the inverter operating parameters iD826s.

Fig. 3. Installation of an ASHP subsystem in a test stand.
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Stabilization of the ASHP operation occurred, on average 20min
after the start of the measuring cycle. In the example shown, there is a
gradual increase in the evaporating temperature from 7 °C to 11 °C
during the tests. The temperature difference between the inlet and
outlet water in the ASHP output was on average Δ Tw=3.4 K for the
water mass flow of 0.24 kg/s. There was a decrease in the difference in
air temperature in the evaporator circuit from ΔTa=13 K to ΔTa= 9 K.
In the presented measurement cycle for the profile A20/W30-50, the
ASHP subsystem produced 6.13 kWh of heat energy, 1.53 kWh of
electrical energy was consumed, and the average COP=4.0 was ob-
tained. For stable operating conditions of the ASHP subsystem, the
temperature of the evaporator and the air temperature at the outlet of
the ASHP are similar. The COP and heating capacity were calculated for
each measurement cycle.

Fig. 5 shows the data recorded by the G922-COP measuring module.
The demand for input power of the compressor was changing from
490W to 850W depending on the increase in the condensing tem-
perature. The ASHP subsystem generated an average heating capacity
of 3200W during the whole measuring cycle. The instantaneous COP
values for the compressor dropped from 6.40 to 3.90 for stabilized
ASHP operating conditions, the average COP calculated was 4.70. The
calculated demand for the input power of additional heat pump
equipment was on average 120W. Thus, the COP value of the ASHP
subsystem dropped to 4.0 (the decrease by 15%) [42]. The average
ASHP demand for input power for the A20/W30-50 profile was 800W.

Similar studies of temperature and energy changes were observed
for the measurement cycles made by the author with the use of a
compressor operating in an ON/OFF mode [15,40]. For stable operating
conditions, the heat pump operated with constant heating capacity
throughout the entire measurement cycle. According to Eq. (1), this is
due to the constant water mass flow and the recorded constant differ-
ence in water temperature at the outlet of the ASHP subsystem. The

increase of temperature in the condenser circuit of the ASHP subsystem
forced an increase in the condensing temperature. An increase in the
condensation temperature forces the increase in the demand for input
power to the compressor drive. For a constant heating capacity value
according to Eq. (4), the cooling capacity demand drops. The constant
flow of the air stream and the constant air temperature at the inlet to
the evaporator cause an increase in air temperature at the outlet from
the evaporator.

Fig. 6 presents a chart of recorded temperature changes in the ASHP
subsystem for profile A7/W30-50 for two measurement cycles at the
inverter setting at 75 Hz and 30 Hz, respectively.

In the case of setting the inverter at 75 Hz, greater dynamics of the
increase in the water temperature in the condenser circuit was observed
(the increase by 45%). Increased demand for cooling capacity forced a
greater drop in air temperature on the ASHP output and automatically
lower evaporation temperature.

The heat pump operated with a heating capacity in the range of
3700–3900W with the inverter setting at 75 Hz and 1900–2000W at
30 Hz as shown in Fig. 7. When the inverter was set to 75 Hz, the heat
pump was operated with an average heating capacity of 3.85 kW and
for 30 Hz with a heating capacity of 2.05 kW. Higher demand for input
power and the lower evaporating temperature had a large effect on the
lower heat pump COP for the inverter set at 75 Hz.

Fig. 8 shows a comparison of the values of COP and heating capacity
for the A20/W30-50 profile and three different values of the mass flow
of water. The higher value of the water mass flow at the condenser
output forces a higher demand for heating capacity and higher heat
pump load.

For the average water flow of 0.24 kg/s, the performance of the
ASHP subsystem increased by 10%, and for the flow of 0.27 kg/s by
another 5%. With the same demand for input power, correspondingly
higher COP values were automatically obtained. For a water mass flow
rate of 0.24 kg/s, the heat pump generated 5.55 kWh of heat energy,
consuming 1.35 kWh of electrical energy, thus obtaining the average
COP=365.

At the beginning of the research test, the ASHP obtained the highest
COP=4.7 for the average water mass flow of 0.27 kg/s, and the power
consumption was 870W. The demand for input power increased to
1260W at the end of the research test, the heating capacity of the ASHP
decreased respectively to the value of COP=3.25. The average values
were obtained: 4050W of the heating capacity, 1060W of input power,
COP=3.80.

Fig. 9 shows that the heating capacity of the heat pump varied from

Table 3
Transducers specifications.

Transducer Range Accuracy

Electromagnetic flowmeter 0÷ 1.5m3/h ± 0.2%
Resistance temperature sensor −50÷+150 °C ± 0.1 °C
K-type thermocouples −100÷+400 °C ± 1 °C
Low pressure sensor −0.1÷+1.2MPa ±0.3%
High pressure sensor −0.1÷+3.4MPa ±0.3%
Active power transducer 1000 imp/kWh ±0.5%

Fig. 4. Diagram of temperature changes in the ASHP for ventilation air 20 °C and water mass flow 0.24 kg/s for 45 Hz inverter setting.
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Fig. 5. Diagram of heating capacity and input power demand for the outside airflow of 20 °C and water mass flow of 0.24 kg/s for 45 Hz inverter setting.

Fig. 6. Graph of temperature changes in the ASHP for profile A7/W30-50 for water mass flow 0.17 kg/s for 75 Hz and 30 Hz inverter setting.

Fig. 7. Overview of heating capacity and input power demand for A7/W30-50 profile and 0.17 kg/s water mass flow rate for 75 Hz and 30 Hz inverter setting.
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2.5 kW for 30 Hz to 5.35 kW for 90 Hz. During the measuring cycle for
45 Hz and 60 Hz, the heating capacity of the heat pump was kept
constant.

Fig. 10 presents the changes in the COP value for the tested fre-
quencies in the inverter. As expected, the highest COPs were obtained
at 30 Hz. At the beginning, the COP=5.80 was obtained, gradually
with the increase of the condensing temperature, the ASHP efficiency
dropped to the value of COP=4.15 at the last phase of the test (the
decrease by 28%). The lowest COP values were obtained for 90 Hz, a
change in the range from 3.75 to 2.60 during the measuring cycle (the
decrease by 30%).

Fig. 11 and Fig. 12 show the analogous combination for the A7/
W30-50 profile and the average water flow of 0.17 kg/s. The heating
capacity was reduced by an average of 20% and the COP by 10%.

The results presented above can be compared with the results ob-
tained by other authors who conducted similar studies on heat pumps
with a variable speed compressor. Wang et al [26] conducted a study in
which the water temperatures at the condenser outlet were set to 45,
55, 65 and 75 °C. The compressor frequency was changed from 50 to
110 Hz with a 10 Hz step. The water temperature at the condenser inlet
was kept constant (24 °C), and the evaporation temperature (around

15 °C) was controlled by the electronic expansion valve. The presented
results show that the heating capacity increases with the increase of the
compressor’s frequency, but decreases with the increase of the hot
water temperature. The results obtained provided useful hints on the
operation of this type of heat pump systems that are used to optimize
current and new projects.

Li et al [36] developed a semi-theoretical model of compressor
power which is correlated with the outside air temperature and the
speed of the compressor. All this data indicates that the compressor
power has an approximately linear relationship with the compressor
speed. The higher the compressor speed, the higher the compressor
power. For each measured speed, the compressor power has a value
approximate linear relationship with the temperature of the inlet air to
the condenser. The compressor's power increases with increasing tem-
perature. The main difference between each speed is the slope. For
higher speeds, the power of the compressor increases at a higher speed.

Fig. 13 shows the range of changes in the demand for energy con-
sumption by a variable speed compressor. For the 30 Hz frequency, the
demand for input power changed in the range of 250–400W, and for
example, for 60 Hz in the range of 510–820W. A proportional increase
in the input power demand was observed with the increase of

Fig. 8. Graph of heating capacity and COP for water mass flows: 0.17 kg/s, 0.24 kg/s, 0.27 kg/s for A20/W30-50 and 60 Hz inverter setting.

Fig. 9. Overview of the heating capacity for the A20/W30-50 profile for a water mass flow of 0.24 kg/s and several frequencies in the inverter.
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Fig. 10. COP comparison for profile A20/W30-50 for water mass flow of 0.24 kg/s and several frequencies in the inverter.

Fig. 11. Overview of the heating capacity for the A7/W30-50 profile for a water mass flow of 0.17 kg/s and several frequencies in the inverter.

Fig. 12. COP statement for profile A7/W30-50 for water mass flow of 0.17 kg/s and several frequencies in the inverter.
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frequency.
The results of the measurements were compared with the data

shown in Table 2 for the given evaporation temperature. It was found
that the recorded measurements data are comparable to the catalog
data. Thus, that the inverter measurement system correctly records the
measurement data.

Fig. 14 presents a chart of the demand for input power by an in-
verter recorded using a wattmeter connected to the power supply. From
the comparison of the results given in Fig. 13 and Fig. 14, it was cal-
culated that the inverter efficiency varied from ηinv=0.61 for 30 Hz to
ηinv=0.82 for 90 Hz.

3.1. Energy and thermal analysis

The test stand with a fixed speed rotary compressor was additionally
equipped with a variable-speed compressor. The same test stand and
repetitive operating conditions enable carrying out tests to compare the
impact of the used compressor on the heat pump's efficiency and
heating capacity. Fig. 15 shows the comparison of the heating capacity
and COP of the heat pump driven by the classic compressor and the

inverter compressor for 45 and 60 Hz. The obtained test results show
that the heating capacity of the compressors remains constant regard-
less of the change in the water temperature in the circuit of the con-
denser for a given frequency.

For the fixed speed compressor, a linear increase in the demand for
input power was noted depending on the water temperature in the tank
(30%). In the case of the inverter compressor, a higher increase was
noted (42%). As a result, a lower COP decrease (17%) was observed
simultaneously with an increase in the condenser circuit temperature
for fixed speed compressor. A higher COP decrease (26%) was obtained
for the variable speed compressor.

The analysis of the data presented in Fig. 16 shows that in pro-
portion to the increase in frequency, the input power increases by an
average of 38% and heating capacity by 22%. The energy efficiency of
the heat pump varies from COP=4.65 for 30 Hz to 3.0 for 90 Hz.

3.2. Time and cost for preparation DHW

When using ventilation air, the air source heat pump allows DHW
heating throughout the year. In the heating season, the cost of DHW

Fig. 13. Graph of the demand for input power through a variable speed compressor for several operating frequencies.

Fig. 14. Graph of the demand for input power by the inverter for several operating frequencies.
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heating is higher than outside the winter period. The heat pump by
taking heat energy from the air, forces the air temperature to drop at
the output from the evaporator. Therefore, in the winter, a chilled air
outlet should be provided outside the building in order not to cause
unnecessary cooling of the room.

Fig. 17 presents a graph of electrical energy consumption and time
needed to prepare DHW for a typical 4-person family (demand for
6 kWh of heat energy). Proportionally to increased compressor oper-
ating frequency, the time required to heat water is reduced from
140min for 30 Hz to 70min for 90 Hz. Unfortunately, the shorter time
of DHW heating is burdened with increased input power consumption.
Therefore, this causes an increase in the unit cost of preparing DHW by
an average of 12%. When comparing two extreme cases, the DHW
preparation time is burdened with almost twice as high unitary cost.
Therefore, in daily use of a heat pump, the heat pump's capacity should
be adjusted to the variable demand for hot water. If the daily dis-
tribution of demand for DHW is known, then hot water can be prepared
in advance using the low frequency range of the compressor. This
process will allow lower operating costs. The cost of DHW heating by a

heat pump can be further reduced by using solar panels. The effective
use of the photovoltaic installation occurs with the maximum use of the
generated electrical energy for its own needs.

4. Conclusions

In this article, the energy analysis of an air heat pump with variable
speed compressor in the range of 30–90 Hz was carried out. The con-
clusions from the analysis are as follows.

The tested heat pump facilitates adjusting the heating capacity in
the range of 2.5–5.4 kW by changing the speed of compressor (change
the frequency of inverter in the range 30–90 Hz). The COP value varied
in the range from 5.80 for 30 Hz to 2.60 for 90 Hz. The COP values
decrease as the hot water temperature increases for any compressor
frequency. For the frequencies 45 Hz and 60 Hz the performance of the
ASHP subsystem was at a constant level throughout the entire mea-
surement cycle. For the measuring series with the cold outside air (7 °C)
noticed the average reduction of heating capacity by 20% and the COP
value by 10%. The daily cost of hot water preparation increases

Fig. 15. Graph of heating capacity and COP for 0.27 kg/s water mass flow for A20/W30-50 for fixed and variable speed compressors.

Fig. 16. List of average values of heating capacity and input power demand for a profile A20/W30-50.
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proportionally with increasing compressor frequency. The lowest value
(0.18 €) was obtained for 30 Hz, and the highest value (0.28 €) for
90 Hz. The required time for DHW heating varied from 140min for
30 Hz to 70min for 90 Hz, respectively. An inverter heat pump allows
the flexible adaptation of heating capacity to the changing demand for
hot water. The results of this study can provide useful guidelines for
optimal design and operation of this type of heat pump in its present or
future applications.

The preliminary comparison of the heat pump driven by the fixed
and variable speed compressors showed that the fixed speed compressor
had a linear increase in the demand for input power depending on the
water temperature in the tank (30%). In the case of the inverter com-
pressor, a higher increase was noted (42%). As a result, a lower COP
decrease (17%) was observed simultaneously with an increase in the
condenser circuit temperature for fixed speed compressor. A higher
COP decrease (26%) was obtained for the variable speed compressor.
Similar results of heating capacity and COP were obtained for 45 Hz
inverter compressor and fixed speed compressor.

In addition, the use of inverter-driven heat pump is the ideal solu-
tion to reduce the cost of DHW preparation and perfectly complies with
EU recommendations to limit the negative impact on the environment
and increase the share of renewable energy sources. The heat pump for
DHW enables easy integration with energy systems as part of intelligent
sustainable energy systems. In the heating period, the DHW should be
taken from the central heating system. In central heating systems using
solid fuel boilers outside the heating season, it is recommended to use
ASHP subsystem for DHW heating. Preparing DHW outside the winter
period is economical and does not require daily maintenance. It also has
a beneficial impact on local environmental protection by reducing the
greenhouse effect.
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